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Abstract

Anaerobic digestion is the breakdown of an organic material into a methane rich biogas through the action
of a complex microbial communityhis research primarily uses sequence based technologies such as gene
amplicon gquencing, gPCR, metagenomics and metatranscriptomics to investigate population composition,
dynamics and functionality ithese communitiesvhen fed a liquid waste product from malt whisky
distillationtermed pot ale

Initial batch tests complemented witgene amplicon sequencing explored the potential of used wastewater
dewatering polymer, a cationic polyacrylamide, and a community inoculum. Communities produced from
this material showed production of biogas and methane and increased abundance in crdieldegrading
organisms such as BacterodRoor methane yields could be attributed to the inhibitory effects of the
acrylamide containing inoculum so subsequent digestion of pot ale used an alternative inoculum. To
quantitatively determine how the mictwal community was changing, a microbial spikenethod was
developed. This spikiea method involved characterisation of an organism not typically found in anaerobic
digestion, Sulfolobus solfataricusand showed to normalise DNA extraction procedures iaddition to
population quantification.

Further pot ale anaerobidigestion was performed in a custebuilt lab scale system over a period of six
months. This revealed that methane production from pot ale occurs in two distinct stégedirst fast and

the secondslow. DNA samples were collected over this time and metagenomic sequencing was used to
reconstruct key metabolic pathwayshich revealed a functionally diverse, and functionally robust
community.Genes specifically related to the two stage degtadaof pot ale digestion were investigated
using metatranscriptomicg/hich revealed initial methane production was caused by hydrolysis of malto
oligosaccharides by Clostridia followed by the secaoat#, limiting, hydrolysis of betaglucans byacterodia.

By identifying this rate limiting enzymatic hydrolysis step, this opens the door to feedstock specific enzyme
supplementation to increase digestion efficiency.
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1.1 Current energy landscape

1.1.1 Fossil fuels and their relationship with Earth.

The industrial revolution brought unprecedented levels of productivity and manufactured goods to countries
all over the world. Quality of living increased as goods previously considered luxury were now available for
all to buy at a fraction of the cost. &atm trains allowed the transportation of food and goods to remote
locations, and a welleserved holiday to new places. This revolution was powered entirely by the burning of
coal, a combustible carbon rich rock from the fossilised remains of plant mlafEeiehnology at the time
meant that coal was only partially combusted, producing large quantities of soot, airborne amorphous carbon
containing polycyclic aromatic hydrocarbons (PAHs) which are known mutagens. In addition to toxic carbon

compounds, charderistic heavy metals in soot such as mercury and arsenic pose danger to human health.

Nowadays, although coal is still typically used in stationary power stations, global focus has shifted from coal
towards oi| which isbecomingthe fossil fuel icon ofhe 22 century. Like coal, oil is created from organic
remains of plants and organisms only under extreme presahiehcreates the hydrocarbon rich liquid. The
widespread popularity can be mainly attributed to the rise of plastic and autonmhileh many families
owning more than one car. Just like with coal, the new fossil fuel increased living standards oncarabain,
cheap polymers provided everyday objects and garments while the fuel fraction allowed personal travel on

an unparalleled scale witine spread of the liquid petroleum engine.

The third major fossil fuel is natural gas, thought to have been used and transported as early as 500BCE in
China, which is primarily methane and other alkanes derived from organic material under extreme
temperature and pressure. For personal use, the natgeis doped with an odourant as insifpure state is
odourless. This doped gas is then transported directly into homes tsed for cooking and heatinglithout

a doubt, fossil fuels have transformed andvadced the world at an incredible speed. However, the effects

of fossil fuel associated natural disasters have had devastating effects on cities, countries and the entire

world.

Coal caused the Great Smog of London. Lasting fib8"®ecember 1952this resultedin 32,000 tonnes

of sulfuric acid and 4,000 tonnes of soot being condensed in London resulting in the direct deaths of 4,000
individuals and many more long term health problems. More recently, China fulfils 70% of its energy demand
using coal bsed power stations leading to major pollution in megies such as Beijing. Pollution associated

with coal usagés now the leading cause of death in Ch{naetoffice.gov.uk, 2017; Zhang et al., 2008)

On the 28" April 2010 the Deepwater Horizon disastesulted in catastrophic marine pollution. An explosion

occurred on the drilling rig following a high pressure release of gas which engulfed the entire platform. An
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estimated 794 million litres of crude oil was released from the reserve causing magyséem devastation.

Post spill water was found to have 40 times mpodyaromatic hydrocarbons (PAH$) 2012 50% of shrimp

in the area lacked eyeandlesions in fish increased from 0.1% to 50%. The lack of accident planning was
highlighted by 7 million litres of mutagenic, toxic and endocdisupting experimental dispersant Corexit
being used to remediate the spill. The addition of this untested dbahin an unplanned setting increased

the toxicityof the oil by more than 52 fol@amail, 2012; Riedartinezet al.,2013)

Ly G4KS @SFENJwunmc FYy2GKSNI £101 2F I OOARSYG LIXIFYYyAyY
the mountains abwe Los Angeles an estimated 100,000 tonnes of natural gas was released eventh3

period presenting a larger carbon footprint than the Deepwater Horizon disaster. Although natural gas
contains less pollutants than other fossil fuels, methane is a dn@ese gas 25 times more potent than

carbon dioxidgAppels et al., 2008 Although the ecological effects of this disaster are not as severe as the

previously mentioned ones, this event represents the most concentrated pollution event in history.

Because of these terrible fossil fuel disasters, in conjunction to their hidgioieaand pollution footprints

(Table 11), countries around the world are striving to increase their usage of renewable energy (Figure 1)
YR RAaGFYyOS (GKSYaSt@Sa FTNRY AGRANIeEg F2aaif TFdzSt 2
Ranked byglobal investment, the top three main sources of renewable energy in the year 2015 were solar
($161 BN), wind ($110 BN) and biomass waste to energy (WTE) ($6RMNEP, 2016WTE plants also

prevents waste material being sent to costlylyugnd space wasting landfill.

Pollutant (Kg) Natural Gas Qil Coal
CarbonDioxide 15,795 22,140 28,080
Carbon Monoxide 5.4 4.55 28.08
Nitrogen Oxides 12.42 60.48 61.695
Sulfur Dioxide 0.135 151.5 349.8
Particulates 0.945 11.34 370.5
Mercury 0 0.000945 0.0216

Table L1Fossil Fuel Emission Levels. Kg of pollutant per Watt . Modified from (Energy Information Administration 1999)

Emissions from different types of fossil fuels are provided which aim to highlight that natural gas is thellatiagpmut of the three
with oil placing second in terms of pollutants. The least environmentally friendly fossil fuel is coal.

15
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Figure L1 Annual r egional investment in renewable energy for the year 2015. Modified from (FS -UNEP 2016)
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In the year2015 over $200 BN was invested into renewable energy sources, projects and infrastructure with the
coming from China, the United States and Japan.

1.1.2 Renewable Energy in the UK

To catalys@ more rapid transition from fossil fuels to renewable energy, the European Commission set forth
2020 energy targets for member states. Article 4 of the Renewable Energy Dil@fEe4placed targets

in multiple sectors for the UK. Targets of 12, 3@ d9% were set for the fields of heat, electricity and
transport. Being the centre of the industrial revolution led the United Kingdom to invest heavily into using
the natural fossil fuel resources, thus any policy change will be a regression from the Befare the
implementation of RED 4 in 2009 the UK generated far less from renewable sources compared to other EU
member states. In 2005 only 1.5% of the total energy consumed came from renewable sources. However,
this rose to 2.5% in 2009 and furtherlsti the years following the prime directive on EU energy poDhé&CC,

2009)

With the Industrial Revolution having roots in the UK, energy and novel energy innovation has always been
a major part of both the past and ¢hpresent. Recently the UK generated its energy through various sources;
coal (22.6%), natural gas (29.5%), nuclear (20.8 Y@ 4méloof its energy through renewable sources in the
year 2015. The sector of renabie energy generation grew 5.6%6m 19.86to 24.7% between the year

2014 and 2015 with the majority coming from wind far(@CC (Department of Energy & Climate Change),
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2016) Within the UK, Scotland particularly has a considerable opportunity to expand the renewable energy

productionharbouring23% of the total European Union (EU) wind energy resoy&teset, 2006)

RED 4 set a target for renewable energy to provide a total of 15% of total ecemgymption in the year
2020. This meant a sfwld increase from the 2009 levels, a challenging target with many hurdles. Included
within this total level additional sectors had thresholds that needed to be met; 30% of electricity demand,
12% of heat demad and 10% of transportation demard be met with renewablesWith 24.7% of total
energy consumption being powered by renewable sourttesUK is satisfying this sector through wide scale
implementation of wind power. The UK is set to achieve, or exdhattotal 30% goal being currently three
guarters of the way there. However, it is hot without major developments will the UK fulfil the subsections
of the RED 4 agreement, mainly heat and transport since current levels are less than half towardgethe tar
Whilst the public transport sector is seeing major investment into fleets of electric vehietedbiggest
challenge is the decarbonisation of the heating sector; the reliance on natur@Dgs3C,d@9; The Energy

and Climate Change Committee, 2016)

Domestic total fuel consumption (solid, electrical and gas) has increased steadily by approximately 2.5% per
year(Department for Bussiness Energy & Industrial Stratergy, 2@H8) of this is due to steady population
increase but can equally be attributed to what is considered an acceptable level of warmth withiontiee
Although modern homes have carbon efficiency measures such as; insulation, double glazing and advanced
boilers to keep homes warmer, 66% of domestic fuel consumption is gas heating since it is cheaper vs
electricity (Department for Bussiness Energy & Industrial Stratergy, 201@) gas boiler is expected to be

an integral part of 75% of homes by 2020 with extengNestructure to support them(Kavanagh, 2013)

For these reasons, gas will remain the primary fuel source for the near future and efforts must focus on
creating a renewable supply of fuel gas. Anaerobic digestion is the most promising industry fosiimgcrea

this supply of renewable gas and works by producing a methane ricgasidrom biological catalysed
decomposition of organic waste. It is this specific waste to energy technology that will reduce dependence

on fossil fuels.

1.1.3 The green energye
hyS NILARt& SELIYRAY3I aNBySsl ot Sé SySNHE& &2 dzNDOS A
between 2014 and 2016. The term bioenergy covers technologies such as fuel crops, biomass plants and

anaerobic digesters.

The concept of fuel crops inlwes production of ethanol or biodiesel, from crops such as sugar beer, wheat

and sugar cane or rapeseed, soya or palm oil respectively. The effects of using agricultural land for the
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cultivation of fuel crops have been intensely debated and there ismémnejection of the concept of
exclusive fuel crop cultivation, due to slightly increased food prices significantly effectingdone
families, in favour of cgrowth or rotational growth(Comittee, 2013; Tenenbaum, 2008h addition,
successful fuel crops in other countries, such as corn ethanol in the US or sugarcane from Brazil, is due to
excessive production on surpliend allowing for export and alternative usa@eenenbaum, 2008)The UK

imports much of i food, so does not have this excess to handle, and as such bioenergy from energy crops is

unrealistic and unwise.

Biomass has historically been used as a fuel by mankind in the form of wood. Today, the European Parliament
defined biomass in terms of bioergy to include material such as vegetable matter, forestry or animal
productsd 2 A Sf 32 & A Z & BibmaSsiincinefatibr plantsiugepbiomass as a substitute for coal to be
considered renewable with zero g¢@missions under this defni A 2y ® | 26 S@HSNJ G KS 0 dzN
GdzNBFyé¢ @g22R KlFha akKz2gy (G2 SYAlG KSI@ge YSaGrta Ay ||
nitrogen oxides, carbon monoxide and other hazardous pollutéifes| Partnership for Policy Integrety,

2011) Emission guidelines for biomass plants are typically more relaxed compared to their fossil fuel
O2dzy t SNLI Nia Fa GKSeé FlLtf dzyRSNJ §KS AaNBySél ot Se
biomas plant emissions, one such example of this exists for the Gainesville Renewable Energy Centre (GREC)
in Florida, a modern facility constructed in 2013. By comparing the emissions of this facility to a nearby
gas/diesel plant, the Pioneer Valley Energyt@e(PVEC) in Massachusetts, in terms of emissions per MWh

the results show that biomass plants are far from zero emission atwbtha health hazard (Tahle?).

Pollutant GREC biomass PVEC gas/diesel Fold increase dfiomass
kg/MWh Kg/MWh pollutant
Nitrogen oxides 0.431 0.023 19
Carbon monoxide 0.739 0.014 54
Particulate matter 0.259 0.014 19
Sulfur dioxide 0.254 0.005 56
Volatile organic 0.082 0.005 18
compounds
Hazardous air 0.027 0.001 20
pollutants
Carbon dioxide 1276 344 4

Table 1.2 Emission comparison of a biomass and gas/diesel plant. (Modified from (PFPI Partnership for Policy Integrety
2011)

Emissions from existing fossil fuel plants located in the United States highlight the high degree of pollution outputdsg piamts
whencompared to gas and diesel alternatiieshe year 2013

Emission data of seven common biomass sources have also been compared to coal in a laboratory setting
602 AStA2AAZA1ASCH284AD31 M n@PY T A N RiRcomgodhd (ditkobei oxitk S £ S

carbon monoxide and total organic carbon) emissions from combustion of major biomass feedstocks were
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consitstantly significantly higher under varying combustion temperatures and air flowgated St 32 & A Za |
al., 2015) These studies conclude that the combustion of biomass is far more polluting than traditional fossil
fuels such as coal, natural gas or oil and their standing within the term bioenergy is dubious at best. From a
thermodynamic point of view, comistion of complex organic material into gaseous waste products bleeds

the energy that was input to create these complex biological polymers. Furthermore, combustion turns these
biologically valuable elements such as nitrogen and sulfur into atmosphetlitgrat. Ideally, at the end of

the energy generation process, carbon would be transformed into a fuel and elements such as nitrogen and
ddzZf FTdzNJ g2dzf R NBYFAY AYy o0A2 @F At of Sproactsdadkinivzhe a Of 2
environment Anaerobic digestion addresses both these challenges and creates both a methane rich fuel gas
and fertiliser byproduct from the biological decomposition of organic matter. Moreover, atmospheric

pollutants like nitrogen oxides, airborne heavy metals apat particles are not created from this process.

1.1.4 Waste and landfill in the UK

In addition to biomass crops used for combustion in biomass plants, domestic households in the UK throw
away over 7.2 million tonnes of food and waste every y&apartment for Environment Food and Rural
Affairs, 2015) Preventing this waste in the first place would be ideal, but vast amounts from both the
domestic and commercial sector willalistically be produced. Careful choice of how this biomass is treated
will reduce reliance of landfill, where methane, a powerful greenhouse gas, is vented into the atmosphere
unless capped. Government led initiatives to collect organic waste incltidgirction of designated bins

for garden and food waste which is collected to be converted into compost, although composting sites can
be the root of public complaints associated with the unpleasant odours generated by the degrading biological
material primarily caused by terpenes, alcohols, ketones, sulphur compounds and afhiclefouse et al.,

2015) Apart from publidistress due to released vapours, composting may not be a$riecally as initially
thought since large amounts of €@nd other greenhouse gases such asx M released into the
atmosphere. This is especially the case when waste has a low carborogenitatio, a high water content

and does not have air pumped through the matetiathtfouse et al., 2015)n a stuly of four industrial scale
composting facilities, they were shown to emit between 0.16 and 4.37 kguzHoetween 0.075 and 0.251

kg NO per tonne of organic was{€olon et al., 2012)These pollutants and emissions are due to the open

nature of composting where degradation products are allowed to escape into the surrounding atmosphere.

The Ladfill Directive (1999/31/EC) lay guidance for European member states to not only reduce the volume
of waste sent to landfill but set guidelines for % tonnagdiotlegradable municipal wastBMW) sent to
landfill. These requirements state that in 2010greater than 75% of BMW should be sent to landfill and no
greater than 35% in 202(Defra,2016) In addition to overall municipal waste to landfill decreasing from

38,001 tonnes (12,983 of which BMW) in 2010 to 22,940 (7,682 of which BMW) in 2015 the fraction of BMW
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to landfill has been gradually decreasing at a rate of 3% per year to2¥#eBMW to landfill level in 2015
(Defra, 2016) This represents a major achievementhiatt potential greenhouse gas polluting materials are

no longer being sent to landfill and are instead utilised in a more controlled way. However one of the major
reductions in BMW sent to landfill in Wales was caused by a major efrergywaste combustionplant

becoming fully operational. Their status as truly green energy has previously been discussed.

Landfill is the last resort for dealing with waste as it represents the final stage for any waste upgrading or
recycling measures. A total of 202.8 millimmnes of waste was generated by the UK in 2014 with over half
(59%) coming from the construction, demolition and excavation indugiiefa, 2016)Of that 202.8 million
tonnes, a large proportion (44.5%) was recovered either through recycling or energy recovery measures with
only 23% sent to landfil{Defra, 2016) Biological waste sent to landfill will emit methane into the
atmosphere, thus efforts to reduce the volumelibdegradable municipal waste (BMW) haesultedin a
decrease of 13,00 tonnes in 2010 to 7,500 in 2(&fra, 2016) This major change has been facilitated
through government efforts to reduce waste in the food and drink sectors in addition to waste treatments
such as composting becoming a popular method to add value to BMapartment for Environment Food

and Rural Affairs, 2015)

To reduce burden on landfill the national government and regional counaile promoted composting
technologies to recycldomestic food waste, either at home or at a central facifligeds CounciR019

North Yorkshire Counc2019 Northern Ireland Environment Agency, 201P)is process creates a compost
suitable for agriculture horticulture, forestry and land restoration effortddlowever, many aspects of
composting contribute negatively to the environment such as energy input required, greenhouse gas
emissions (including methane, nitrous oxides and methane) and unpleasant odtthmigh gasses can be
scrubbed to remove odours and capture carbon this can increase energy consumption by alm@SoEl?o

et al., 2012)The two dominant methds of composting exist which a@onfined invessel composting, which
allows capture of gaseous products, and exposed windrow composting where material is piled into rows.
Table 1.3 highlightthe comparison between commercial composting practices, hpnaetices and AD in
terms of energy input/outputgColén et al., 2012Although overall less compost is produced by anaerobic
digestion the nitrogen content of gestate (from AD) is between131% compared to the-3% of composts

(Bolland and Gilkes, 1990; Méller and Miller, 2012)
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Facility In-vessel Windrow Home Anaerobic
composting composting composting digestion

Inputs  Total MJ (electricity +  871.9 579.24 33.77 472.26
diesel)
Total n¥ water required 0.56 0 0.0051 0.12
Outputs m?leachate n/a n/a n/a 0.03
m3biogascondensates n/a n/a n/a 0.05
kg NH 0.11 2 0.84 0.23
kg VOC 0.36 6.22 0.56 0.86
kg NO 0.075 0.076 0.676 0.035
kg CH 0.34 1.68 0.16 2.39
t compost 0.1 0.52 0.25 0.03
t refuse 0.13 0 0 0.41
m?® biogas n/a n/a n/a 98.9
Electricity MJ n/a n/a n/a 717.12

Table 1.3 Greenhouse gas production and energy balance of composting and anaerobic digestion practices

Total energy expenditure, pollutants and energy yield of multiple compositing strategies compared to anaerobic digestion

1.1.5 Anaerobic digestion as a solution

By theyear 2025 it is predicted that urban residents in the world will produce solid waste in excess of 2.2
billion tonnes per year (Mundial 2014)imited landfill space means alternative disposal methods are needed

to cope with excessive volume of waste. Arad®c Digestion (AD) offers an opportunity to convert the 53%
biodegradable fraction into a source of heat, electricity and money which saves space in expensive landfill
(Themelis, 2002)The AD process involves the combined actions of a microbial community to degrade solid
and liquid organic waste into methane rich gas and nitrogen rich solid used as fertiliser. Methane production
occursnaturally in wet oxygen free environments such as marshes, lake sediments, coal seams and in the
guts of ruminantyBeckmann et al., 2015; Brauer et al., 2006; Highfield et al., 2068yurbenko et al.,

2007; Sizova et al., 200Hlumans havdong artificially created such environments to harness these gas
producing organisms by sealing cattle dung and organic waste together to generate a gas that could be
captured and harnesseth the 10" centuryBC Assyrians used this gas to heat water baths and modern rural
off-grid communities such as in India and China use AD to process wasteaerate fuel and electricity
(Ostrem, 2004)

Green energy subsidies have helped the biogas industry rapidly expand to provide a renewable energy source
and redue the volume of waste going to landfill. Biogas produced fromisAdmixture of 5&/5% methane

(CH) and carbon dioxide (Gwith contaminants such as hydrogen sulfideSHand water vapour (Ostrem

2004) By removing corrosive;H and unwanted G methane rich gas (>95% 414 produced in a process
termed biogasupgrading. Upgraded biogas can either be usesesiten for heat and electricity or injected

directly into the natural gas grid. As infrastructure already exists for transport and usage of natural gas, biogas
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is an attractive source of renewable energy sirit avoids problems of storage, transport and usage
associated with competing alternative fuels such as hydroges) @dd methanol. However poor
understanding of the biological processes and lack of operator training means system failure is commonplace
and presents a hurdle to wide scale acceptance. This failure rate emddeiedas modern focus areas of
anaerobic digestion are moving away from typical biomattegradationand transitioning into an industry

using anaerobic digestion as a means to ndigea and detoxify challenging feedstocks such as
pharmaceutical, high protein and metal rich waste (HdrIsen et al. 2009)To make anaerobic digestion

a more competitive industry, research must be undertaken to understand the compaditioction and
relationships withirof the AD microbial population and investigate the value of alternative compounds that

could be produceduch as rubber precursars

1.2 What is anaerobic digestion

1.2.1 Stages of anaerobic digestion

Methane production is facilitated by the aoh of a complex microbial community whicbllectivelybreak

down organic matter into a methane rich gas though their combined enzyme activity. A wide variety of
feedstocks can be used such as vegetable foliage, pig slurry or corn husks thus makingi@dagrstion

an inexpensive solution fevasteremediation The fundamental principle of anaerobic digestion is the anoxic
incubation of organic matter with a bacterial community source containing methane producing methanogens
(such as cow manure). Usiogws for a source of methanogens is used worldwide especially in rural villages
in countries like India and China for providing a source of gas for cooking. In this rural scenario the digester
is typically a subterranean metal drum with an inlet for origanatter and a gas outlet. Larger more complex
industrial systems can consist of multiple vessels that are heated, stirred and closely monitored for optimum
operation. Waste patrticles are colonised by bacteria which secrete enzymes nearby to degrade long
biological polymers into smaller products such as acetatapd CQ. Methanogenidrchaeause these three
molecules to generate methane, with the majority coming from acetate based (acetoclastic) methanogenesis
and the remainder from combining @@nd H (hydrogenotrophic methanogenesishe sequential
degradation of biological matter can bdivided into three main stages; hydrolysis, acidogenesis and

methanogenesis (Figure2).
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Figure 12 Stages in anaerobic digestion

Anaerobic digestion microbial communities are comprised of hydrolytic bact@reen), acidogenic bacteria (orange) and
methanogenic archaea (grey) which, in combination, degradepbigmers such as proteins, fats and carbohydrates to produce
methane.Enzyme complexes used in methanogenesis (blue) require trace metals suthatisrickel and molybdenum (coloured
dots) and are sensitive to inhibition by -pyoducts such as volatile fatty/organic acids (VFAS) or ammonium species from protein
degradation. Ammonia (FAN) can inhibit enzyme sites directly or in the form of amm¢DiN)which interferes with homeostasis.
Above all else, methanogens are severely inhibited by oxygen as they lack superoxmltadie genesFigure taken fronfRobson

et al., 2016)

1.2.1.1 Hydrolysis

Initial degradation steps are performed by bacteffagure 1.3 green cells)which thrive in more acidic
conditions that aids the solubilisation of organic matter and metalsstman and Ferguson, 19&1strem,
2004) This hydrolysis step onsideredto be the ratelimiting stage in the process as it typically involves
liberation of sugars from fibrous cellulose rich substratesh as maize amite strawwhich are noticeably
more difficult to diget than fats and carbohydratelsXu et al., 2019; Ziganshin et al., 20183ydrolytic
organisms such as Clostridia are found throughout AD systems and excrete a vagidtacelluar lipases,
proteases, cellulases, amylases, lipaseste@nzymatically digest bipolymers into fatty acids, sugars and
amino acidgBermingham et al., 201 7/performing hydrolysis in acidic and elevated temperature conditions
has been shown to improve biopolymer degradat{@ysneiros et al., 2012; Vavilin et al., 2008; Xia et al.,

2014; Zhang et al., 2012)

1.2.1.2 Acidogenesis

Monomers produced from the previous steguch as amino acids and sugars further broken dowrnnto
volatile fatty acids (VFAslch as butyric, propanoic and acetic acid by acidogenic organisms (Figure 1.3,
orange cellswhich includes organisms belongingBacilli Clostridiaand BacterodiaclasseqZ. Dai et al.,
2014; de Vladar, 2012; Diaz et al., 2007; Maus et al., 2016b; Schroder et al. EV@at)ally VFAs get broken

down into acetate (sometimes called acetogenesis and considered a separatevatagehey can be used
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by methanogenic archaea for acetoclastic methanogen&iseous byroducts may also be produced at
this stage including hydrogen and carbon dioxide which can be converted directly into methane via
hydrogenotrophic methanogens, more viaurable under acidic conditions, by organisms such as

MethanobacteriaKotsyrbenko et al., 2007)

1.2.1.3 Methanogenesis

Methane producing organismd=igure 1.3, gréyprefer neutral conditions and are inhibited kacidic
conditions, favourable for hydrolysiseducingmethane production at pH below s{Chen et al., 2008)o
allow cogrowth of both populations a typical anaerobic diggsoperates at a pH of around sevea
compromisebetween the two population optima. Community diversity of these two groups, methanogens
and bacteria, is vast with the entire population camspg of hundreds of different speciéSuo et al., 2015)
Members of the methanogenic populations represent orliB% of the populatioabundance but thismall
fraction of methanogens are predomintdly comprised of two gegra; either Methanosaeta which uses
acetate exclusively, dethanosarcinautilising substrates including methanol, methylamine, acetatarid

CQfor methane productioGuo etal., 2015)

1.2.1.4 Syntrophy

Although not strictly a stage of anaerobic digestion, syntrophic organisms sushng®phomonadaceae
facilitate the flow of electrons between Bacteria and Archaea via indirect methods, such as hydrogen or
formate exchange, oricect methods using conductive minerals or cellular structésiz Viggi et al., 24;

Sieber et al., 2012; Yamada et al., 20Ibaddition to known high abundance organisms, many uncultured,
newly discovered and syntrophic bacteria exist in anaerobic digestion communities adding additional layers

of complexity to the already diveesnetwork of microbial interaction§lreu et al., 2016)

1.2.2 Digester designs

To optimise operation, each stage of anaerobic digegtiydrolysis, acidogenesis and methanogenesis
be considereda separate process optimised faertain chemical evironments. Byusingseparating tanks
conditions such as pH, oxygenation and temperature can be contrisihbendantlyto allow optimum

hydrolysis conditions

The simplest digesters are congtted from a single tank where waste is added to stagnant sludge and gas
collected after an anaerobic period of two to three weghss is common in rural communities in countries
such as IndigGowda et al., 19950ne negative aspect regarding this simple design is settling of biomass

that prevents proper contact between organisms and feed. Preventing organisms from settling by agitation
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ensures thorough interface betweenaste and sludge community and prevents the formation of an acidic
layer and so a stirred tar(igure 1.8) provides improvement at an affordable c@std is the most common

form of AD systeniHansen et a).1998; Hou et al., 2013; Kieu et al., 2011; Stitt, 2002; Ziganshin et al., 2011)
Increasingstirred tank numbers to a multiple tank systems offer the advantage of each tank maintained at
different pH levels to separate the aipdilic hydrolytic bacteia from the more sensitive methanogenic
species. For some easy to digest substrates this division of stages is not necessary but for difficult to hydrolyse
material such as lignocellulose this allows a harsh rapid hydrolysis stage and increased ¢ gtgrédet

al., 2010; Yu et al., 2002)

a) b) c)
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Figure 1.3 Designs of three common anaerobic digester reactor designs

a) Feedstock is fed into an upflow anaerobic sludge blamketctor (UASBRyom the base to create a localised
concentration gradient of nutrients within the systefihe sludge blanket contains spatially organised microbes in either

a 2D blanket or a 3D sphere with hydrolytic organisms situated on the feedstteckurface. This spatial arrangement
prevents methanogens being exposed to trace amounts of oxygen present in the incoming feed. As methane bubbles
form on the blanket surface, pieces of sludge, termed flocs, may rise and are captured by an invertédtuchee

before returning downwards. This channelling structure passively ensures biomass is retained in the b@&itoilar

in principle to the UASBR, the membrane bioreactordafiimgrown on a membrané provide a degree of spatial
separaton. Membranes need to be cleaned regularly since accumulation of excessive biofilm may form starvation zones
and lead to methanogenic population collapsgStirred tank reactors provide the simplest design where feedstock and
community are continually ried. A single tankystems is operated under conditions which inhibit neither hydrolytic
organisms nor methanogensejgaration of hydrolytic and methanogenic processas be achieved with the additional

tanks.

1.2.2.1 Upflow Anaerote Sludge Blanket Reactors

Onemajor improvement to basic tank design was the development of the Upflow Anaerobic Sludge Blanket
Reactor (UASBRas seen in Figure BB This system allowed the treatment of substrates previously

considered too potent for traditional anaerobic digest@md works by focusing to achieve solid:liquid phase
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separation with a catalytic microbial layer distinct to the liquid. Influent is dispersed into the base of the
NBI OG2NJ ' yR NARaSa (GKNRdJZAK | YAONRBOALIf adrodod®hé& of I )
produced gas bubbles rise and are captured an array of inverted troughs. Biomass aggregates then settle
back into the blanket area of the reactor allowing a higher level of microbial retention compared to traditional
reactors where effluent camining microbes is discharged. High performance UASBRSs operating for a length
of time report change in the nature of the solid:liquid phase separation with sludge forming discrete granules
between 15 mm in size termed granulation. Granulation facilitateading rates and performance metrics

far beyond conventional systems. Increased density of the granule enhances the settling characteristics from
2 m/h to 60 m/h compared to the regular sludge blanket and the ability to accommodate high loading rates
of over 50 kg COD/ffday promote granulation as a desirable characterifbic AD systems treating high
strength liquid wastdHulshoff Pol et al., 2004Prganisation and fictional specialisation of the microbial
community within granules also occur with hydrolytic organisms located in the outermost granule layers and
methanogenic archaea within the centre. By spatially separating the different communities, similar in
principle to a multitank systems, communities are exposed to differehemicalenvironments allowing

functional specialisation and increased methane produc{®mow et al., 2004)

1.2.2.2 Membrane Bioreactors

By further expanding on the ideas of phase separation behind the UASBR design, the membrane bioreactor
(MBR) and fixed bed membrane reactor (FBMR) were developed. Both desigesautilesnbrane to retain

the majority of solids and microorganisms in the system, although in mechanistically different ways. The
membrane in MBRs is used to filter bioreactor liquid and concentrate solids allowing for a smaller reactor
footprint with a more concentrated microbial community. A concentrated community is also achieved in
FBVIRs by having liquid waste trickle over a microbial community grown on an inert surface or film.
Furthermore, specialised membranes can be integrated to remove specificstoxidifficult to digest
feedstocks such as ammonium, afpduct of protein degradation in animal products, preventing inhibition

of the ammonium sensitive methanogenic commurf{ywobusuyi, 2016)

1.2.3 Pretreatment Methods

Like varied reactodesigns, multiple methods of feedstock greatment exist to enhance digestibility and
methane production for difficult to degrade feedstocks. Solid feedstocks prevent microbial and enzymatic
access and significantly reduce their ability to be digestétth increasing particle size. Feedstocks-pre
treatment can use physical, chemical, thermal or a combination of methods to achieve faster digestion rates.
As such, simple mechanical treatments like crushing, milling or slicing offer a rapid treatmenickerq
digestion periods and increased biogas yields betweerb@® (Montgomery and Bochmann, 2014)

ultrasonic treatment is an alternative physical greatment step and utilises destructive power of cavitation
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and sound waves in the 1 kHz range to create collapsing microbubbles with localised temperatures and
pressures of up to 400C and 180Mpa, respectivelythis treatment has been used to increase levels of
reducing sugars from corn slurry almost three f@Montalbo-Lomboy et al., 2010)These physical
treatments do not chemically alter the substrate so application is limited for feedstocks containing hydrolysis
resistant biological polymers such as ligninocellulose. Heatemical treatments such as alkali, acid and
oxidative offer improved ligninocellulose solubility and hydrolysis rates but tend to produce inhibitory cyclic
by-products such as phenolics and furfurdlihGaw et al., 1997; Pakarinen et al., 2Q12) effective
combination of physical and chemical treatments stages is steam or ammonia explosion whereby a heated
mixture is subject to intense pressures of around 200 bar then suddenly released to rupture cells and fibres
(Ostrem, 2004)Explosive decompression treatments are effective at both reducing particle size, solubilising

lignocellulose and improving enzymatic access to fibres.

Gentler methods such as biological gireatments avoid production of thesmhibiter molecules and can

even act to remove toxic compounderobic fungal préreatment usingwhite rot fungus is able to remove
harmful cyclic compounds and toxiaad increase methane productigBlika et al., @09) Microaeration of

the bacterial community haalsobeen shown to provide a more effective hydrolysis treatment for difficult

to digest materials such as polymers and sti@u et al., 2016; Wei and Wang, 201Bjrect addition of
enzymes is also a viable choice to accelerate hydrolysis speed and can be performed under anaerobic
conditions such as lipase addition to soap stf€kerif et al., 20140ptimal pretreatment method is entirely
dependent on feedstock composition and there is no universally beneficial choice whsideximg costs,

even for simple treatments such as shredding.

1.2.4 Optimisation of Process Operation

Production of inhibitory intermediates is a natural part of the AD process but these intermediates should be
monitored to avoid accumulation and toxicity. Adeas in plant monitoring and feeding technology will
decrease risks of system failure and subsequent loss of revenue. Usage of training software and part
automated plant operation ensures stability of the AD process in an industry plagued by failuresratgh a

as 80%, in the United States, preventing mainstream process acceffdraaelis, 2002Most failures arise

from a single evendf excess feeding, or increased organic loading rate (OLR), which creates localised highly
acidic pockets killing methanogenic species. Whilst it is tempting to ever increase the organic loading rate,
careful monitoring of metabolic intermediates suchvadatile fatty acids (VFAs) must be done to ensure no
accumulation as once the comunity starts to dieit is often irreversible. By installing an-line VFA
measurement system, feed rate can be alteiedeal time to provide the highest OLR without thiskr of

VFA accumulatiorMany commercially available softwateols provides instant feedback and guidance for

plant operators thus minimising the chances of operator induced error and maximising biogas output. By
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inputting operationalparameterssuch adeeding rate, biogas quality and ammonia levels the software can
provide dynamic risk assessment whilst maintaingignt operationalefficiency. Moreover, it informs the
operator what actions are needed to either reduce toxin levels or further increasegigld. Having instant
responsive feedback and remedial measures for operators would further increase the global robustness of
AD. Rapid detection of catastrophic toxin levels would alteactive treatments such aaddition of
granulated carbon or EDTfor negating organic and inorganic molecule inhibition respectjaiyg been

proven to prevent costly system cragffhanh et al., 2015; Xiao et al., 2015)

1.2.5 Inhibition

Anaerobic Digestion, as the name suggests, is performed under strict oxygen free conditions. Methanogens
are extremely sensitive to oxygen concentrations as low as 10, pp&ddition to an array of inhibitory
metabolic intermediates such a&~A and ammoniéBotheju et al., 2010; Kato et al., 1998)though bw

levels of VFAs indicate a healthy turn over and degradatidmogbolymers,gradual accumulation indicate

an over activeor over fedbacterial communityand wsually foreshadow reactor crashebheeffectsof VFA
inhibition are amplified as carbon chain length increases as inhibition occuts/gdiaphobic interactions

with cellular membranes leading to collapse of membrangential (Angelidaki and Ahring, 1992; Cirne et

al., 2007; Wang et al., 1999)

1.2.5.1 Ammonia inhibition

Digestion of protein rich substrates leads to high levels of ammonia which inhibit sensitive methanogens
Various methods are able to limit or reverse this accumulation such as struvite precipitation but the exact
biological effect of excess ammonium is unknown. ldeally to offset ammonia accumulation, high protein
wastes such as animal products and slaughterhoussgtevean be caligested with carbon rich sources to
maintain a C:N ratio of 25:1, shown to be optimal for microbial grofifllyuelo et al., 2011Whilst low

levels of ammonia are beneficial, excess concentrations (above 1500mg/L) are especially toxic to
methanogengChen et al., 2008; Hansen et al., 1998; Orzi et al., 2015; Rajagopal et al., TZX &}y is
twofold due to mechanisms of both the dissolved ammonium nitrogen (DAN) and free amnitogen
(FAN)as visualised in Figure2L DAN inhibits thenethanogenic enzyme complexes suctvasAdirectly by
binding the nickel containing active sibeit hydrophobic FAN is thought to be the main cause of inhibition
by diffusing passively acrossllamembranegRajagopal et al., 2013; Wongnate and Ragsdale, 20t&e

inside the cellFAN immediately dissolvés alter the pH causing stress responses and increase the energy
required forhomeostasisin general acetoclastic species are more sensitive than hydrogenotrophic species
to FAN(Campos et al., 2008Additional factors such as cell wall composition may play anaetermining

FAN permeabilityput effective methodsexistto control ammonia toxicity incluelpH reduction, addition of
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zeolites, communityacclimatisationand use of ammonium rejecting membrang¢Awobusuyi, 2016;

Montalvo et al., 2012; Zheng et al., 2015)

1.2.5.2 Alternative electron acceptors

Metals are used biologically in catalytic sites within enzymes aatkason carriers. The methane producing
enzyme pathway in archaea contains enzymes requiring atypical metals like molybdenum, tungsten, cobalt
and nickel (Thanh et al. 201%)on is involved in common electron transferring FeS clusters and is uniyersal
required by organisms. However under anaerobic conditions, if present in high enough concentrations,
microbes will also use these metals as a terminal electron acceptor precipitating the metal out of solution
and diverting electrons away from methanogsis. If the aim of the AD or remediation process is to recover
metals this can be beneficial. However, if the goal is methane production from high iron products such as
animal blood electron diversion can present a hindrance. Addition of metal chelajgmgsasuch as EDTA

can decrease thbioavailability metals such aslzalt but acts to increasavailability of other such asakel,

thus understanding exact metal composition and concentration in a feedstock can provide a basis for tailored

supplementatio (Thanh et al. 2015)

Organisms living in low energy environments, such as AD, use a wide variety of electron acceptors such as
CQ, metals and sulfur ian extremely energlimited system. Sulfur is an elemecommonly in structural
proteinssuch as hair, feathers or skin, where a strong disulfide bridge is used to link together two chains of
amino acids Oxidised sulphur compounds are present in saltwater algal biomass and their anaerobic
digestion typically results in production bydrogensulphide which, similar to ammonia, is also more toxic

in its uncharged form with methanogen inhibition occurring at concentrations above 200(kivgild et al.,

2014) Indirect methanogen inhibition also occurs from sulphidg precipitating essential cobalt or nickel

trace metals as metal sulphidegPaulo et al., 2015Methane is also depleted, converted into soluble

formate, in anaerobic oxidation of methane (AOM) when coupled with sulfate ramtu@€inab et al., 2008)

1.2.6 Adding value to AD

Contnued research into novel anaerobic digestion methods ensure the industry of converting organic waste
into biogas will remain a competitive and profitable one. Currently optimising production of methane is the
focus of anaerobic digestion research. Howewelditional value can be added to the process itfmioducts

such as antimicrobials, esters or other useful organic molecules are produced and @livifigside methane
production.Multi-carbon molecules such as VFAs, containing between two and eiggancatoms, provide

a platform for the production adbutadiene, a synthetic rubber precursor, or 1,3 propaniaek et al., 2014;

Biebl et al., 1999Alternatively, llogas could be used as the platform fagh value molecule producticas

methanotrophic organisms are able to utilise methane as their sole source of carbon producing an array of
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valuable products such as protein, vitamins and pigmeii&asouli et al., 2018; Ritala et a2017)
Methanotrophs have also been shown to produce lactate, a chemical building block used as a reactant in
various industrial processdsienard et al., 2016Recent developments in metagenomics sequencing aid
identification of novel pathways and organisms since the majority of organisms iroemental samples

are unculturable under normal lab conditiofisee et al., 2015Production otigh valuemoleculesfrom AD

or biogas wouldtement AD into the pipeaiie of green chemical production.

1.2.7 Summary

Anaerobic digestion is a growing industry for treating the ever increasing volume of waste that humanity
produces. However there are still multiple are@simprove the technologyThe increasing humber of
anaerobic digsters has led to the development of novel reactor designs such as the UASBR and membrane
reactor. By performing computational fluid:particle simulations, further novel reactor geometries could be
identified which may increase performan¢kodama et al., 2004; Ladd and Verberg, 2001; Liang, .ZDi8)
growing industry has also facilitated the anaerobic digestion of previously indigestible material, made
possible by numerous pretreatment options such as thermal hydrolysis, lfbngis and acidic incubation
(Blika et al., 2009; Kirtane et al., 2010; Ward et al., 2@&h reactor design and pretreatment method have

led to increased methane production for digesters. Combining this improved rpeafice with modern
technologies such as computer assisted feeding control asichénindicator molecule monitoring would
ensure stable digestion whilst avoiding inhibiting levels of ammonium, VFAs and rDetalt the increase

in renewable energy fromasircessuchas wind and solar, it is likethe future the value in AD lies not in
methane production, but irhigh valuemolecule production. Transforming metabolic intermediates or
methane into valuable molecule such as lactgisteinsor esters will allow the AD industry to disconnect

from fluctuatingbiogasprices.
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Chapter 2

Biogas potential tests using pot ale with used
flocculant acrylamide polymer as the

Inoculum
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2.1 Abstract

In this study we examine alternative uses for used water absorbing cationic polyaicky|éaRAM)
produced by the wastewater industry, if a microbial community can be cultured from this material
and what potential this community may have in the field of anaerobic digestion. This inoculum is of
specific interest to the industry of waste treaént as it possesses an ability to be stored between
seasons and will produce a reliable community once fed. The inoculum was also subjected to storage
of up to 90 days and cycled through freezing and thawing conditions to investigate its robustness in
storage or transportAlongside cPAM, we also investigated the potential of whisky distillation waste,
pot ale, as a feedstockio study the inoculum activity, samples were incubated anaerobically in
biomethane potential (BMP) tests and 16S rRNA DNA anglgeisrmed to investigate microbial
community structures that arose from the material precipitated by used cPAM before and after
treatment. Pairwise phylogenetic tree branch node distances showed clustering of samples in relation

to their initial feeding cacentration in addition to temporal changes in the microbial community.

All communities treated under different storage conditions tended towards a phylogenetically similar
structure and showed methanogenic activity. We confirm that a methanogenic macnebi
developed from the material affixed to the used cPAdhd that used cPAM can be used as an
alternative inoculum source for seeding AD reactors and is stable under chilled and ambient
temperatures for durations up to 90 dayBot ale was successfully aarobically digested although

the poor methane yield can be attributed to the inhibitory effects of cPAM.

2.2 Keywords

cPAM, flocculant, polymer, anaerobic digestion, microbial ecology
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2.3 Introduction

2.3.1 Anaerobic digestion

Anaerobic digestion (AD) is the microbial catalysed conversion of waste organic material into a
methanerich gas for use as a renewable alternative to natural gas. Methane is produced by a complex
microbial community, which degrades biological polymerssag protein, fats and carbohydrates to

their respective monomers which are then fermented to acetate, with additiongdrbgucts such as
ammonium. The complex microbial nature of AD is highlighted by the fact that methanogenic archaea
make up a minorityf the community, with many of the remaining species being unculturable. This
makes studying the community difficult using traditional molecular biology techniq@so et al.,

2015) Using DNA sequemgj, it is possible to i) identify species present in the AD community ii)
determine their abundancandiii) map changes of specific taxa over time. By understanding which
members of the microbial communityirive under specific conditgn | G O2 NB ¢ ODY Y dzg B

identified and used to monitor reactor heal{arballa et al., 2015)

2.3.2 Cationic polyacrylamideRAN)

In this study we evaluate the use of used cPAM as a seed material for AD under varying feeding
concentrations and inoculum storage conditions. The polymer is typically a cationic acrylzasit:
material that precipitates aranic matter used commercially in the dewatering of waste water or
anaerobic sludgéGarcia et al., 2008fPAM attracts microbial biomass with an unknown composition,
possibly having potential for usessource of microbial inoculumue to increased stability compared

to liquids and being derived from a highly diverse community containing active methanogenic
organisms. Previous studies on the anaerobic digestion of cPAM has shown to inhibihoggthesis
through production opolyacrylic acid, acrylic acid and acrylamide so it is unknown if a methanogenic
community can start to form from used cPAM under these toxic conditions, especially if it has been in

contact with the potential toxin for an extendeduration(Wang et al., 2018)

This study therefore aims to investigate the possibility of culturing a methanogenic community fro
toxic cPAM, either fresh or stored, by focusing on changes in the microbial ecology and methane
output. Therefore, several techniqgues were employed in this study to mimic environmental

conditions, measure gas production and assess community composkiwstly, the anaerobic
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digestion of different feedstock dosage in the presence of cPAM was investigated and methane
production confirmed. Secondly, the cPAM was stored for 30, 60 or 90 days at ambient and chilled
temperatures. Thirdly, cPAM was subjectedvarying rounds of freeze/thaw cycles to mimic winter
storage. Community structure and dynamics were investigated using 16S rRNA sequencing to identify
changes in the microbial community identifying enriched species and confirming methanogenic
activity we are the first, to the best of our knowledge, to present used flocculant polymer as an

alternative seed material with improved transport and storage stability for use in the AD industry.

2.3.3 Effects of Dormancy

Dormancy is present throughout the naturalh@mnment from bears to bacteria. While the specific
mechanisms are different they accomplish the same objective; by entering a decreased metabolic
state, their chance of survival in harsh conditioimgreases However this period of inactivity is not
without cost to the organism. While bears have to stockpile fat reserves in anticipation for hibernation,
microorganisms have to prepare themselves in a variety of ways. Microbial species including
cyanobacteria, funigand bacteria have distinct mechanisms émping with environmental stresses.
Cyanobacteria, for instance, form structures called akinetes which have thick cell walls, whereas fungi
produce spores which can maintain viability for years and some microbes synthesise endospores in
response to adveesconditions(Lennon and Jones, 201T}he transition from activity to dormancy

and back can be divided intbree distinct stages. Initiation starts with the detection of unfavourable
conditions in the environment which can be both biotic and abiotic such as toxins or temperature. A
state of dormancy is reached when a reduced level of metabolic state is reandegcovery occurs

to transition into an active state.

Dormancy in bacteria can occur through two very different mechanisms, either through forming a
protective spore or by reaching a lowered metabolic state with or without secretion of a protectant
(Diazgonzélez et al., 2015While both methods can be successful to protect individuals in a
community, the biological mechanisms and sual/nates for each case are very different. In the case

of spore formation, organisms belonging to the genuBaafcilusare prime examples due to their high
resistance against chemical, physical and radiological attacks in addition to being consideted idea
bioweapons in the case 8 anthracigDriks, 2002)Essential for their high resistance is the protective
coat created during sporulation cadlethe exosporium in which the dormant cell resides until
favourable environmental conditions trigger the emergences of the newly activ¢Bealt et al.,

2015)
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The effects of starvation have been investigated previously for aerobic waste water treatment,
anaerobic ammonium oxidation (anammox) granules and for the anaerobic digestion of various
wastes such as swine wastewatand tequila vinassg$iwang et al., 2010; Jaureglauregui et al.,
2014; Xing et al., 2016¥hey all concluded that reactor reactivation was feasible although coupled
with a slight activity decrease due éxtended microbial lag timesNo community structure changes
were observed, although the Igghase growth of methanogens was more obvious tlugheir slow
growing nature (Jauregididuregui et al. 2014). It is therefore desirable to identify an inoculum that is
compatible with seasonal industries and robust enough to producing an active methanogenic

community following storage.

2.3.4 Pot ale

Whisky $ a vital export for the UK economy since it accounts for over 20% of all food and drink exports
equating to over £4.3 bn in revenue and growingalue by 8% annuallyd 1 aw/ RF Gl aK2 g4
SELRNI& KAl NBOEMR:I KAHR2AGK nayZTgEe SPEWBNKEA KA
growth comes new opportunities for sourcing novel feedstocks for Anaerobic Digestion. One such
feedstock is pot ale, a combination of yeast residue and spent grain from the whisky titistilla
process previously considered difficultdigestit comprises of distillation residues including alcohols,

spent grain and dead ysa Like other distillation residues such as rice, agave and grépe, pot ale

is high in biologically available caftydrates and proteins making it an attractive feedstock for
anaerobic digestiofJaureguiJauregui et al., 2014Pne of the concerns from industry is theepence

of copper and its effect on the microbial community, especially the methanogens. Although previous
research regarding copper concentrations in pot ale revealedtoric levelgpresent between 0 and

6 ppm,the study was confined to an individuaistlllery and thus feedstocks must be assessed on a
caseby-case basias each distillery is a bespoke constructi@oodwin and Stuart, 1994)he whisky
manufacturing procesom barleyand subsequent pot ale anaerobic digestion is presented in Figure

2.1.
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Figure 2.1 Whisky manufacturing process and subsequent pot ale anaerobic digestion

1) Barleyis first soaked in water and allowed to germinate in a warm barn heated by a kiln. 2) The sugar containing malt is
then dried in the kiln, no hotter than 70°C to prevent yme denaturation, which may be burning peat to add a smoked
flavour. 3) Dried malt is ground into a course flour and mixed with batches of hot waterhetiehthan the last, between

40 and 70°C to sequentially break down bgtacans, proteins and stardorming a sugary liquid called wash and residual
solids called draf4) Once cool, wash is transferred to a vessel where yeast is added and fermentation continuous for about
3 days to produce wash containing ~5% alcohol solution. 5) Two rounds ddititistibccurithe first to separate the alcohol

from the yeast and residual solids, which raises the alcohol content to ~&ti%the second to raise the alcohol content to
~65%. In this second round of distillation the initial and final fractions aredipidiscarded and mixed with residual yeast

and solids to form pot ale. 6) Middle distillation fractions are stored in wooden casks for a minimum of three years before
bottling. In this scenario, pot ale can be anaerobically digested on site to prolédeieity and heating for the distillery in
addition to providing digestate fertilizer for future barley growth as part of a renewable business model.
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2.4 Materials and Methods

2.4.1 Inoculum sourcing, storage and seeding

cPAM was added to wastewater fromfdl-scale anaerobic digester fed with confectionary waste
located at 55°00'44.1"N 1°39'17.7"W to bind organic matter and flocculate it from solution. Excess
liquid was removed by mechanically pressing the material (now aerobic with organic material and
wastewater community). To investigate effects of environmental stoya@Qg aliquots were placed in

50ml falcon tubes. Spring/Summer was mimicked by storage @bétoom temperature. Winter
conditions were simulated by freezing aliquots overnigh2atCfollowed by, if applicable, defrosting

for 24 hrs at room temperature. cPAM was resuspended with water at a w/w ratio of 1:3 to return it
to the parental digester solids concentration, from 14% to 4% (v/v) before 25 ml aliquots were
transferred to 50ml clture bottles and stoppered. Bottle headspaces were made anaerobic by
flushing with 80% nitrogen and 20% carbon dioxide through a 21G needle for 30 minutes. Bottles were
incubated at 35°C connected by silicon tubinglé, Cole Parmer) to the gas colliect apparatus
described in section 7.3. Following a emeek anaerobic enrichment, after which daily gas production
was zero, the microbial community was sampled and a 5 ml pot ale feed solution pot ale was added
to yield total pot ale concentrations oftaer 5, 10 or 15% (v/v). These loading rates correspond to

3527.3, 7054.5 and 10058.2 mg CODI/L respectively.

2.4.2 Feedstock and inoculum characterisation

C:N ratio of pot ale was calculated using Total Organic CarB@6@#445xnd Total NitrogenL(CK338)
cuvete test kits and COD.CKO1¥commerciallyavailable from Hach Lange according to instructions.
Concentrations of metals relevant to the methanogenesis enzyme pathway were quantified using an
Agilent 7700x IGMSinductively coupled plasma mass spectromefi@lowing digestion of 500 mg
sample in 8:2 Nitric acid:2B,. TheAgilent 7700x IGRISwas calibrated using serial dilutions of Agilent
calibration standard 5183688. Liquid samples were injected into the ICP following filtration through

a 22um membrare and 8g of solid samples were first digested in 5ml H&a@ 5ml HSQ (Trace

metal analysis grade) and heated at 200°C for one hour at 30 bar pressure until the sample was

completely digested.

2.4.3 Gas collection and composition

Gas produced was captured mgi water displacement in a graduated 50 ml serological pipette

(Sarstedt) sealed with a latex membrane (taken from a deconstructed injectable membrane male luer
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lock, Vygon #891.00) glued ( Loctite 401) in place to yield total volume which was recorddd atee

noon. Gas samples were taken, from the cultures fed varying feed concentrations only, through this

latex barrier at atmospheric temperature and pressure using 12ml vacutainers (Labco) and double
ended needles (BD Diagnostics). Gas samples werpristurised three fold by injection of 2 x 12ml

air through a 21G needle using a 20ml syringe. A 1ml sample of this pressurised gas was injected into

'y {wL ycmn D/ a&aidSY SIldALILISR gAGK I C¢CKSNXIf /2
SievebA (8600PK2A, SRI). The GC was calibrated using serially diluted 40% methane calibrant gas (CK
Special Gases LTD) to produce a linear calibration cuiwed(B9) from peak area/peak height. An air

blank and a 20% reference standard were run after emarg samples.

2.4.4 DNA sampling and amplification

1 ml digester samples were taken from biological triplicates through rubber bungs to avoid the
introduction of oxygen. Digester samples were centrifuged at 10,000 RCF for 10 minutes at room
temperature to yielda microbial pellet and clear liquid filtrate. Genomic DNA (gDNA) extractions were
performed on the microbial pellet (20@g) using the commercially available MoBio Powersoil DNA
extraction kit to yield approximately 25 pug genomic DNA (gDNA) per granomibs. Universal
prokaryotic primers A519F and 802R officially known-BsA8ch0519a-S15 and D-Bact0785b-

A-18, specific to the V4 region of the ribosomal RNA 16S subunit were used to amplify the V4 16S rRNA
region of DNA. Sequences of primers witHumina adapters A519F and 802R are
TCGTCGGCAGCGTCAGATGTGTATAAGBSBCMGCCGCGGTAA and
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACNVGGGTeSPETAVATYCDESe primers

have previously been verified for joint amplification of bacteria and archaea shdwihgcoverage

for both phyla(Klindworth et al., 2013)A mastermix was prepared and dispensed into prepared DNA
solutions that contained 50 ng and 1 ng of sample BndolgDNA respectively. 25 pl PCR reactions
contained 1.25 ul of 10 mM primers, 5 ul Q5 buffer, 0.5 pl of 10 mM dNTPs, Q@5 uhits)of Q5
polymerase and the rest ddB. PCR conditions were as follows; initial denaturation for 3 minutes at
94°C followed by 30 cycles of 45 seconds denaturing at 94°C, 60 seconds annealing at 50°C and 90
seconds extension at 72°C with a final extensioretof five minutes. Amplicon size was checked first

for all samples using gel electrophoresis and then using a Bioanalyser DNA 1000 chip to verify the
fragment size (284 bp) in 12 random samples before being purified using AMPure XP beads per
manufacturermprotocol. Purified 16S DNA samples were then barcoded using Nextera indices; 17 Index

set B and I5 Index set C per manufacturer instructions. Remaining-gieamormalisation and
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denaturing were all done according to manufacturer protocol then sequena@adguthe MiSeq

platform (2 x 300 cyclegllumina, 2013)

2.4.5 Bioinformatics Pipelines

QIIME (Quantitative Insights into Microbial Ecology, v.1Mif;//www.qiime.org) workflow scripts

hosted on tle lllumina BaseSpace sequence halps:/basespace.illumina.cojnwere used to

perform bioinformatics analysis. OTU clusters showing >97% identity were assigned using the
Greengenes (May 2013) reference dadab(Caporaso et al., 2010; DeSantis et al., 2008xonomy

was assigned using the RDP classifier with the assign_taxgopsuript. Alpha diversity in samples

was calculated using alpha_diversity.py to compare different alpha diversity measurements from
between 10 to 17200 sequences (using Chao 1, Shannon Index, total species, and phylogenetic

distance metrics) across sequeng depth.

By increasing the number of sequences an emereasing number of species was observed in all
samples, regardless of time point or treatment, which showed no signs of plateauing. With over 1500
species identified, many of the species weregent at such low levels as-b0 reads representing a
minority of the population (below 0.1%). This makes the total number of species present in each
sample an unsuitable measure of diversity as the rarefaction measure does not st&8itesdiversity
distances between samples was calculated using beta_diversity.py and principle coordinate plots
created using the weighted UniFrac distance mdltimzupone et al., 20117 reproducible measure

of community alpha diversity was calculated when using the Shannon Index at a rarefied sequencing
depth above 1729 reads per sampled the moving thregpoint average plotted as the trend line. The
moving averages metric was chosen above other methods such as polynomial or logarithmic to
identify the point after which the average becomes stable and thus an accurate metric of microbial

diversity is reached.

Diversity between samples was then calculated using a weighted UniFrac distance metric from the
comparison of phylogenetic tree profiles which considered the total number of shared species (nodes)
in addition to the relative OTU abdance (weight{Lozupone et al., 2011By comparing samples

within a dataset, a distance matrix is created using the values for phylogenetic dissimilarity. This type

of principal component analysiBCoA) is recommended over PCA when there are lots of missing data
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(i.e missing days between sample collection) and whenettzge fewer individuals (two replicates)
than characters (three variable¢lozupone and Knigh005) Clustered genera heatmaps were
generated from theE. colinormalised reads using the ClustVis, a web tool for visualising closeting of

multivariate data ittp://biit.cs.ut.ee/clustvis)) using unitvariance scaling, to normalise abundance

differences between genera, with both rows and columns being clustered using correlation distance
and average linkagéMetsalu and Vilo, 2015)Stacked plots with dendogram linkage trees were
generated by hierarchadly clustering a reduced dataset containing the 19 most abundant genera

a4 AY FTRRAGAZ2Y (2 d20KSNES | adzy 2F GKS NBYI A
Ay GKS Odzad2Y (Baddhhage)2015)t f 2 G 0 SNIPLIR ¢

2.5 Results

2.5.1 Properties of usedationic polyacrylamide

The flocculent polymers typically used within the waste water industry are cationic acrylamide
derivatives that can be degraded anaeiadlly via the cleavage of the amide bond yielding carboxylic
acids and inhibitory ammoniur(Xu. Dai et al., 2014a)pPot ale, avaste material from the gneing

whisky industry comprised of dead yeast and spent grain, was used to feed the communities derived
from the cPAM. Tabl2.1 shows the chemical properties of the feedstock pot ale and inoculum from
Chemical Oxygen Demand, Total Suspended Solids, Qdifoogen ratio (COD, TSS and C:N
respectively) and metal analysis. Neat pot ale possessed a carbon to nitrogen ratio of 8:1 which is
KAIKSN (KI y OBibneehane podeniiaiBpP &sks fenl With & 10 and 15% v/v pot ale
contained 3527.3, 7054.5 and 10582 mg COD/L respectively. Trace metals such as cobalt, nickel and
molybdenum are essential for multiple catalytic sitesmiethanogenesis related enzymesich as
methyltransferasesrsd methylreductasegLouis, 2016)Pot ale was relatively cobalt and nickel poor

but copper and iron rich compared to the flocculant polymer with methanogemretated metls

such as cobalt, nickel and molybdenum below concentrations recommended by Louis (2016) at cobalt
concentrations of 4.99ug/L compared to the flocculant polymers concentration of 58.85ug/L, nickel
concentrations of 96.23ug/L verses levels of 323.51uyfhoi ale and molybdenum concentrations

at 17.80 and 81.47 ug/L for pot ale and polymer respectively.
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Measurement Pot ale values Resuspended polymer
Chemical Oxygen Demand (COD) | 70545 mg/L N/A

Total Suspended Solids 6566 mg/L N/A

C:N ratio 8:1 3:1*

Calcium 88.24 mg/L 14.95 g/L

Copper 4484 ug /L 1713.54 pug /L
Iron 1715 pg /L 581.65 mg /L
Cobalt 4,99 ug /L 58.85 ug /L

Nickel 96.23 ug /L 323.51 ug /L
Molybdenum 17.80 ug /L 81.47 ug /L

*The empirical formula for acrylamides was usednsslubility prevented analysis

Table 2.1 Pot ale and cPAM composition

Chemical properties of the feedstock pot ale and the used flocculant polymeulum. QN ratio analysisising Hach Lang

total C and total N kitshowed carbon deficiency for both pot ale and the flocculant polymer indicating that additional carbon
would need to be supplemented for any lotegrm digestion, but this was not considered an issue foioanethanepotential

(BMB test. ICPMS results showed trace metals were above recommended stimulatory levels and below inhibitory levels
considered essential for the enzymes involved in the methanogenesis pathway

2.5.2 Gas production kinetics of stored cPAM seed

The peformance of stored used cPAM was assessed usinglR ®st following storage at; either

room temperature or 4Cbetween 30 and 90 days, or stored under cycles of freeze and thawing, to
assess its suitability as a microbial seed material. Following ressispeand a short starvation period

of seven days seed material was fed and gas production monitbM&dhately, all samples were able

to produce gas regardless of storage conditions (Fig@)e Bhe BGP for samples subjected to storage

at roomtemperature for 30,60 and 90 days was 48.67 + 1.31 ml, 25.17 + 7.58 and 25.67 + 0.62 ml|
respectively. Chilled samples across identical storage durations produced a total of 52.1 £ 1.11, 34.67
+1.93 and 31.50 + 0.41 ml respectively. cPAM put through drtiemwv cycles (83) produced 27.3 +

0.12, 22.3 £ 0.1 and 20.0 £ 0.1ml over the course of the incubation. The BGP tests on stored inoculum
showed no major decrease in gas yields after 30 days storage when compared to the day 0 reference
sample (Figur@.2, 48.67 = 1.31 compared to 45.67 = 0.24 ml). However, inoculum stored for 60 days
or more at room temperature showed a decrease in gas production by almost half (Bigues.17

+ 7.58 and 25.67 + 0.62 ml for 60 and 90 day timepoints respectively) whaozagum stored at 4°C
showed a decrease by a third or more (Figure 1, 34.67 + 1.93 and 31.50 + 0.41 ml for 60 and 90 day

timepoints respectively). This data is in agreement with Hagen who previously showed that samples
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stored for up to one month show ndgmificant decrease in activity until thereaftéidagen et al.,
2015)

Average Weekly Gas Production of Stored Microbial Seed
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Figure 2.2 Weekly gas production of stored cPAM

The BMP test¢n = 3 error bars = standard deviatipon stored inoculum showed no major decrease in gas yields after a
storage period of 30 days when compared to the day O reference sample (48.67 + 1.31 compared to 45.67 + 0.24 ml).
However, inoculumtsred for 60 days or more at room temperature showed a decrease in gas production by almost half
(25.17 £ 7.58 and 25.67 + 0.62 ml for 60 and 90 day timepoints respectively) whereas inoculum stored at 4 showed a decrease
by a third or more (34.67 £ 1.93 @31.50 + 0.41 ml for 60 and 90 day timepoints respectively). This data is in agreement
with Hagen who previously showed that samples stored for up to one month show no significant decrease in activity until
thereafter (Hagen et al., 2015)

2.5.3 Gas and methane production of varying loading rates

Total gas volume and methane concentration were measured to confirm presence of a microbial
community (Figure 3). Total gagroduction increased significantly (P value <0.0001), from 20 + 1.4
ml to 45.7 + 0.2 ml by increasing pot alencentration from 5% to 10% v/\When pot ale
concentration was increased to 15% v/v total gas production was 35.0 £ 2.9 ml, a decrease of 23%
compared to 10% v/v pot ale fed system. Trends observed in total gas production were mirrored in
methane yields with 5, 10 and 15% v/v pot ale fed cultures produced 1.3, 8.0 and 4.7 ml methane
respectively which shows community overloadignd methane yieldreduction by pot ale

concentrations above 10% (Figurg)2
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Total gas and methane yields of BMP tests when fed varying
pot ale concentrations
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Figure 2.3 Weekly gas and methane production from cPAM fed varying concentrations of pot ale

Total gas produced by BMP te¢its= 3 error bars= standard deviatioywas measured using a graduated inverted pipette 7

days after feeding with pot ale. BMP tests fed with 15% pot ale produced the most gas (31.3 + 2.5 ml) followed by 10% (29.5
+ 1.1 ml) and 5% (15.6 £ 0.5 ml). Less methane was prodhyc&8% pot ale (4.2 + 1.6 ml) than 10% (5.7 + 0.3 ml). By day

14 gas production had almost stopped for BMP tests fed with 5% and 15%, producing 4.3 + 1.9 ml and 3.7 £ 0.5 ml total
respectively. This trend was not seen in the BMP test fed with 10% pethédd showed a day 14 gas yield of 16.2 + 1.2 ml

with 2.2 + 3.8 ml methane. Comparing the maximum methane yield of 19.4% (Day 7 for 10% pot ale) values to a functional
AD plant operating at above 60% methane yield we can see that these BMP tests prodifezstly lower quality gas.

2.5.4 Ammonium accumulation

Ammonium accumulation is not typically measured in BMP tests, but an early understanding of
inhibitor production rates would provide warning signs to look for during full scale digdstamliger

et al., 2016)Due to the high yeast content in pot ale, ammonia production and inhibition was primary
concern for subsequent digesti. Initial nitrogen content and production of ammonium were
quantified to determine if ammonium is responsible for community inhibition when fed increasing
concentrations of pot ale. Indeed, the high nitrogen ratio was discovered to be C:N 8:1 as shown in
Table2.1 previously. By monitoring the levels of ammonium over the course of the loading rate
experiment it was found that a nemhibitory level of approximately 476.9 + 49.9 mg/L was present

following the initial starvation phase across the nine regibs (Rajagopal et al., 2013Jollowing
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feeding with the pot ale, and thus introduction of the putative inhibiting agent, ammonium
concentrations rose to final levels of 63@13, 824+ 56 and 795t 79 mg/L for BMP tests fed with 5,
10 ard 15% respectively (Figure 2.4).

Ammonium Concentration during a 3 week BMP when fed
varying potale concentrations
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Figure 2.4 Ammonium levels when increasing loading rate

Both the feedstock and the inoculum contained suboptimal C:N ratios of 8:1 and 3:1 respectively. These incubation
conditions contain an excess of nitexgwhich is degraded into toxic ammonium and so toxicity was the main concern.
Following the starvation phase, ammonium levels in samfiies 3 error bars = standard deviatipwere comparable at

476.9 £ 49.9 mg/L. In the first week following feedingsinéevels increased to 627 + 25, 765 + 13 and 758 + 86 for BMP tests
fed with 5, 10 and 15% v/v pot ale respectively. Final ammonium concentrations for the cultures werd 83824+ 56

and 795+ 79 mg/L with no major change observed between the secamiithird week.

2.5.5 Rarefaction plots of sequencing depth

Alpha diversity is a measurement of diversity within a single sample. 95 samples were sequenced
during the course of this study investigatiaith an average of 47,046 + 11,503 reads generated per
sanple. Over 6,000 uniqgue OTUs representing more than 2,500 genera were detected across all
samples. Before meaningful community analysis can occur, it must be verified that samples have been
sequenced to a sufficient depth. There are multiple ways to meaaplte diversity such as raw total
number of species, predicted total number of species (Chao 1 index), minimum branch node distance
for a given set of taxa (Phylogenetic diversity (PD)) or Shannon Index, a measure of both species
diversity and abundancd-igure2.5a-d). The effect of sequencing depth on measure of diversity was

plotted for these metrics between 0 and 17290 sequences, in steps of 1729, using the previously
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mentioned metrics. Shannon Index was the only method which produced a stable measure ofydiversi
(between 4 and 5.5 across all samples) which was achieved at any sequencing depth above 1729
(Figure2.5d). Using the Shannon Index the community diversity was plotted over the course of the
experiment and showed an overall decrease and bottleneck teffecesponse to varying feeding

concentrations from between 4.35.38 to 4.415.00 ($pplementaryFgure2.1).
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50 800
00 : i | 200
350 [ ] | S ! o ° . E
3so ¢+ a2 R K. S e
" a | i g 600 o 3 ° a '
* f o
g0+ 000 o 2 R ¥ l = l !
s e 8 § ' - 2500 | s § -y B
g " ¥ 4 0 2 T - ] '
easgak: 000 . il g | I 5 u |
B - g " 5 400 ! W coms i
2 200 ' ' i 2 e g By 0 3
g 5 §
£ € 300
8 150 3 l i @ ’
100 | -E;POO S |
& H
50 100 |
0 o K .
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Sampling depth Sampling depth
Phylogenetic diversity Shannon index
c) d)
45 6
40 ]
' ! 5 @
35 i 1 ] |
b g B R | p— Booenened : [ ]
s 30 ' ......... B £ v | 4
2 P §..- F 5
j: 25 b % S .
8 & S3 k-
g 20 S |
3 s B
Z 15 3
“10
1
&
ol 0
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Sampling depth Sampling depth

Figure 2.5 Comparison of community diversity metrics

a) Total observed species as increasieguencing depth shows presence of a large number of scarcely abundant microbial
species due to the gradual increase. b) Predicted number of species based upon discovery rate when increasing the
sequencing depth reveals a lack of stability and linearityPlrylogenetic clustering of OTUs producing an increasingly
complex linkage tree (measured by node distance) when increasing the sequencing depth. d) The Shannon index is a measure
of sample diversity which considers both presence and relative abundattte samples. By increasing the sampling depth

the Shannon index reaches a plateau after 1729 reads with no further increase of diversity when further increasing sampling
depth. This indicates that the Shannon index is able to estimate an accurate measti@species diversity using a subset

of reads and more importantly does not change with increased sampling deifterent colours represent different samples

and replicates of colours indicate multiple ssamples of the same sample.
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2.5.6 The effect of girage conditions on community compaosition

2.5.6.1 Unweighted heatmap analysis

Storage temperature was the major driving force in determining the community structure for samples
stored under anaerobic conditions in the absence of additional nutrients. At thd itmtiepoint, day

0, samples clustered according to their storage conditions (FT, am or ch inE&ukowever, these
initial differences soon disappear. By the end of the short batch tests when comparing community
profiles on day 0 and day 21 the mdarctor differentiating samples is the timepoint (Figl2&)

highlighting the convergent nature of the inoculum community when subjected to different storage.

These results show that dewatered sludge inoculum is a suitable inoculum for seeding anaerobic
digesters following a period of storage at ambient, chilled, or freezing temperature as the community
quickly recovers in response to feeding to produce a consistent community. This is advantageous for
seasonal industries such as cfopsed waste streams whe biomass is not available for certain

seasons such as olive mill wagBdika et al., 2009)
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Figure 2.6 Unweighted clustering of starting communities following storage

Storage Time

Storage Condition
am
ch
FTO
FT1
FT2

Storage Day

The top 50 most abundargenera belonging to microbial communities immediately following stottage (days)under
ambient, chilled or freezing conditions can be clustered according to their respective treatment. Unweighted abundance of
individual microbes are visualised from legwhite) to most (dark green). Duplicate samples are combirg&drage
conditions are abbreviateds follows;at ambient temperature (am), chilled at 4°C (ch) or subjected to cycles of freezing (FT

N, where N = 0 to 2).

47



E & Storage Time

5 55 e Storage Condlition
N Y _ Timepoint

Closlrldlum

_ES

- |

Bactero
Alkal

S

gan dalus Memylacldlphllum
:schlowmonas
D nomonas
l!:lsfg-on I|u

um

%eudumnas
mrnphus

thlr?anbameﬁum

lotenera

Lac acillus

Syntrophobacter

Pedobacter
Ganbach

Jreponema

1= T

B

h il-’

Pedosp

Aminipl

haera
hilus

Cohnel

la
Im

Bhode

Candid

laius Amoebophilus

Serratia

Elautia

um

ﬂﬂ_“ I

1I1msucuccu5

Anaerolinea

Storage Time

Storage Condition
0 am
ch
1T ENFTO
FT1
FT2

Timepoint
0
21

L
Agﬂ?.cbaculum
Bellilinea

I

i ‘we ‘09
IC ‘we ‘06
Ig ‘we ‘0g

k2o
k2 ‘ud ‘oe
lg‘o1d o
lk2h1d’o
lez1do
k2 ‘ud ‘09
k2 ‘U2 ‘06
00140
0°L1d0
0‘zldo

0 ‘ud ‘og

0 Yo ‘09

0 ‘Y2 ‘06
0 ‘we ‘06
0 ‘we ‘0g
0 ‘we ‘09

Figure 2.7 Unweighted clustering of initial and final communities

Comparison between start (da@nd end (d21) of genera in batch fed microbial communities inoculated using material stored
under different environmental conditions show major community distinction is solely down to timepoint rather than storage
condition. This reveals a robust and Higlconvergent nature of the cPAM inoculum. Duplicate samples are combined.
Storage conditions are abbreviated as follows; at ambient temperature (am), chilled at 4°C (ch) or subjected to cycles of
freezing (FT N, where N =0 to 2).

2.5.6.2 Weightedrelative abundance analysis

Community relative abundance plots for different storage durations (Figieand temperatures or

freezethawed (Figure2.9) show the respective composition of the 19 most abundant classes of
organism present with the 2Dgroup is a combination of all others. In descending order, all
communities are comprised ofcammaproteobacteria, Bacteroidia, Anaerolineae, Clostridia,
Sphingobacteria, Bacilli, Deltaproteobacteria, Methanobacteria, Flavobacteria, Thermotogae,

Methanomicrobia Spitochaetes, Synergistia, Actinobacteria, Epsilonproteobacteria,

Betaprotobacteria, Synechoccocphycidea, Fusobaaaddethyacidiphilae
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Weighted correlation was used to cluster sampbasd assigning a ctff value of 0.1 split all samples

into pre (day 0 and 7) and post feeding (day 14 and 21) clusters (Rddi€e2.9). Within the two

major clusters, the majority of replicate temperatures and timepoints clustered in a pairwise fashion
and similar time point and conditions within a close distaage2 or 3 nodes such as the chilled day

0 samples stored for 90 or 60 days. Individual timepoint clustering using the same method for only
day O and day 21 showed samples clustering due to storage temperature or timegsipectively
(Supplementary Figuire 22 and 2.3). Just as in the unweighted correlation analysis previously
discussed, the defining feature which so distinctly splits the samples when using weighted correlation

analysis is the pre and post feeding conditions.
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Figure 2.8 Weighted relative abundance plots for samples stored in ambient or chilled conditions

Weighted hierarchal clustering of relative abundance microbial community plots reveal main distinction due to pre (dQ and
d7) and posid14 and d21) feeding conditions. Microbial communities were inoculated from used cPAM stored at either
ambient (am) or chilled (ch) for 30, 60 or 90 days.
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Figure 2.9 Weighted relative abundance plots for c ommunities subjected to freeze-thaw cycles

Weighted hierarchal clustering of relative abundance microbial community plots reveal main distinction due to pre (d0 and
d7) and post (d14 and d21) feeding conditions. Microbial communities were inoculated $exrcRAM subjected to varying
rounds of freezehawing (between one and three).
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The community on the whole remains unchanged apart from two classes of org@asterodiaand
Anaerolineae Prefeeding stored cPAM communites typically had Bacterodiaiveatbundances of
5.05% which increased post feeding to above 13.50%A s rolineaeshowed the opposite; initially
11.25% and then decreasing to 8.86%. Further statistical analysis of the relationships between storage
condition, storage duration and pr@nd post feeding timepoints were performed using the relative
abundance values for the three most abundaggnera GammaproteobacteriaBacterodiaand
Anaerolineaeas they represented a large proportion (43.7%) of the entire community across all
samples. fie analysis performed investigate the relationship between a) storage duration b) storage

conditions and c) pre and post feeding conditions.

Storage duration seemed to show no significant impact on ov@athmaproteobacteriabundances

over the durationof the experiment (P = 0.32, n = 15, 16 and 16) although an average relative
abundance decrease of 2.93% was observed when comparing ambient to chilled conditions with a
95% confidence interval between 1.62 and 4.24% (P = <0.0001, n = 24 and 23). Ryst da€ding
conditions also did not seem to significantly affect the population abundance (P = 0.10). The
Bacterodia population was also unaffected by storage duration (P = 0.63) although was slightly
impacted by storage condition which showed an averagesiase of 2.69% when comparing ambient

and chilled samples (P value = 0.047) with a 95% confidence interval between 0.04 and 5.33%. Feeding
increased the relative abundance of the Bacterodia population on average by 8.46% with a 95%
confidence interval bisveen 7.35 and 9.56% ( P = <0.00@aerolinadid seem to show an overall
increase in abundance when increasing storage duration from 8.44 + 2.06 % to 10.74 £2.40 and 10.80
+ 1.69%, for storage durations of 60 and 90 days respectively. Keeping sangiid¢edhconditions
reduced the abundance by 2.69% with a 95% confidence interval between 1.59 and 3.79% (P =
<0.0001) as did the act of feeding the communities which reduced the population abundance by 2.38%
from 11.25 to 8.86%.

Samples subjected to inesising rounds of freeziaw cycles also showed a similar split when
comparing the pre and post feedingMicrobial communities showed no significant
Gammaproteobacteri@hange when varying the number of cycles (P = 0.39) although a statistically
significan decrease was observed between pre (27 + 1.92 %) and post (24 + 0.92%) feeding conditions
(P = < 0.0001). Similarly, no significant differences were found between cycles of freeze thawing for
Bacterodia (P = 0.98) although an increase from 6.6 + 1.54817a 1.67% post feeding was observed

(P = <0.0001). Likewise, th&naerolina population showed similar trends with no statistical
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PC2

differences across freeze thaw cycles (P = 0.24) although the population did decrease between pre

and post feeding timepoistfrom 16 + 0.35% to 14 + 0.46% (P = < 0.001).
A more inclusive and condensed version of the weighted correlation analysis, a PcA peated

using allgenerataxonomic data pointsvhich showed that samples predominantly clustered based

upon their ime point above all else (FiguelOa & b for stored and FT samples respectively).

b)

L)
PC2

PC1 PC1

Figure 2.10 Principle component analysis of stored and frozen communities

a) Principle component analysis identified maximal variance of the top 50 most abundant genera present in microbial
communities across storage temperature and duration experimental timepoints segregate communities based upon pre (dO
and d7, bottom right) angost (d14 and d21, top left) feeding conditions. b) Microbial communities across ftieawecycle
experimental timepoints segregate communities based upon pre (dO antbd#jght) and post (d14 and d21, top left)
feeding conditions.

2.5.7 The effect ofncreased feeding rate on community composition

2.5.7.1 Unweighted heatmap analysis

The top 50 most abundant genera (which represent 922313% of the community) were clustered
based upon 168RNA gen@hylogenetic similarity across all samples (Figuié). This revealed three
main trends across the experiment when using a K means clustering value géBefg which show

a universal decrease regardless of feeding rate and duration (box A) indladitodpacillugfacultative
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anaerobe), 2penera which shovan increase in BMP tests fed with 10% (v/v) and 15% (v/v) pot ale
(box B) such aBacteroidesand Parabacteroidegcarbohydrate degraders) arg) genera which are
elevated only on day 14 or 21 when fed with 5% pot ale (bo€uding;Syntrophugmethanogen
symbiont), Gemella(capnophilic) andKosmotoga(hydrogen producer)Alkaliphilus (alkaliphilic),
Aminiphilus(an acetate producer previously isolated from brewery waste) Armbbacter(Elshahed

and Mclnerney, 2001; Cao, Liu and Dong, 2003; Hkali, 2003; Holt, Gahrtansen and Bruun,
HnnpT h &all K@&ByDeaet al, 2007; Wexler, 2007; Pian& al,, 2007; Sakamoto, Kitahara
and Benno, 2007; DiPippet al, 2009;Ulger-Topraket al,, 2010; Szabét al, 2011) These results
indicate the presence of a core set of microbes which reproducibly converge under aitaerob
conditions. Members identified include those required for long term anaerobic digestion of pot ale
such as methanogens and carbohydrate degraders. BMP tests fed with 10 and 15% pot ale show
similar communities, implying that community change is repraolecand will result in similar, if not

identical, microbial communities.
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Figure 2.11Unweighted heatmap analysis of communities fed varying concentrations of pot ale

An initial community selection event is observed in all samples (Box A) with a decrease in various community members
following feeding. A second group of organisms show arease in abundance on days 14 and 21 when fed the relatively
higher concentrations of 10% and 15% pot ale (Box B). This group included carbohydrate degraderBatteincadesand
ParabacteroidesMinor day specific abundances of select genera were wkskfor samples fed 5% pot ale on day 14 and

21 (Box GYyevealing a possible community transition when fed lower concentrations of pot ale.
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2.5.7.2 Weighted relative abundance analysis

Weighted correlation clustering of samples showed the majority (16/liiter in accordance with

the pre and post feeding dogma previously described for samples stored under different
environmental conditions using a tree eoff of 0.125 (Figur@.12). Reducing the cut height to 0.75
produces three main clusters of (fronftiéo right) a) pre feeding samples b) post feeding 10 and 15%
v/v pot ale samples and c) the two pfeeding samples that did not cluster with their corresponding
partners in addition to samples fed with the lowest concentration of pot ale. Note that for
investigating feeding concentration the pfeeding datapoints were not taken into consideration like

in the previous stored samples (n = 4). Differences in levels of Gammaproteobacteria were unaffected
by either increasing the feeding concentration of pte between 5 and 15% v/v (P = 0.99). In response

to increasng organic loading rate from ® 10 and then 15% v/v, Bacterodia levels significantly
increased from 6.74 £ 0.21t0 16.36 £ 1.17 and 13.32 + 1.97% (P value = <0.0001). On the other hand,
Anaerdina showed no significant changes (P = 0.19). Whole community analysis reveals spatial
distribution distinction between pre and post feeding samples in addition to separation of respective
feeding concentrations (Figuz13. When examining the individuéimepoints (day 7, 14 and 21)

each respective feed concentration clustered closely with its partner in a 3D PCoA plot highlighting
replicate similarity (SpplementaryFigure 46). Combining samples into this 3D space also allows
differentiation betweenpre and post feeding microbial communities as seen in previous dendrogram

clustering examples (BplementaryFigure 9) although no extra information is gained.
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Figure 2.12 Weighted relative abundance plots of communities fed varying concentrations of pot ale

Weighted hierarchal clustering of relative abundance microbial community plots reveal main distinction due to pre (d7) and
post (d14 and d21) feeding conditions. Microbial communities were inoculatech fused cPAM and fed varying
concentrations of pot ale (5%, 10% or 15% total volume). Increased abundance of Bacteroidia was observed in post feeding
conditions
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Figure 2.13Principle component analysis of communities fed varying concentrations of pot ale
Principle component analysis of the top 50 most abundant genera present in microbial samples across timepoint that were

fed either pot ale at a 5, 10 or 15% final concation. Post feeding communities fed with 10% and 15% showed less variance
than those fed with 5%.

2.6 Discussion

2.6.1 Properties of used flocculant polymer and pot ale

Composition analysis revealed the low C:N ratio present in both feedstock and inoculumd&Ilan
respectively). Optimal microbial growth has been shown to occur in ecosystems which have a carbon:
nitrogen ratio of between 2{80:1(Mao et al., 2015)Thus any long term digestion of pot ale will likely
require carbon supplementation or atigestion with substrates such as cellulose, straw or glycerol
(Fountoulakis et al., 2010; Fu et al., 2016; Xia et al., 2@&tR¢xample of a high nitrogen feedstocks
that showed improved digestion with carbon containing material are manures when supplemented
with straw (Xu et al., 2019)In regards to the metal concentrations case, the materigicililated by

cPAM could also provide trace metals in addition to inoculating microbes, providing both initial and

longterm benefits for digester operation.

2.6.2 Activity and gas production kinetics of cPAM seed

The used cPAM was stored for a period of betwd@rand 9Gdaysunder room temperature or chilled
conditions to assess its ability to form a gas producing microbial community when fed an organic waste
material. Additionally some samples were subjected to between one and three freeze thaw cycles.
This waglone with the goal to create season like conditions to mimic the effects of storage in either

Summer (room temperature), Autumn (@)°or Winter (freeze thaw cycles). cPAM seed samples were
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also stored in sealed containers to mimic large piles of th@es#anilar material and the lack of
oxygen that the majority othis material would receive in either covered or uncovered silos as
according to agricultural best practi¢Borreani and Tabacco, 2014; Williams, 19%4bhough grass
silage coverage is done to preserve dry matter contents over storage periods, the same principle can
be applied to preserve microbial seed activity for use in anderdigestion with identical procedure.

To measure cPAM seed activity following storage a biogas potential test was performed which
recorded the total volume of gas produced by the seed under anaerobic conditions. Measurement of
biogas production from a fekstock is a wekstablished method of assessing feedstock suitability and
identifying inhibitors(Holliger et al., 2016)

2.6.2.1 30-day storage

Seed material that was stored for a duration of 30 days in ambient or chilled conditions produced
similar gas yields of 48.67 + 1.31 ml and 52.17 + 1.11 respectively with no statistical differences found
between the two conditions according tmainpaired ttest (P value = 0.0975). This is unsurprising as
the microbial community adhered to this material would be in early dormancy due to the lack of
nutrients provided by the cPAM and possibly not yet affected by the toxic and inhibitory natilve of
cPAM that has been previously detecteDai et al., 2014b; Liu et al., 2019; Wang et al., 204/8en
comparing these gas yields, and thus activity, of the stored cPAM seed to a zero day reference, that
produced 45.67 = 0.24 ml of biogas, it is surprising bwih the 3Gday ambient and chilled samples

had a 6% and 14% higher yield that were both statistically significant with P values of 0.0335 and
0.0084 respectively. However, it is unlikely that this is due to a seed maturation effect, since if this
was thecase the condition which should have allowed the microorganisms to mature should have
been the sample stored at ambient temperature since the seed material is derived from a mesophilic
AD and not a psychrophilic system. Instead, atmospheric conditionmase likelyresponsibleas

atmospheric pressure was not recorded and room temperature remained a stalfle 20°

Referencing the weather archivewivw.timeanddate.comrevealed a low/high pressure of 0.994 and

1.027bar over the months of Mayune 2016 (the month when the reference anddy storage
experiment were conducted) whiclhwhen comparing gas yieldsould increase the yield of the
reference from 45.67nl to 47.19. However, this does not account for thdadi#nces observe and
operator error is the most likelgxplanation Curiously, a related study which investigated the effects
of inocdum storage at room temperature ardfCfor periods of up to 11 months also identified an

increase in gas yield for onlge inoculum stored for one month with a similar pattern. In the related
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study a 4.5% increase in yield was observed for inoculum stored at room temperature and a 15%
increase for that stored at 4°@agen et al., 2015Although Hageret al do not address possible
reasons for this anomalous increase, their 16S rRNX3/degion sequencing data reveals a relative
abundance increase in organisms suctBasteroidalesand dostridium two known gas producing
microbes, in the sample stored under chilled condition for one month when compared to the

reference. However the microbial compositiavill be discussed further on.

2.6.2.2 60-day storage

Gas yields from cPAM stored for 60 dayseither room ambient or chilled temperatures did not
significantly differ from one another with yields of 30.51 + 1.4 (n=2) and 34.67 £ 1.93 ml of biogas (P
value =0.1175). However, when comparing the gas yields of each respective storage temperature t
their 30-day counterparts significant differences were found. For instance; ambient samples stored
for 30 days had a mean gas yield of 48.67 £ 1.31 ml which is on average 18.17 ml or 37% more than
the 30.51 = 1.4 ml of gas produced by thed#+old sampe and is significantly different with a P
value of 0.0010 and a 95% confidence interval between 13.68 and 22.66 ml. Chilled samples showed
a similar significant difference (P value = <0.001) with cPAM inoculum stored for 30 days having on
average an inciased yield of 17.5ml or 33% biogas when compared to theite§Ocounterpart (52.17

+ 1.11 and 34.67 + 1.93 ml of biogas respectively with a 95% confidence interval between 12.2 and
22.80 ml). The study by Hagenhalalso highlighted a decrease in gadgscbetween samples when
stored for between 30 and 60 days in both ambient (427 to 321 migpv35%) and chilled conditions

(389 to 272 ml g VSor 30%) which is similar to the decrease of 37% and 33% observed for the ambient

and chilled samples in this current study.

It is worthwhile to mention that an outlier was removed from the @y ambiently stored samples as
the gas yield was only 14.5 milhich can be attributed to the use of older gas permeable butyl rubber
stopper used to connect the anaerobic culture flask to the gas collection apparatus. After this event

effort was made to ensure all tests used amarecently acquired stopper.

2.6.2.3 90-day storage

Unlike the 66day samples, statistical differences between ambient and chilled storage conditions
were found for samples stored for 90 days. Samples stored in chilled conditions produced on average

31.50 + 0.5 ml gas which is 5.83 ml more tham2b.67 + 0.76 ml gas produced by the inoculum stored
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in ambient temperature with a P value of less than 0.001 and a 95% confidence interval between 4.37

and 7.30 ml of biogas.

Comparing each of the 9flay storage conditions to their 60 and-8@y partnes reveals a significant

loss of gas production. For samples stored in ambient conditions increasing the time from 60 to 90
days resukdin a loss of 4.83ml biogas with a 95% confidence interval between 1.85ml and 7.82ml (P
value 0.014). Comparing seederfr 90 and 3@lay samples reveals a 47% loss in activity with yields
being 25.67 + 0.76 ml compared to 48.67 + 1.31 ml which is 23 ml biogas less with a 95% confidence

interval between a loss of 20.15 and 25.85 ml gas.

These results are also partly mirrdran the chilled family of samples with-@ay gas yields on average

3.17 ml less productive than the @lay samples, however these results are not significant (P value =
0.086) indicating that the drop in gas production between day 60 and day 90 unded duinditions

is not statistically as significant as the drop which occurs in samples stored under ambient conditions.
Similar to the 47% loss of activity between the 30 andl@@ ambient samples, a decrease in biogas
yield of 40%, or 20.67 ml, was olpged for the day90 chilled samples when compared to the &y

chilled time point (P value = <0.001, 95% confidence interval between 16.88 ml and 24.45 ml.

2.6.2.4 Freeze thaw cycles

Samples subjected to cycles of freezing and thawing to mimic winter conditenfisrined more

poorly than the unfrozen reference material with gas yields of 27.3 + 0.12, 22.3 £ 0.1 and 20.0 £ 0.1
ml for one, two and three cycles compared to the 45.67 + 0.24 ml biogas yield for the control indicating
a significant (P value less tha®01 when performing a onevay ANOVA) reduction in activity. Further
analysis between the best performing samples subjected to freeze thawing and the control revealed
that the highest performing freeze thaw group {E)lproduced on average8133 ml gas sigficantly

(P value less than 0.001) less than that of the no freeze control with a 95% confidence interval between
13.16ml and 23.51 ml. Integroup ANOVA analysis of the three freeze thaw groups revealed a
significant difference in gas production (P vatu@.024). This positive test of significant difference can

be attributed to the difference in gas production betweenFWhen compared to both FI and FT

3 sample groups. Comparing-ETo FF2 shows that a mean decrease of 4.93 ml, or 18%, biogas
occuss when an additional freezinaw cycle is applied, however the results are not quite significant,
although close, with a-test P value of 0.066. By subjecting the cPAM seed to two additional freeze

thaw cycles a total of 7.33 ml or 27% biogas is lost kviscdeemed significant (P value = 0.032).
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However, when comparing the inoculum subjected to two and three rounds of freeze thawing an
insignificant low of 2.4 ml of biogas occurs (P value = 0.18) which indicates an unlikely further loss of

activity if thecycles are increased.

Subjecting the cPAM seed to any rounds of freeze thawing seems to drastically reduce biogas
producing activity and is thus definitely not recommended for any sort of anaerobic digester
reactivation protocol as it presents the combiheffects of both cPAM toxicity and significantly
hampered gas production. The decrease in gas producing activity is in accordance with the data from
Hagen et al where in each of their one, two, six and eleven month stored samples the lowest
performing graip was those stored under freezing conditions. However, this study focused on
repeated freezehaw cycles, rather than the freezdore strategy performed by Hagen et al, and
reveals that no significant further loss will occur when subjecting cPAM toiawlditfreeze thaw
cycles. The likely reason for such a catastrophic loss of activity is major cell wall disruption followed
by cell death as performing freetaw cycles on biological samples, without the presence of
cryoprotectants, is a common technigder cell lysis in DNA extraction protocqBey et al., 2010;
Dattagupta et al., 2009Even if cell death did not occur due te icrystal formation, membranes may

be disrupted and become more permeable to toxic cPAM in stofhiyeet al., 2019; Wang et al.,
2018)

2.6.2.5 Trends across storage conditions

In concordance with the study performed by Hagen et al a general loss of activity was seen as storage
duration increased apart from all samples stored for one month which showed an unexpected
AYONBI A4Sd S5AFFSNAY I FTNRY lerid BeBuben Bréreased qasiproduttiteR & = K 2
YR OKAffSR a0G2N) 3S 02y RAmontd gainges al2ddin terhpgrtyfeQ & G ¢ 2
stored inoculum produced approximately 20% more than their chilled correspondents, unlike the

results presented in this stydwhich outline that chilled samples perform better across all storage
durations. A possible reason for this could be the difference in material present in the inoculum aside
TNREY RAFFSNAYI YAONROGALIf LI Lz | G A kehdlirettipfroa & S Ay 2 C
biogas plant in Norway and is likely a combination of rich biodegradable material in addition to the

usual microbial community. Comparatively, the inoculum used in this study is primarily comprised of
cationic polymer with a microbialoonmunity attached to the surface and so presents a far less
concentrated inoculum. Additionally, as we know that cPAM is toxic and inhibits methanogenesis, the

effect of prolonged cPAM exposure on microbial communities is not well known although the genera
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consensus is that it both reduces total gas and methane yield. As the chilled samples performed better,
perhaps the cold temperature reduced their metabolic activity enough to prevent them from
producing cPAM degradation products in storage. Unforturyatel method of detecting acrylic acid

was used in this study although acrylamide detection can be performed using HPLC with detection at
200210 nm(X. Dai et al., 2014a; Wang et al., 2013)

Unfortunately the gas composition of the produced biogas was not measured across this study so
actual methane yields were not calculated. Conventional stoichiometric and experimental data
suggesthat conventional methane yields of a healthy biogas producing plant are approximately 50%
methane (Cavaleiro et al., 2009; Saady and Massé, 2013; Tao et al., 2048¢ver, as cPAM is
present in the reactors and is known to specifically reduce methanogastieity it would be
irresponsible to extrapolate methane yields from biogas yields, even conservdtiuglgt al., 2019;
Wang et al., 2018)As such, further experiments were planned using fresh cPAM under varying feed

concentrations to collect this data.

2.6.2.6 Effects of loading rate

Both weekly gas production and eldy headspace gas composition were recorded in a series of batch
tests which investigated the effect of an increased loading rate of a novel feedstock to the cPAM
inoculum which has previously been shown to foster a gas producing microbial communiiigl. Ini
trials which involved increasing the pot ale concentration frot00% v/v (data not shown) showed

a decrease in gas Yyield when increasing the concentration from 10% to 20% so the concentrations of
5%, 10% and 15% were chosen for further analysifjdmg DNA sequencing the communities. A
total of 20 £ 1.41, 45.67 + 0.24, 35 + 2.86 ml biogas was produced over the course of the two week
batch test for cultures fed with 5%, 10% and 15% pot ale respectively with specific methane yields of
1+1.89,7.%1.13 and 4.2 £ 1.47 ml. A difference in both biogas and methane yield was deemed
statistically significant using an ANOVA test (P value less than 0.001).

Headspace methane concentrations generally increased following feeding from the post starvation
(and prefeeding) level of 0.65 + 0.52% to 6.11 (n=1 as there was issues with the instrument which lost
valuable samples), 19.40 + 0.33, 13.43 + 1.58% for respective culture triplicates. Methane headspace
concentration in both the lowest and the highest fedltures (5 and 15%) fell the following week to

1.42 and 0.06 £ 0 whilst the 10% fed culture was slightly higher at 10.61 + 3.84%. For these batch tests

the community seemed to produce the best methane vyield, both in terms of volume and richness,
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when fedwith 10% pot ale. Breaking down the total gas yields into weekly performance metrics reveal
that the majority of both gas and methane was produced in the first week of feeding with 78.5%,
64.6% and 89.4% of biogas and 81.1%, 74.0% and 46.8% of spetificeneting yielded.

The fact that the culture fed with 5% pot ale produced approximately half (53 and 50%) of both the
10% and 15% fed cultures suggests that activity of the microbial community adhered to the cPAM is
working at full capacity in regards being unable to produce gas more rapidly when increagieg t
feeding concentration from @ to 15% during the first week. This is supported by the fact that no
statistical significancevasfound between both groups when performing an unpaite@st (P viue

of 0.39). Since the community is operating at maximum capacity it is likely that the decrease in activity
when fed a higher concentration (such asZ% in initial failed trials) is due to overloading and
inhibition of microorganisms. This idea ofeslading and inhibition is supported by the fact that the
specific methane yield during week one of feeding decreases from 5.72 + 0.32 to 3.97 £ 0.43 methane,
a mean difference of 1.74 ml with a 95% confidence interval betvaegr0(0.7ml) andday 7 2.7 ml)

(P value = 0.013) indicating specific methanogen inhibition under the respective culture conditions. It
is expected that in agreement to previous literature, the methanogenic population are the first to be
inhibited in the anaerobic digesticas theyare specifically sensitive t/FAdn addition to the more

acidic pHconditions(Cirne et al., 2007; Palatsi et al., 2010; Rajagopal et al., 2013; Rasit et al., 2015)

The feeding strategy used in this experiment is potentially another reason for the poorer than
expectal gas yields when compared to similar studies which digested whisky wastes, flocculant
polymers and more conventional material such as swine manure, lignocellulosic material and oll
waste. An initial concentrated pulse of feed, akin to a batch feedingnesgivas chosen as it was

hoped it would dramatically change the microbial community and naturally select from organisms
NEaArAadlyd G2 GKS LR24G fS YFIGSNRAIFE RdzS G2 A4 0SAy
concentrations of feeding. When cqraring the organic loading rates chosen in this study in terms of

total COD present at any given day to other studies of anaerobic digestion in a stirred tank system the
loading rates covered conventional operational recommendatiding initial COD conceations of

3.5, 7and 10 g COD / L were similar to, and exceeded, previous daily COD feeding rates of malt whisky
waste water, lignocellulosic biomass and oleic acid based wastewater in a stirred tank systen (1

3 and 48 COD / L respectivel{favaleircet al., 2009; Russell, 1997; Uzal et al., 2008gse organic

loading rates however are low compared to novel anaerobic digester designs such as UASB and AMBRs

digesting pot ale, and other material which can process extremely high organic loadingfrates
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COD / L as observed for an UASB oA@f) COD/L as observed for a membrane based system
(Goodwin and Stuart, 1994; Xing et al., 2010)

As the two upper organic loading rates used in this experiment exceedentional ranges of
operation for stirred tank systemd is likely that the decrease in gas production observed in the
highest fed reactor is caused by organic overloading even though the pH remained stable between 7
and 8. Additionally, typical biogaiEhness is expected to be approximately 50% which is far higher

than even the highest headspace methane concentration of 19.4% achieved in this experiment.

The overall theoretical yields measured in this experiment however are far below the 700 ml biogas
per gram of COD theoretical maximum with overall yields, assuming 100% conversion of COD to biogas
although some COD will be used for microbial growth, expected to be a total of 73.5ml, 147ml and
220 ml biogas as each reactor was fed a total of 0.10524,00g and 0.315 g C({Dai et al., 2015;

Filer & al., 2019) Actual biogas yields were far lower than this on average with 20 + 1.41, 45.67 £ 0.24,
35 + 2.86 ml biogas actually being produced corresponding to efficiencies of 27%, 31% and 16%
respectively. This overall lower than expected yield démee be attributed to the inhibitory nature

of the cPAM inoculum which has previously been discussed or that a certain degree of community
acclimatisation is required for more optimum degradation of the material. It is likely that both play a
significantpart in the low yields recorded here since one of the major limitations of this study was the
single batch feeding nature of the test which prevented a climax community forming. These types of
climax community, both in microbial community composition atgbanicrobial concentration, only

occur after extended operation of bioreactoféngelidaki and Ahring, 1992; Chen et al., 2008;
Goodwin et al., 2001; Ho and Ho, 2012; Palatsi et al., 2010; Yu et al., 2001; Ziganshin et al., 2013)
Following on from this lack of community adaptation and potential cPAM toxicity, futyrerexents
involving pot ale were planned to be carried out over a period of months to allow adequate adaptation

and using norcPAM containing inoculum to avoid inhibition.

2.6.3 Ammonium is not the reason for community inhibition

The levels of potentially inhitry ammonium were across both the stored cPAM seed and in the
experiment that investigated increased organic loading rate of potahee it was hypothesised that
the nitrogen rich feedstock, and also inoculum, would cause community inhibition due t@aium
toxicity. Analysis of ammonium concentrations across experimental timepoints following the

starvation phase of the experiment were comparable at 476.9 £ 49.9 mg/L indicating that cPAM alone
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would not cause toxicity due to ammonium release from thaembic degradation of acrylamide and

acrylic acid which can occur over a period of days in aquatic sy¢¥org) et al., 2018)

Following feedingthe ammonium concentrations increased in the following week due to the addition

of nitrogen rich pot ale. During the second week of digestion the ammonium legeisimed
unchanged (maximum insignificant increase of 0, 8 and 4% increase for each increasing feeding rate)
indicating that the majority of yeast protein was digested during the first week following feeding (P
values equal to 0.96, 0.21 and 0.69 for diffieces between day 14 and 21 triplicate values of each

respective feeding rate).

Although there was an approximate 200 mg /L increase in ammonium when increasing the feed rate
from 5% to 10%an increase was not observed when the pot ale concentration masased further

to 15%. The reasons for this lack of change when increasing feed concentration are mirrored in the
gas production kinetics and the reasons for which have been discussed in the previous section,
possibly due to organic overloading and commity inhibition. According to various studies,
ammonium inhibition is observed only when levels increase above the 2000 mg/L(@Gauket al.,

2015; Ho and Ho, 2012; Rajagopal et al., 2013; Yenigun and Demirel, RBABYgh this cause of
inhibition is still possible dut the unspecialised nature of the community, it is more likely than an
alternative reason such asiknownmetabolite accumulationis the explanationfor the decrease in
ammonia production, a bproduct of protein degradation, observed in the samplesvéith 15% ot

ale.

2.6.4 Phylogenetic composition of stored microbial seeds

2.6.4.1 Assessment of bioinformatics pipeline

To test whether samples were sequenced to a sufficient depth to draw conclusions about beta
diversity, the alpha diversity of each sample was eata&ld using increasing subsets of sequence data

with a variety of performance metrics. Briefly put, alpha diversity is a measure of diversity within a
sample and beta diversity is a measure of diversity between samples. Typically, fewer sequences are
neededto differentiate two populations based upon beta diversity as they may have distinct microbial
O2YLRaAGAZ2YasT fGK2dZAAK dzy RSNBRGFYRAY3I | &l YLIX SQa
sample may be. Alpha diversity analysis was performed @balbhmples sequenced over the course

of the combined cPAM seed and pot ale study by identifying the sample with least coverage (17290

reads) and using that as the maximum number of sequences. Saturation of each respective alpha
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diversity metric was visugll confirmed using a moving average (period = 3) via the horizontal

displacement of each subsequent moving average trend line for each 1729 subsequence interval.

Total number of species is an analysis method which calculates numerically the total numbeelof
species in a given sample. Between 100 and 175 species were observed at a sampling depth of 1729
which, according to previous phylogenetic studies of anaerobic digestion and microbial ecology, is
more than enough species to produce a robust micrbbienmunity with adequate redundan¢éao

et al., 2015; Lennon and Jones, 2011; Zhang et al., 20&Kjng furthesequence subsamplésto

account continue to detect new organisms up to the maximum sample sizere&vbetween 250 and

400 species are present. As a stable measure of diversity was not reached using this metric, alternative
methods were investigated which involved predicting the number of species based upon the discovery
rate when increasing subsampléh{ao 1). Total number of observed species is an inaccurate and over
rigorous metric in regards to assessing alpha diversity of complex communities because the majority
of the population is typically represented by a few key players and the rest belomgimglevant and

trace-abundant organismgarballa et al., 2015; Gasc et al., 2015; Vanwonterghem et al.,.2014)

As previously mentioned, Chao 1 in an estimate of total number of species in aeshasgld upon

the discovery rate of new species and rate of speciedetection. Although the predicted number of

total species generally showed a positive correlation with sampling dejptime moving averages
actually showed a decrease in the predictednier of species when increasing the sampling depth.
For example whenampling depth was increased from 8605 to 10324 and again when (finally)
increasing from 15481 to 172Q6tal reads As this produced an erratic and unstatideking trend

line which showd no trend towards evenness, it was decided to avoid using this metric for further
analysis as high replicate deviation has previously been detected when using the Chao (Kraitat

et al., 2016) Other methods such as phylogenetic distance and Shannon diversity index show more
consistency between rejghtes when compared to phylogenetic distance and Chi&aith and Baker,

2010; Fykse et al., 2016)

More complex than counting total number of species is using phylogenetic diversity (PD) metric which
aligns OTUs to each other to creaehylogenetic tree and calculates the minimum node distance
(branches) between all species pres@raith and Baker, 2010Byusing this metric, the assessment

of alpha diversity starts to incorporate a measure of microbial community complexity. However, like

previous analysis metrics there is insufficient sequencing depth to provide a stable value.
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A further measure of alpha divsity was investigated, termed the Shannon Index, which incorporates

both the number of novel species present and their respective relative abund&gkse et al., 2016;

Li et al., 2013)As previously mentioned, the anaerobigaktion microbial community is made up of

a few key players which are most abundant. By taking into consideration the heavily weighted nature

of the microbial communities a stable metric of alpha diversity is reached immediately with the first
subsample raurning a Shannon index of between 4.1 and 5.5 which shows no change when increasing

the number of sequences taken into account. For complex microbial communities the Shannon Index

is preferred above other method&reedman and Zak, 2015; Gibbons et al., 2016; Kelsic et al., 2015;
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Analysis of the community sequencing had to be performed using both unweighted and weighted
methods to identify oganisms undergoing largeld changes and major components respectively.
Unweighted analysis was performed using vector scaling which provided identical minimum and
maximum values across all samples. However this type of scaling, whilst applicable dicross a
taxonomic levels, was not able to highlight the dramatic 10 and 100 fold increase observed for two
specific generaThermotagaeand candidatusMethylacidiphilusrespectively (S Figures9j. The
choice to sequence duplicates rather than triplicates paly due to cost but also as reproducibility

of sequencing results, and accuracy of microbial ecology inferred, has been shown to owe more to

sequencing depth rather than PCR triplicat8mith and Peay, 2014)

2.6.4.2 Microbial changes in comparison to previous cPAM experiments

The only report to date which investigates anaerobic microlmahmosition changes in response to
cPAM was performed using a similar bioinformatics pipeline which involved classification of-the V3
V4 16S rRNéeneregion(Liu et al., 2019)Liuet al reported a decrease, in order of maugaie, of the
taxonomic classeGammaproteobacteriaandBacilli, which is in contrast to the data presented in this
report asGammaprotebacteriawere both the most abundant class across all storage conditions and
feeding rates and also only showed a minor (2.9%) decrease when comparing samples stored in
ambient conditions compared to their chilled counterparts. This is presumably due to the increased
metabolic activity at high temperatures, thus making them margceptible to inhibition. Additionally

Liu et al reports a decrease in organisms belonging to the class Bacilli, which is not mirrored in the
samples exploring storage conditions, but is in those which investigated varying organic loading rates.
However ingeneral, the community shows no major population shifts either in this study or the study

performed by Liu.
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The lack of any dramatic population changes in this series of experiments can in part be attributed to
the short duration and operational conditis which they were performedinder (one week of
starvation followed by feeding and subsequent monitoring of two weeks) although a similar result is
observed in the sequencing data produced by Liu et al who fed their reactors in a continuous manner
for a peiod of 60 days. The recalcitrant nature of the cPAM carbon backbone, and thus limitation of
biologically available carbon, is likely the reason for the lack of change observed in both cases, with
degradation typically performed under aerobic conditi¢@6limann and Schnabel, 1982; Ramsden
and McKay, 1986pProliferation of certain Bacillus species using cPAM as their sole carbon source has
previously ben observed, and although complex microbial communities fail to thrive under
conditions with cPAM, future investigations into anaerobic cPAM degradation may be more successful
if they include species such Bscillus ereusand Bacillus lexu These two @anisms have been
shown to degrade 75% of cPAM over a 96 hour period under oxygenated confitienst al., 2010)

If biological degradation of cPAM was a priority, this {step anaerobicdigestion process is
recommended as it ensures that the majority of cPAM is degraded and is also converted into
biologically available carbon, rather than just biologically available nitrgeagShoemake et al.,
1998)

2.6.4.3 Microbial changes in comparison to previous graiemxgnts

Unlike anaerobic degradation of cPAM, breakdown of grain and grain associated products have been
more widely studied, although not specifically pot ale due to its regional production confined to
Scotland. It is widely accepted that spent dist8lgrain is a rich source of easily accessible carbon for
either sole or cedigestion(Agler et al., 2008; Ezeonu and Okaka, 1996; Fanedl et al., 2015; Wang et
al., 2012Ziganshin et al., 2011The main difference between used grain products and pot ale is the
presence of large amounts of spent yeast in the latter which recently has become a target for protein
removal and subsequent fgale (Barrena et al., 2018)In this series of experiments the major
community driving force and response has been the application of a feed material rich in grain residues
which promotes proliferation of Bacterodia. This group of organisms is known to be avid carbohydrate
degraders, crucial in both the gut microbiome and ieypous AD of spent grain produdisettle et

al., 2015; Lagier et al., 2012; Wexler, 2007; Ziganshin et al., 2013, Z0&4¢nce of other kmwen
hydrolytic organisms such as Clostridia have also been shown to markedly improve methane vyields of
similarly conducted batch tests, fed with grain residue, that the cPAM used in this study does provide

microbes shown to be essential for grain residudimaisation(Fanedl et al., 2015)
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2.6.4.4 Limitations of sequencing strategy used

Although the 16S rRNgene sequencingpbased strategy used in this study cleaidigntifies the
microbial presence of certain organisms due to the cPAM inoculum in addition to some minor changes
brought about by either storage conditions or feeding; the presence of an organism does not
necessarily correlate with the active communityppdation, especially in batetest type systems like

the one used in this study. This is for one very simple reason; there is insufficient time and replicative
room to allow emergence, or even identification, of a climax populaga large wet volume aPAM
containing inoculum was used (approximately 25% v/v) and no further subculturing or dilution over
time with additional feedstock (such as occurs in a continuous fed type system over many hydraulic
retention times). A better strategy, if using 16S MRi¢nesequencing, would be to repeatedly feed

the community over a long period of time. However, at the time these experiments were conducted,
the researcher was still constructing the system to allow this type of longer duration experiment as
the privatdy-owned reactors belonging to the BDC, a nearby company, were inoperable. Additionally,
the restrictions and inhibition that a cPAM containing system places on the microbial community have
been previously discussed at length and suggestions providedrtyef work, including an aerobic
hydrolysis step. It was thus decided to not use cPAM as an inoculum for further experiments and,

more of interest, continue the investigation into AD of pot ale.

Most importantly though, regardless of reactor operatiorration and feeding schedule, DNA based
analysis techniques when supplemented with RNA based study have identified an inactive majority
population thus highlighting the irrelevancy of most of the DNA sequencing produced in determining
key players and pathwa (Ting et al., 2019)ack of true microbial quantification, such as cell count

or normalised abundance, in combination with use of toxic cPAM leaves the question if the community
was so severely inhibited by the cPAM that no major growth occurred, apart from the Bacterodia, or
if non-specific cell death occurred, excluding the Bamtiéa. This lack of accurate microbial
guantification is essential for identifying populations whichspess high cell numbers with poor
efficiency or low cell numbers with high efficiency especially for established microbial community
based industry such as AD. However the heterogeneous nature of AD with regards to impurities,
inorganic contaminants, andurge particle size makes techniques such as cell counting difficult. A
solution to this problem may be the inclusion of a Db&sed spike that would be present in the
sequencing reads and thus be able to normalise taxonomic counts adguisstvas triallel briefly by
addition of E.coligenomic DNA into select samples (Figuress@Balthough posexperiment it was

decided that addition of pur&.coliDNA to microbial community genomic DNA did not allow accurate
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determination of extraction efficiency. Impvement of this technique would allow more accurate
characterisation of microbial communities across microbial ecology and further research was

performed on this idea of a microbial quantification spik€mapter 3

2.7 Conclusion

The biological community anidorganic material that cPAM precipitates frammaerobic digestion

plant dewatering produces an active methanogenic community containing trace metals essential for
methanogenesis and key genera suchviethanobacteriumMethanosaetaand the polysaccharide
degradingMethanobrevibacteand Parabacteroidesinitial stages of anaerobic digestion revealed an
increase of organisms known to degrade carbohydrates sudBaeteroidesand Parabacteroides

most likely in response to the high levels of carbohydratiaénform of spent grain in the feedstock
used for this study. The robust nature of the inoculum was also highlighted by the cultivation of
phylogenetically similar communities regardless of storage temperature (ambient, chilled or cycles of
freeze/thaw) orduration (between 380 days). Although no increase in the methanogenic population
was detected across all samples when comparing start and end timepoints, their presence and activity
were confirmed through the use of GKCD and 16S rRNg&neamplificationsequencing, due to their

long growth lagiimes in comparison to other faster growing microbes in the community such as
Bacteroidesand Parabacteroides As previous research has identified methanogen inhibition when
digesting acrylamidéased polymer, we nepose that the material can be used for the inoculation

phase only of anaerobic digestion and is stable across a variety of environmental conditions.

The microbial community grown from the material attached to the polymer displayed methanogenic
activity throughout the experiment, confirming its suitability as an inoculum. Methane production of
this material could be increased by supplementation of carbon due to its low C:N ratio of 8:1 and
recalcitrant nature of the cPAM backbone. DNA analysis showeditmiar core communities form
when subjected to similar concentrations of pot ale. Further experiments should involve
metagenomics or metatranscriptomics to identify specific genes and pathways relating to pot ale
methanisation or use an improved measuremicrobial concentration as population growth and
death is not detected via 16S rRi§g@nesequencing. These experiments highlight the plausibility of
using the material precipitated alongside flocculent polymers as a methanogenic inoculum for
anaerobic dyestion in addition to trialling the methanisation of pot ale under varying organic loading
rates. However poor methane yields, attributed to the toxic nature of cPAM, reducsuitebility of

the inoculumcompared to nortoxin containingalternatives such as wastewater treatment plant
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sludge. Due to this poor methane vyield, further experiments involving the anaerobic digestion of pot
ale (already nitrogen rich) will avoid using this nitrogen rich inhibitory inoculum and opt for a more

traditional reactor start up.
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2.9 Supporting Information

Diversity of microbial communities
due to feeding regime and time

6 r
5g L PotAle Concentration (%v/v)
® 5
. ® 10
5.6 B \\-» 15
54 |
¢ ~~ o
52 | el
- | T e
£
c | [ ]
S g
c :
o s
£ 48 |
[ ]
46 I  Z
4.4 | PPt .
L ] ",’
42
g4 L
7 14 21

Timepoint (day)

Supplementary Figure 2.1. Microbial diversity over the course of the BMP tests

Following addition of inoculum, a selective pressadunnelling effect (visualised by the dashed blue line) on the species
diversity was imposed that reduced the Shannon index standard deviation from 0.34 to 0.13 then 0.19. To quantify the
decrease in diversity of Shannon index values the difference ketvtiee 75% (Q3) and 25% (Q1) quartile ranges were
calculated. Over the course of the experiment the difference between Q1 and Q3 decreased from 0.42 to 0.11 and then
further to 0.09 showing the rapid community diversity decrease following feeding on dRgdr= 5% blue = 10% and orange

= 15% pot ale loading rates (v/v).
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Supplementary Figure 2.2. Storage {Relative abundance dendrogram

Samples clustered on the whole relating to their storage condition of either ambient (am) or chilled (ch) apathdrom

ambient samples stored for 30 days likely due to the minimal community change which would occur over this time.
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Supplementary Figure 2.3. Storage @Relative abundance dendrogram

Samples clustered on the whole relating to their storage conditibeither ambient (am) or chilled (ch) although more

convergence (less differentiation was seen due to storage temperature compared to the initial day O samples).

75



PC2 (17.31 %)
@ @ Pot Ale concentration
560 — T T
10% = = =—
® 15%
L ¥]
o
O
PC1 (5987 %)
PC3 (6.98 %)

Supplementary Figure 2.4. PCoA plot on day 7

Supplementary Figure 2.4. 3D Principle coordinate analysis of communities fed varying concentrations of pot ale examines
the degree of phylogenetic similarity between samples subject to varying concentrations of pot ale over the duration of the
experimentusing the weighted UniFrac value. Spheres present day 7 samples, community composition at the start of the
experiment following starvation. The random dispersion of each sample to its respective partner indicate a high degree of
community similarity whenaluating the effects of starvation prior to feeding.
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Supplementary Figure 2.5. PCoA plot on day 14

Supplementary Figure 2.5. 3D Principle coordinate analysis of communities fed \amyaemtrations of pot ale examines

the degree of phylogenetic similarity between samples subject to varying concentrations of pot ale over the duration of the
experiment using the weighted UniFrac value. Spheres present day 14 samples, community comab#itoend of the
experiment following feeding. The proximity of each sample to its respective partner indicate a high degree of community
similarity when fed the respective pot ale concentration
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Supplemerary Figure 2.6. PCoA plot on day 21

Supplementary Figure 2.6. 3D Principle coordinate analysis of communities fed varying concentrations of pot ale examines
the degree of phylogenetic similarity between samples subject to varying concentrations of peealihe duration of the
experiment using the weighted UniFrac value. Spheres present day 21 samples, community composition at the end of the
experiment following feedingThe proximity of each sample to its respective partner indicate a high degreerwhgoity

similarity when fed the respective pot ale concentration.
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Supplementary Figure 2.7. 3D Principle coordinate analysis of communities fed varying concentrations
examines the degree of phylogenetic similarity between samgldgect to varying concentrations of pot
over the duration of the experiment using the weighted UniFrac value. Black spheres present day 0
following a one week starvation period, and not subject to feeding pressure and blue and orange rt
samples on day 7 and 14. A higher degree of phylogenetic similarity is observed on day 7 followin
feeding, regardless of concentration, with evidence to suggest presence afsters dependant on feedi
concentration. By day 14 following feieg a tighter cluster is observed when compared to samples on
indicating the presence of a core microbial community. Further subclusters are observed which corres
the pot ale concentration. A 10% pot ale outlier was caused by accidentablimtion of oxygen to th
experimental system, with increases in aerotolerant and facultative anaerobes observed by further inves
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Genus level variation in sample Al
when fed with 5% pot ale on day 7
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Supplementary Figure 2.8. Changes within 5% replicates

Select genera were compared to the geriisherecidollowing sludge being spiked with a known amoungofcoliDegree
of change is represented as fold change {{pg
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Genus level variation in sample B2
when fed with 10% pot ale on day 7
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Supplementary Figure 2.9. Changes within 10% replicates

Select genera were compaté¢o the genusEsherecidollowing sludge being spiked with a known amounEotoliDegree

of change is represented as fold change {#pg
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Genus level variation in sample C1
when fed with 15% pot ale on day 7
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Supplementary Figure 2.10. Changes within 15% replicates

Select genera were compared to the geriisherecidollowing sludge being spiked with a known amoungofcoliDegree

of change is represented as fold change {ipg
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Genera changes compared to internal spike 5% pot ale
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Supplementary Figure 2.11. Absolute change in select genera for 5% replicates.

By day21 genera differences compared to the internal spike whtethanobacterium0.35 + 1.83 (SD),
Parabacteroides2.20 +0.05,Syntrophus0.53 +0.46,Bacteroides-0.64 +0.16,Methanosaeta0.04 +0.68,
Pedobacter3.32 +0.24 Marinitoga 2.15 +0.21 Clostridium3.25 +1.46,Lactobacillus5.20 +0.48, Candidatus
Methylacidiphiluml.19 +0.19,
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Genera changes compared to internal spike 10% pot ale
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Supplementary Figure 2.12. Absolute change in select genera for 10% replicates

By day 21 genera differences compared to the internal spike were Methanobactefil§, Parabaeroides 8.51,
Syntrophus 0.38, Bacteroides 3.80, Methanosa8tal, Pedobacter3.45, Marinitoga 6.56, Clostridium 0.65, Lactobacillus
-8.40, Candidatus Methylacidiphilum 1.48
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Genera changes compared to internal spike 15% pot ale
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Supplementary Figure 2.13. Absolute change in select genera for 15% replicates

Methanobacterium-0.12 +0.52Parabacteroide$.44 +1.20Syntrophusl.46 +0.45Bacteroide®.13 +0.59Methanosaeta
-0.87 +0.66Pedobacter3.21 +0.47Marinitoga 3.50 +0.08Clostridium1.14 +0.72] actobacillus13.27 +0.25, Candidatus
Methylacidiphiluml.91 +0.08,
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2.10 File Guide

GenusComparison.xlsx

A file containing the taxonomy assigned OTUs and their respective abundance. In addition, sheets are

included thatpresent the taxa ratios within samples when normalised to the internal spike.

otu_table.biom

The file produced from QIIME preproccesing containing to OTU table

Qiime VISPP

A folder containing processed rarefaction results in spreadsheet form (CompiledMeisk) in

addition to the UniFrac visualisations

(bdev_evenl17200>weighted_unifrac_emperor_pcoa_plot>index.html

CompiledMetrics.xIsx

A file containing rarefaction data

Weighted_unifrac_dm.txt

The weighted unifrac distance matrix

All DNA reads are submittén the BioProjecPRINA393625
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Chapter 3

Microbe-spiked anaerobic sludge samples
normalise extraction conditions and introduce
a degree of quantification into amplification

based sequencing strategies
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3.1 Abstract

Taxonomic profiling of complex microbial environments suchiraerobic digesters routinely use the
amplification of highly conserved genes, such as regions of 16S rRNA subunits, followed by DNA
sequencing to identify microbes, their relative abundance and infer their importance for that specific
biological system t@xamine community structure and function. For instance, the increased relative
abundance of methanogens such ldethanosaeta can be used to indicate community health for
anaerobic digestion with the assumption that increased abundance of methanogenksrasu
increased biogas production. Results of this analysis are typically presented in terms of relative
abundance which presents data in terms of ratimg, 25% Methanogens and 75% Bacteria. However,
two samples may have identical relative abundance profiles but one sample may have an overall more
concentrated population. Differences in extraction methodology may also result in biased populations
being extrated prior to amplification. In an attempt to both normalise the extraction and subsequent
analysis between samples we have developed an enhanced method for analysis of microbial
communiies when performing marker amplification which involves the externpikiag of a
characterised foreign species. This method allows the researcher to both normalise intrastudy
variables such as differences in biomass between sames interstudy variables such as varying
microbial richness across environments, varyingaetion methodologies and sample compositjon

in addition to an enhanced degree of microbial quantification compared to conventional abundance
based approaches. Firstly we characterised our microbial spikes ploidy using flow cytometry then
identified a unque marker sequence not present in the highly complex sludge community and used
the marker sequence to examine sources of variation, such as different sample weights, in community
gDNA extractions through the use of gPCR. This allowed determination glesémwlogical and
NBOFf OAUGUNI yli O2yidSyid Ay NBalLkRyasS (2 aLA]1S fSg@St
Unfortunately, although primers amplified the 16S rRNA gene oSthifnlobus alfataricusmicrobial

spike independently and qPCR detttthe organism in sludge samples, 8osolfataricus was
observed in samples following 16S rRNA sequencing. An alternative amplification strategy was
adopted that aimed to amplify the entirety of the ~5 kb rRNA operon for long read sequencing on the
Oxfod Nanopore MiInlON, but reproducible amplification could not be attained using fure

solfataricusgDNA.
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3.2 Keywords

Microbial ecology, 16BRNA gen®CR, microbial quantification, microbial spike

3.3 Introduction

Exploration of microbial communities in complerve@onments such as salt marshes, peat bogs,
composting matter, geothermal hot springs, soil and anaerobic digestion present a challenging task
due to differences in chemical, physical and biological composition. Amplification of the 16S ribosomal
subunit (16S rRNA) gene, a highly conserved gene due to its inclusion in ribosome, allows
discrimination between organisms at the species I€W&isburg et al., 1991Yhis gene amplification
strategy has developed into one of the mostansively used techniques to analyse microbial ecology

as it provides detailed information regarding what species are present and how the species rank in

terms of abundancexpressed apercentage of total reads.

The widespread use of this technique caralteibuted to the fact that it is a relatively straight forward

yet powerful technique that involves DNA purification followed by amplification of a specific region of
the 16S rRNA gene using PCR then identifying the closest phylogenetic matching olyabikiA
sequencing or, less commonly in recent times due to the cheap price of DNA sequencing, denaturing
gradient gel electrophoresis (DGGE) where identical sized fragments are separated based on their
mobility in increasing denaturing conditions. Notalsleccessful application of this technique has
resulted in; identification of 27 new species of disease causing badferancourt et al., 2004)
reclassification of whole family tax@verett et al., 1999and classifying unidentified bacteria or
confirming isolate identify in addition to the congpd microbial ecology type analyses of environments
such as peat bogs, salt marshes, soil and anaerobic dig¢Beagley et al., 2012; Sizova et alQ20
CATF6L 120 SO FEdE wamcT %AALYyaKAYy SiG Ffd®X Hnanmo

Although the 16S rRNgeneamplification technique has many broad applications there are certain

caveats that the technique processes which liken it to a double edged sword. On one hand, presence

of low abundance and unculturable organisms can be detected from environmental samples by
amplifying small quantities of DNA which is crucial for tasks su@hewanelladisease prevention

and detection in water bodie@Holt et al., 2005)On the other hand, actual quantification of organisms

becomes ambiguous when you consider the possible variation introduced through; bias introduced
0KNRBdzZAK dadzyABSNEF £ ¢ LINR pedfoddied wherb followind” this ingtho®d | G A 2 v
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(between 2530), differences in optimum annealing temperatures between organisms and
polymerase fidelitfSipos et al., 2007; Suzuki and Giovannoni, 199fditional difficulty arises when

the investigation of an extremely diverse microbial environmentaiged for since 16S rRNfene
primers need to be both specific enough to not amplify-tafiget stretches of DNA but also broad
enough to cover the majority of taxa that are most likely present. A combinatidn-sifico and
experimental data has previolysbeen generated in investigating where the fine line lies between
primer pair accuracy, precision and spread for analysis of mixed communities (archaeal and bacterial
or exclusively bacterialjKlindworth et al., 2013; Marchesi et al., 1998; Watanabe et al., 2001)
Accumulative error from the previously mentioned sources makes true comparison between studies
and experiments extremely difficult, esgally when variables such as reagents, extraction method
and duration, sample volume, equipment, primer sequence and amplification profile vary from study
to study(Diaz et al., 2007; Ho et al., 2013; Smith et al., 2015; Wilkins et al., 2015; Zigarahin et
2013) The scientific community analysing a similar microbial community to anaerobic digestion
microbial community, the soil microbial community, addressed these concerns and decided the use
of an exclusive protocol, to allow for important fundamals such as interstudy comparis@ilbert

et al., 2014)

This difficulty in comparison is compounded by how the 16S rBdhe sequencing results are
presented, in multiple microbial ecology fields, by proportional abundance. For instance, comparison
of sample set 1 & 2 reveals @mmmunity of identical organisms in similar proportipesg 25%
Methanogens and 75% Bacteria. However, it does not reveal that the cell numbers in sample set 1 are
far greater than that of 2 and thus the metabolic turnover capacity of sample set 1 is far greater. This
is especially important for assessing isttially relevant communiéswhose performances reliant

on both the species present and their relative concentration. One such community is that in anaerobic
digestion communities where the industrial production of biogas relies on an established rogéran
community. This lack of true population distribution and density information is an issue for both the
microbial ecology field as a whole but especially analysis of anaerobic digestion microbial communities
in relation to their performance as data pesged using relative abundance does not reveal if the

community is low in concentration with high activity (quality) or vice versa (quantity).

Other techniques can be used for analysing microbial composition such as; adenepmasphate
measurements, lbw cytometry, quantitative realime PCR (gPCR), phospholipid fatty acids
examination and microbial biomass carbon, but none of these techniques provide the same level of

understanding that 16S rRNy&nesequencing offeréZhang et al., 2017 oncerned with the lack of
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guantification Smetgt aldeveloped a protocol that normalised the extraction method, in addition to
amplification and sequencing, with the addition of purified foreign DNA to biomass prstraction
belonging to organisms commonly found associated with marine animdigil§rio fischedi and in
geothermal environmentsThermus thermophilysfor analysis of soil communitigSmets et al.,
2016) One limitation of this study was the purified DNA being added to the biomass sample prior to
extraction thus exposing thenarker gene to extracellular nucleases, even more so an issue with
digestate sludge due to the high concentration of microbial biomass. Most importantly, this study
showed that community composition profile was unchanged by the addition of a foreign. spike
Addition of a foreign DNA source was also visited by Stametlat and K. Piwoset al in their
extensive investigation of the human and water microbiome respecti{lwosz et al., 2018;
Stammler et al., 2016)n their study, literature values were ustalcalculate spike cell number and

16S rRNAenecopy numberthen an aliquot of whole bacterial cells containing their 16S rRNA spike
gene were added to unlysed stool samples, DNA extracted then analysed using gPCR. By placing the
point of normalisation fithe very beginning of sample processing irdétady sample comparison
could be achieved singcalthough samples are normalised, I6&NA geneopy number could vary
depending on cell cycle phase when the method is repeated. Tourl@sdéurthered the concept

of using a marker gene not commonly found in the environmental sample by adding synthetic 16S
rRNAgene sequences to the biomass sample following cell lysis and performing conventional 16S
rRNAgeneamplicon sequencin@lourlousse et al., 2017\ synthetic 16S rRNA gene would reduce
the chance of accidental crossover with species preseminknown environmental sampleshis

allows their technique to be used in environments typically home to sipikerganisms such as
hydrothermal vents, hot springs and saline environments. Their method involved adding the spike to
a sludge sample following cell lysis thus reducing markee gaposure to extracellular nucleases.
However, as the marker was added post cell lysis this meant that the extraction method was not
normalised between samples or indeed studies which introduces variability when analysing samples

of different materials e sand vs soil.

By identifying shared points and areas for improvement from these stpitiwas clear that an ideal
spikein method should have the following characteristics; be added prior to lysis to start
normalisation at the DNA extraction step, bemprised of whole cells rather than purified DNA to
enable comparison of extraction techniques, be foreign to the environment being investigated or
ideally be synthetic, have the marker gene copy number present in the spike quantified by measuring
cell pbidy. By investigating the use of an external foreign species spike in a highly complex microbial

community we aimed to build upon previous work in attempting to address the quantification issue
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in microbial ecology analysis and to allow normalisationoserthe whole process, from DNA
extraction to visualisation to provide advantages in determining true organismal abundance and

microbial richness of samples.

3.4 Materials and Methods

3.4.1 Characterisation ddulfolobus solfatarictgloidy

Sulfolobus solfatarics samples for flow cytometry were prepared using an ethanol fixation and
resuspension in 10mM Tris and 10mM Mg@6uffer as described previousl{Bernander and
Poplawski, 1997)Cells were then diluted using an appropriate volume of the same buffer. A bead
standard was first run through the CytoFlex cytometer to calibrate the amlhting detection
software. A blank containing dye and resuspension buffer was initially run to ensure purity of reagents
and cleanliness of cytometer lineSrom the cell count and relative fluorescence the spike was
determined to contain 609,200 cellslL with the calculated number of genome copied #12,800
equating to an average of 1.66 genome copies per cell. With the microbial spike fully characterised
the exact number of genome copies added to samples at the stage of DNA extraction could be

calcuated.

To quantify the number a$ingle stranded binding proteirsGBPcopies detected a standard curve

was created from PCR amplified SSBP DNA product which was purified using AMPure beads and put
through an additional PCR and purification cycle to ymice product. Actual SSBP recovery was
calculated by multiplying the number of SSBP copies / ng DNA calculated by the gPCR by the total
amount of DNA present following the extraction. 25 ng of extracted DNA was used as the template
for the gPCR reactiomtexamine copy number of SSBP and showedekiaaction efficiency typically

varied between 0.5 and 1.568upplementary Figure 3.1)

3.4.2 Marker validation using PCR

A Sulfolobus solfataricusnique markergenewas identified using PCR to screen 5 primer pthias

were designed for genes flagged as uniqueStdfolobus solfataricuduring the literature search.
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Primer pairs were used to amplify DNA samples fatfolobus solfataricuspiked sludge (100l
spikeor 1,012,800@enome copiesn 200mg sludge) DN and sludge DNA only in triplicate. A negative
control was included containing no template DNA and two positive controls were included to amplify
the V4 16S rRNAeneregion of both theSulfolobus solfataricusnd the sludge community using the
A519F an@02R primer pair, all in duplicat&lindworth et al., 2013)PCR reactions contained 50ng
template gDNA, 1.25uL 10uM of each primer, 0.5umMDNTPs, 0.28l (0.5 units)Q5 polymerase

and rest water. Amplification was performed using ecfine Prime thermocycler with an initial
denaturation for 3 minutes at S€followed by thirty cycles of denaturation at %4for 45 seconds,
annealing at 58Cfor 60 seconds and elongation at°Cfor 90 seconds followed by a final elongation
stage for 5 mins. Primer pair selectivity was examined by running the amplification product%n a 1
agarose gel stained with SYB&e (S33102 Thermo Fisherand visualised under UV illumination.
Presence omultiple bands in the spiked lanes or any bands in the sludge only lane was interpreted as

off-target amplification and notwlesirable.

Once SSBP was validated for use as a unique maknleeimitial amplification product was purified

using AMPure bead§A63880, Beckman Coulterizi A y3 Y I ydzF I OG0 dzZNBENRa AyadN
template DNA for a second round of PCR amplification using the same thermocycling settings and
purification stage previously mentioned. This additional purification step was performeddore

only SSBP amplification product was present in the solution prior to use as a standard in gPCR. The
DNA concentration was quantified using Qubit HS dsDNA red@&2i854 Thermo Fisherdn the

Qubit 4 Fluorometer.

3.4.3 Anaerobic sludge communities

Anaepbic sludge samples used for the initial spike load optimisation, DNA extraction method
comparison, and biomass variation were collected from anaerobic digester 4 in the Naburn waste
water treatment plant located near York, UK at coordinates 53.914158.085661 W in October

2017. Sludge was collected in a barrel and kept anaerobic at 4°C until required when it was centrifuged

at 6000 RCF for 15 minutes to pellet biomass prior to weighing and DNA extraction.

Biomass samples for the community concentratimvestigation were collected from the same
Naburn digester in November 2018. A 50ml aliquot of sludge was pelleted as described previously and
the wet remaining mass measured to determine wet solids content (as DNA extractions are typically

done on wet llomass). Synthetically diluted sludge communities were prepared from the 2018 Naburn
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sample pellet using 20050 and 100mg of wet sludge with sample weight made up to 200mg using
sand to act as a dilutant to create communities of different microbial gsenSludge samples for the
environment comparison were collected fromibhouse reactor digesting municipal waste fibre 2)
in-house reactor digesting whiskyaste and 3) a hydrogen fezhaerobic digestiomommunity. All
biomass samples were spiked witBulfolobus solfataricusit a volume of 25uL per 100mg

(characterised td.,012,800 genome copies pegl).

3.4.4 DNA extraction, gPCR and 16S rBéieamplification

Anaerobic microbial community gDNA was extracted from sludge samples using the Qiagen DNeasy
t 2SN 2At (A0 dzZAAY 3 YIydzZFlI OGdzZNBNRA AyadaNHzOdAzya
bead beating comparison was varied with times of 12, 15 (as per instructions) and 18 minutes for the

investigation into beating duration.

10-fold dilutions of spiked sample gDNA was prepared using@dithd DNA concentration measured

using Qubit HS dsDNA reagent on the Qubit 4 Fluorometer (Thermo Fisher). gPCR was performed on
a QuantStudio 3 (Thermo Fisher) with a reaction volume of 25ul using 10ul ten(@fatg total gDNA)

and 12.5uL 2X SYBR green master mix using 2.5uL of 10uM SSBP primers (sequence in supplementary
table 3.1). The thermocycle for amplification was; initial denaturation step ¢fC96r 20 ®conds
followed by 40 rounds dfieating to 95Cat 4c/s holding for one second then cooling td°@at 3c/s

and holding for 20 seconds. To quantify the number of SSBP copies detected a standard curve was
created from PCR amplified SSBP DNA product which was purified using AMPure risbads a
through an additional PCR and purification cycle to yield pure product. Actual SSBP recovery was
calculated by multiplying the number of SSBP copies / ng DNA calculated by the gPCR by the total
amount of DNA present following the extraction. 25 rigegtracted DNA was used as the template

for the gPCR reaction to examine copy number of SSBP and showed standard curves generated for

each reaction comprising of 1@ 1(? total copies with Rvalues above 0.95

3.4.5 16S rRNAeneamplification

Successful anlification of a ~460 bp product was confirmed when usngplfataricusnetagenomics

DNA, using the primers and protocol according to the QU&R NGS Library Prep Kit (D6400, Zymo
Research). These commercial primers were chosen since they were advediseding increased
coverage and specificity, especially for archaea, when compared to the commonly used A519F and

802R primer pairhttps://www.zymoresearch.com/pages/ngs).6
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The 16S rRNA genes wamplified from spiked sludge metagenomic DNA, previously confirmed to
have detectables.solfatricusvith gPCR. lllumina library prep and indexing was kindly performed by
Dr Sally James, Genomic facility, University of York. Paired end 300 bp libragn@eguwas
performed at the University of Leeds genomics ceminea MiSeq 200@esulting in over 4.2 million

paired end reads.

3.4.6 Bioinformatic analysis

Sequencing reads were quality filtered, trimmed, denoised and assigned taxonomy using default
QIIME2 parmeters (Supplementary Scripts €24) based on both a 97 and 99% identity match to the
SILVA rRNA gene database (version {B8lyen et al., 2018; Quast al., 2013) Unfortunately no
S.solfataricusvas detected in any of the samples (Supplementary fi@ute Absence o$ulfolobus
solfataricusreads was also independently confirmed by a ZymoResearch bioinformatician and by Dr

Katharine Newling, Biolarmatics facility, University of York.

3.4.7 rRNAgeneoperon amplification

The A519F and U2428R primer pair has previously been used to amplify positions betwdgmof520

the 16S rRNA gene and ~24BM®mf the 23S rRNA gene to produce a product approximatedlg h

length from environmental samplg®/artijn et al., 2017) As U2428R showed only 83% identity to
Sulfolobus solfataricysa slightly modified U2428R_2 was used which showed 99% identity as
O2yFANNVSR o0& {Af JI Qa ¢9{ qQuashetd., 20rdPetyvetn Randilb agl & S

of template Sulfolobus solfataricugenomc DNA was used for amplification in a 25 pL reaction with

either Q5 Higkridelity DNA Polymerase (M0491S, New England BioLabs) or Phusion (M0530S, New

9yt tyR . A2[l0&ad0 FOO0O2NRAY3I (2 YI ydzZFlI Ol dzZNBENRa
annealingtemperature gradient between 59°C and 71°C using default conditions, default conditions
with a DMSO concentration of 2.5, 5 or 7%, default conditions with the-8genhancer buffer for
the respective polymerase and also a combination of #ghbuffer ad DMSO concentrations and

described previously. Unfortunately no reproducible product amplification could be achieved.

3.5 Results

3.5.1 Species and marker selection

The aerobic hyperthermophilBulfolobus solfataricusas chosen for initial screening as a candidat

whole-cell spike as this organism occupies environmental niches vastly dissimilar (growing optimally
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at pH 3 and 78°C) to those found in commonly studies mesophilic environments such as soil, water

treatment plants and marine environmentSulfolobus sédtaricuscells in the stationary phase were

taken and characterised using flow cytometry for further use as the potential spike. Initial

characterisation used gPCR to investigate the effect of the spike in the community as it was cheaper

than 16S rRNA&ere amplicon sequencing, provided same day results and allowed us the same level

of quantification. A total of seven marker gene candidates were identified by searching literature
regardingSulfolobus solfataricu¥ I ydzl t £ &8 F2NJ | S& g2 NRA |j aSapfotein &
unique toSulfolobus solfataricugas assumed to be less likely in having shared sequence identify with
other organisms. Additionallygeneswere only selected itheir geneoccurred only once in the

genome. Nucleotide sequences forete proteins were then BLASTed against the bacterial database

ay2¢

using default parameters of blastn to optimise matches to dissimilar sequences. As all the gene

sequences showed minimal occurrence in the bacterial nucleotide database (J.aplesets of

primers were made for each gene target to then be testeslivo (Supplementary Tabl@.1).

Literature name NCBI Gene Closest Bacterial Max E Identity  Query
accession length  match Score Value coverage
(bp)

Singlestranded DNA AAK42515 1359  Arcobacter 49.1 0.25 97% 28
binding protein (SSBP) nitrofigilis
Cellulase (CelS) AJ296029 969 Salegentibactesp. 46.4 0.61 82% 48

T436
Uncharacterized ATP AAK40467.1 2628  Prochlorococcus  59.0 3e04 74% 59
dependent DNA helicase sp. RS04
(Hel)
Adenylate Kinase AB006440 837 Escherichia coli 48.2 0.15 94% 30
(Kin) strain C1
p Qeoxy-p -Q AAK42494 813 Candidatus 97.8 3el6  70% 265
methylthioadenosine Pelagibactesp.
phosphorylase RS40
(SSMTAPII)
Exopolyphosphatase AJ314593 1254  Thermosipho 50.9 0.063 88 40
(Set3) melanesiensis

strain 431
h-Glucosidase (malA) AF042494 7056  Bacillus cereus 48.2 0.4 94 31

VPC1401 plasmid
pLVP1401

Table 3.1S.solfataricus marker gene selection

Literature data for the unique gene marker candidates are displayed here including the described name in the literature,

NCBI accession value and total nucleotide length. A summary of BLAST results for the cldeelst lbaetierial match is also

displayed including score metrics and % identity. The majority of candidate genes had minimal regions of nucleotidg similarit

varying from 30 to 60 nucleotides. Since alignment results were only obtained when using the B&#BaMhat similag

parameter the first six candidates were further investigated.



3.5.2 Target verification

Initial verification of marker selectively was investigated by performing triplicate PCR on gDNA
extracted from sludge taken from an anaerobic digesigked withSulfolobus solfataricug’rimers

sets used included the primers designed for the target gene (Supplementary3‘8pknd the 16S

V4 rRNAgeneprimer pair as a positive control (in duplicate) previously used by Klindworth et al
(Klindworth et al., 2013) Primer pairs which showed exclusive target amplification using the
Sulfolobus solfataricugDNA were SSBP and CelS (Figui®). Strong off target amplification was

observed in the primer pairs for the Hel, Kin &8&MTAPII as multiple bands were visualised.

Although both the SSBP and CelS primer pairs showed potential as a target,ntazkemaller
product size of SSBnewhen compared with CelS (177 vs 530bp) was a more favourable sized
marker for gPCR. Using @R, the SSBP primer pair was used to further investigate aspects of the
microbial spike including; the effect of increasing the spike:biomass mianalisationof initial
sample biomass, effect of increasing bead beating duration, sample microbiaksihdifferences

between sample types and extraction meth@tammler et al., 2016)

A 1 2 3 4 5 6 7 &8 95 101112 1B 14 B i 2 3 4 8§ 6 7T 8 & WNWQ 1B .14

300bp
300bp 200bp

200bp

Figure 3.1 Selectivity of marker gene candidates

Selectivity of marker gene primer pairs (See Supplementary Table 1) targetisgifoobus solfataricusinglestranded
binding protein (NCBAAK42515, Fig A, 177bp) and Adenylate Kinase {ABIKI6440, Fig B, 117bp) were confirmed by
using wlymerase chain reaction (PCR) on b8tiifolobus solfataricuspiked sludge genomic DNA (Lane$) 2nd sludge
gDNA only (Lanes®. A negative water control was included (Lan& 8 addition to positive controls targeting the V416S
rRNAgeneregion Lanes 1611 for spiked samples and lanes-12 for unspiked). The SSBP primer pair shows ntaajét
amplification for unspiked sludge DNA (Fig A lan@$ Whereas multiple bands were observed for the Adenylate Kinase
primer pair ( B lanes-3) indicatve of offtarget amplification and not desirable for use in downstream gPCR applications.
Amplified samples were run on a 1% agarose gel.
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3.5.3 Characterisation ddulfolobus solfataricispike using flow cytometry

Fundamental tahe correct use of ainternal spike is proper characterisatiofo date no studies have

been done which enumerated genome copy numbers added by the spike. Cell number and ploidy
were identified basedupon a Forster resonance energy transfsignal generated betwee the
interadion of Mithramycin A and Ethidium Bromidas described previouslyBernander and
Paplawski, 1997)Flow cytometry was useak it allowed us to both count the number of cells used

for the spike and to calculate the number of genome copies each cell possessed to generate an
experimental value of actual marker gene added. Cells werdiftghfrom background noise based
upon the threshold of fovard and side scatter (Figure &) Both Mithramycin emission (525 nm)
intensity and FRET (610 nm) signal intensity were used to further characterise the genetic content of
the Sulfolobus solfatdécuscells and to infer likely genome copy number based upon abundance of

respective FRET intensities (Figarab).

From the cell count and relative fluorescentee spike was determined to contain 609,200 cellis/
with the calculated number of genome copiesla®12,800 equating to an average of 1.66 genome
copies per cell. With the miobial spike fully characterisethe exact number of genome copies added

to samples at the stage of DNA extraction could be calculated.
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Figure 3.2 Determining Sulfolobus solfataricus ploidy

Sulfolobus solfataricu=ells were characterised using flow cytometry coupled with a DNA dye to examine cell ploidy. Forward
and side scatter at 525nm were used to count the number of cells (Figure A) and determine that 97.36% of signal was
independent of background noise wheoropared to the control for a total of 20,000 detection events. DNA content of each
event was quantified by measuring relative fluorescence at 610 +20nm following excitation at 405 nm which takes advantage
of the FRET interaction between the DNA specifithiddmycin A and more abundant Ethidium Bromide dye used.
Determination of ploidy was performed manually by identifying regions of high counts with 2N cells roughly double the
emission at 610nm when compared to 1N cells (1003v$®0 x 18relative fluoescence). A total of 9342 2N events and

3014 1N events were recorded, with the rest assumed to be 1.5N, representing 47.98 % and 15.48 % of cell specific events
respectively. From the cell count and relative fluoresceiice spike was determined to conta609,200 cellsfil with the
calculated number of genome copies at 1,012,800 equating to an average of 1.66 genome copies per cell. With the microbial
spike fullycharacterisedthe exact number of genome copies added to samples at the stage of DNA ixtrectild be
calculated.

3.5.4 Titration ofSulfolobus solfataricue establish sensitivity and linearity of spike

Spikein load was increased to investigate the relationship betw8aliolobus solfataricusells added
and SSBP marker gene quantification ugiiCR and to identify the level at which loss of spike
accuracy occurred. Wholulfolobus solfataricusell solution volumes of 12.5, 25, 50, 75 and 100

were added to the bead lysis tubes with exactly 200mg sludge prior to DNA extraction.

Spikeresponse increased linearly between dosages of 25 tpl 7&sulting in SSBP copy numbers of
1052.90+ 316.21 2216.89+ 1435.02 3913.35+ 1602.485309.74+ 1509.99 (Figur8.3). At a spike
volume above 10Ql (4308.17+ 1637.34 SSBP copy numhbére increase spike load seemed to have

a diminishing and less linear effect. For that reason, a spike volumepb{®ax10 cells) per 20@ng

sludge load was chosen for further use in this study as that lay in the linear part of the dose response

curve.
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Dose response curve of S. solfataricus externally spiked
anaerobic sludge
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Figure 3.3 Dose response curve of spiked sludge

Volumes between 12.5 and 1Q0 of Sulfolobus solfataricusell culture were added to 200 mg + 10 mg of sludge prior to
genomic DNA extraction using Qiagen DNémyerSoil bead beating kits (n=38ror bars = standard deviatipriJsing gPCR

and the SSBP primer pair, which selects exclusively for a gene uni§ukdlmbus solfataricushe linearity of spike response
was examined as a measure of SSBP nomber detected. A linear dose:response curve was observed when increasing the
spike load between 12.5 and B with a reduction in effectiveness observed when increased to a spike volume @fl 100
(error bars are standard deviation).

3.5.5 Bead leating Length

Bead beating duration in commercial kits typically varies betwee2(lBninutes depending on
throughput with recommended instructions suggesfianincreasein duration when more samples

are being beaten. Additionally user error may cause variance awanfinutes depending on
2LISNF 62NDRa RSRAOFGAZ2Y (2 LINR(G202td . SOldzasS 27
plant sludge sample spiked wiBulfolobus solfataricussing the bead beating for a total of 12, 15 and

18 minutes beating duration. Lipg efficiency was measured by quantifying the SSBP copy number
using gPCR. To ensure constant beating conditions samples were replaced with equally weighted
empty tubes when removed. Overall, no trend was observed when increasing the bead beating
durationfrom 12 to 15 and further to 18 minuteSQpplementary Figure 3.resulting in 2729 +195,

2072 £306 and @30 £379, respectiveln = 4.
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3.5.6 Biomass normilisation

Biomass samples between 200 and 300 mg were spiked at a ratioypsd 200 mgn triplicate to
investigate if spike application can act to normalise samples with different biomass and negate the
need for timely accurate biomass weighiffggure 3.4) Average SSBP copies detected for biomass
sample weights of 200, 250 and 300 were 4099 +48524+772 and 4660 +882 respectively. No

significant difference was found to exist between each set (P value of 0.73).

Normalising variable biomass DNA extractions
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Figure 3.4 Normalising variations in sample weigh with the ~Sulfolobus solfataricus spike
Varying masses of sludge were spiked at a ratio of 25 pl per 200mg prior to genomic DNA extraction using Qiagen DNeasy
PowerSoil bead beating kits (n=3, error bars = standard deviatiomg d®CR and the SSBP primer pair, which selects
exclusively for a gene unique 8ulfolobus solfataricushe linearity of spike response was examined as a measure of SSBP
copy number detected. A near identical spike response was observed when incréesislgdge mass between 200 and
300 mg.

3.5.7 Spike response as a measure of microbial richness

Accumulation of recalcitrant material such as sand, grit and mineral precipitates is problematic for the
water treatment industry as it reduces the operational vokirof the respective reactors. To
investigate if a linear correlation between spike response and dilution factor could be achieved,
triplicate Naburn sludge samplaepiked with 25ul were diluted with grit either Zold or 4fold prior

to performing DNA exacting on 200ng of the resulting mixture and qPCR analysis which revealed

an extremely linear spike relationship (Fig@ré, R=0.99 and P < 0.0001).
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Figure 3.5 Increasing spike respoonse with decreasing microbial richness

Grit is a common recalcitrant dilutant in waste water treatment plants that results in a lower microbial biomass per gram of
solids and thus decreased microbial richness or methanogenic activity per gram of solids. In thisenperidge was taken

and diluted with grit to a total weight of 200 mg. Triplicate samples with dilution factors of 1 (no dilution), 2 and 4 were
comprised of only 200 mg sludge, 100 mg grit with 100 mg sludge and 150 mg grit and 50 mg sludge ta@n¥esligear

spike response could be produced. A strong statistically significant positive correlgiaiy®&of 0.92, P value < 0.0001, N

= 4 error bars = standard deviationwas observed when comparing increasing dilution factor against an increasing spike
response. This increased spike response is due to DNASutfaiobus solfataricusaking up a larger fraction of total gDNA

The spike was then applied to an additiotiake reactor sample types in triplicat@beverage waste

fed lab reactor (PA), A hydrogen supplemented synthetic feed lab reactor (H2), Naburn sludge (NB)
and a municipal fibre waste fed reactor (MEW8sulting in a spike response of 888 +84, 1157 +164
1373 £114 and 2140 +262 (Figure)3.Bhis demonstrated the highest microbial sample richness was
the lab fed reactor and the least was the municipal fibre reactor, unsurprising considering the

presence of large amounts of recalcitrant matépeesent i the form of fibre in the latter
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Spike response accross different reactor environments
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Figure 3.6 Spike responseacross different reactor samples

Samples from three different anaerobic digestion conditions were obtained in quadruplicate from reactors digétian;

pot ale, a beverage waste product, (PA) or a reactor fed with synthetic feed supplemented with hydrogen (H2), waste water
from Naburn water treatment plant (NB) or municipal waste fibre (MWF). Samples were externally spiked prior to DNA
extraction with Sulfolobus solfataricushole cells to investigate if different sludge samples presented different extraction
conditions and thus varying spike recovery conditions. It was observed that the reactor fed MFW has the highest spike
response of 2140 +263SBP copies detected and thus was the most microbially diluted (due to the presence of higher
amounts of recalcitrant contamination present in the MWF) in contrast to the PA reactor which had the lowest spike
response of 888 +84 indicating highest biotagicontent of the 200 mg sludge sample, possibly due to a lab controlled 5
month feeding schedule of rich beverage waste matemafor bars = standard deviation.

Overall microbial richness of reactors were calculated by taking the inversekef iggsiponse and

multiplying by sample wet weight (mg/L). MFW and H2 reactors have similarly concentrated microbial
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communities with index scores of 36.7 +4.6 and 35.1 5.2, PA at 106.5 £9.4 and NB the highest with
262.5 +21.8 (Figura.7).

Reactor Biological Richness
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Figure 3.7 Reactor biological richness

Samples from three different anaerobic digestion conditions were obtained in quadruplicate from reactors digesting either;
pot ale, a beverage waste product, (PA) oeactor fed with synthetic feed supplemented with hydrogen (H2), waste water
from Naburn water treatment plant (NB) or municipal waste fibre (MWF). Samples were externally spiked prior to DNA
extraction withSulfolobus solfataricushole cells to investigatif different sludge samples presented different extraction
conditions and thus varying spike recovery conditions. Spike response was then adjusted according to total sample wet
weightandcontent to calculate degree of biological richness.

Post centrifugtion wet weight was used to calculate the overall richness of sample environment as
the sample spike response factor only indicates how rich the extracted sludge sample is. Wet weight
was used rather than dry weight since the DNA extraction step is peeron wet sludge thus
streamlining the process. A composite plot which allows for rapid characterisation of reactor microbial
richness and degree of recalcitrant contamination is provioteBigure3.8. By determining overall
microbial richness of reactsiit can aid identification of communities which show desirable industrial

characteristics such as increased methanogenic activity per unit of microbial richness index score.
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Sludge biological and inorganic content
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Figure 3.8 Sludge biological and inorganic content

Samples from three different anaerobic digestion conditions were obtained in quadruplicate from reactors digesting either;
pot ale, a beverage waste product, (PA) or a reactor fed with synthetic feed supplemented with hydrogen (té2nakers

from Naburn water treatment plant (NB) or municipal waste fibre (MWF). Samples were externally spiked prior to DNA
extraction withSulfolobus solfataricushole cells to investigate if different sludge samples presented different extraction
conditions and thus varying spike recovery conditions. Spike response was then adjusted according to total sample wet
weight and content to calculate degree of biological richness. Inorganic sample content index was calculated based upon the
amount of DNA recoved from the wet sample in terms of ng DNA /ml sludge.

3.6 Discussion

3.6.1 Development of microbial spike

Developing a true quantitative measure of microbes in a community would allow greater correlation

to environmental or industrial processes. The truly quatitia method presented in this study

improved upon similar ideas, such as direct DNA spiking or optical density based spiking, by directly
guantifying the number of genome copies present in the spike organism. B8sintfataricugor this

task was simplethan other candidate foreign organisms since it is a monoploid organism presenting

a maximum of two genome copies when in exponential phase compared to Euryarchaeota species

such adHalobacterium salinarun5 copies)Haloferax volcani{17), Methanococce maripaludiga

staggering 55 copiegMildenbrand et al., 2011 S| NBENJ RAFTFSNBYGAl GA2Y 0SS0

respective ploidy populations ensures a degree of reliability and ease in measurement.
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Flow cytometry allows multiple properties of an individual cell to be measured based upon light
scattering and ligheibsorbance/emission. Using flow cytometry to count cells as opposed to other
methods such as optical density readings or colony counting has shown to be more r@iabte
Peters et al., 2010; Brown and Wittwer, 2000; Pan et al., 20IHis, coupled with the ability to
accurately determia cell ploidy from using a nespecific DNA dye suggests that the spike evaluation

method presented here is optimal.

3.6.2 Assessment of microbial spike

The microbial spike showed good usability in terms of gPCR compatibility (if only microbial richness
metrics are required), normalising sample weight, comparing extraction method effectiveness and
determining degree of recalcitrant contamination. By showing to provide normalisation across a range
of sample weights it fulfils one of the key requirements in norsiadj extraction methodology.
Additionally, it improves upon previousethodssince the spike is inside an identical environment (a
cell) to what is being quantified rather than direct DNA addition to saniplaets et al., 2016)
Moreover, it assigns an exact value to the strength (copy number) rather than relying on less specific

methods such as growth time or optical dengBiwosz et al., 2018)

Degree of ecalcitrant material contamination was simply determined as in inverse measure of spike
response where a larger response indicates the spike comprises a larger fraction of the population.
Determining degree of recalcitrant material, such as the higher ainfmaund in the MFW samples,
allows indirect detection of common dilutants such as sand, small plastic pieces and litter which are

increasingly entering the sewage and drainage sysig&mitage and Rooseboom, 20Q0)

A measure of biological richness could also be inferred from the spike when considering spike
response in relation to both the mostly solid sample subjected to DNA extraction and the weight of
solids present in the initial homegous samples. Although determination of solids can also be
LISNF2NY¥YSR ¢gA0K RNASR al YL Saz dzaAy3a ¢SG az2ftARa
which assumed an equal level of water saturation in a given biomass pellet. Although not the most
accurate solid determination, the principle of @malysing spike response and wet solids would be

identical when using dry solids.
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3.6.3 16S rRNAgeneamplification

Although successful amplification of th&-V4 16S rRNAjeneregion with Sulfolobus solfataricus
genomic DNA occurred, primer bias when competing against other organisms may have led to no
Sulfolobus solfataricuseing amplified from the sludge community samg&upplementary Figure

34). Further discussion with ZymoResearch representatives revedlad the forward primer
contained a one base pair mismatch (not shown due to confidentiality). Typically a single primer
mismatch is not considered critical for gene product amplification, although a reduction in yield will
occur (Kwok et al.,, 1990)Taq polymerase shows 1,000 fold discrimination, and subsequent
underestimation, against primers paired with a senghismatch(Huarg et al., 1992) Some gene
FYLX AFAOIGAZ2Y O2YLX SiSfe FIrAta SOimsekandKdnahy S YA a
2000) This is even more extreme in the case of 16S riw@&mismatches if occurring in the second

half of the priner sequence which results in a 1,000 fold underestimation in a community equally
comprised of only three speci€Bru et al., 2008)It is likely thathis bias againsb.solfataricusvas
amplified, especially since more than 15 families of organism were detected at a relative abundance
between 2 and 15%. The concept of primer bias effecting 16Sg&ti¢Asequencingommunity
analysis pipelines was dissed in the previous chapter and this is an unfortunate example of it in
action(Sipos et al., 2007)

3.6.4 Sequencing the entire rRNy&neoperon

The recently developed Oxford Nanopore MinlON is a small portable device costing approximately
£1000. By barcoding samples, usage of this desickeaper than an average 300 bp sequencing lane

at Leeds genomics facility (£2,472 at the time of writisg)was a more affordable way to repeat the
sequencing compared to an Illumina run. However, the lower accuracy (92% at time of study) of the
Nanopore sequencing device makes sequencing short fragments of DNA, suchvasthesgion of

the 16S rRNAene a difficult task(Kerkhof et al., 2017By amplifying larger fragmentsuch as the

whole 16S rRNAjene region or the entire rRNA operon, correct taxanomic assignment can be
achieved for ~68% or ~98% of cases respectif@sco et al., 2018)rhe U2428R_Primer was
developed from the study which showed ~98% taxanomic accuracy because sequencing the whole 4
kb rRNA operon instead of the 1.5 kb 16S rigefragment is more preferable when using more
error-prone sequencing methods such as Oxford NanogGresco et al., 2018; Ettema et al., 2006;
Kerkhof et al., 2017)Unfortunately as no reproducible amplification occurred under the examined
conditions the sludge communitgamples were not sequenced. If they were successfully amplified

and sequenced, taxonomic assignment would be performed using a database recently curated for
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whole rRNA operon taxonomy assignment supplemented with the respestilfelobus solfataricus
gene(Martijn et al., 2017)Given additional time, more prier combinations and conditions would

have been tried in the attempt to amplify the entire rRNA operon.

3.7 Conclusion

Use of internal spikes in woflows offeisincreased quality control and allow normalisation between
studies. This is especially true in theld of amplicon based microbial ecology which suffers from no
universally agreed analysis pipeline, partly due to no perfect primer pair, and so efforts must be made
to improve interstudy reproducibility(Krakat et al., 2016)While other studies provide a spike
enabling intrastudy reliability, such aa direct DNA spike or cells grown to a certain OD, this study
presents the first microbial spike methodology to facilitate exact spike reproduction elsewhere
(Piwosz et al., 2018; Snseet al., 2016; Stammler et al., 2016; Tourlousse et al., 2017; Zhang et al.,
2017) This external reproducibility is due to chromosome content of spike cells being quantified and
characterised through flow cytometry and fluorescerastivated cell sorhg. The use dd.solfataricus

as an internal microbial spike showed highly desirable properties including easily identified ploidy and
foreign nature to most environments. Additionally, characteristics such as microbial richness and
degree of recalcitrangnon-biological solids) could be determined from samples using the gPCR based
methodology presented in this study. Methodology induced variables such as sample weight and bead

beating duration were successfully normalised and showed a high degree ofluejiriity.

Unfortunately the 16S rRNgeneamplification strategy failed to ampliyre Sulfolobus solfataricus
sequencein the presence of other community organisms due to primer bias and thus could not
comparatively quantify the other species present in the community. Further attempts to amplify the
entire rRNA operon for long read sequencing also failed. However, redem@s at normalising
methodology and quantifying microbial populations using metagenomics approaches have been
successful in synthetic and murine microbial communif®iseth et al., 2019; Venkataraman et al.,
2018)

Moving forward, the rapidly increasing accuracy of nanopore devices (from®6%84) means read
inaccuracy is becoming less of an issue, important since an identity of 97% is considereddtfie cut
threshold for clustering OTUs as identical spe@=poraso et al., 2011As the price of metagenomics
sequencing continues to fall, it isevitable that the rRNAyene (whole or in part) amplification

strategy used in this experiment becomes redundant, especially since the announced release of the
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SmidgION in the coming years (Oxford Nanopbiis://nanoporetech.com/products/smidgion

However, regardless of sequencing and analysis strategy, the microbial spike characterisation

methodology presented in this study is the only truly quantitative microbial spikeethod to date.
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3.9 Supporting information

Gene Sequemre (5>3) Start | Stop | Tm | GC%| Product
(°C) Length
SSBP F GGGAAAACATGCAGGTAGTATAAAAGAA 168 | 197 | 625 |40 | 177
SSBP R GGAGCTGTTGGTGTATTTTCTGGTATTT( 29 344 |62.9 |41.4
CelS F CTTGTGGAATATAGGATACGCTCTAGGA| 237 | 266 |62.2 |40 | 530
CelSR CTTTTAAGGGTGATAGAAAGTAAACTCC( 766 | 737 |62 |40
Hel F GATGGTCTTATATATTCCCTTGTCTACCT| 1828 | 1857 | 61 | 40 | 447
Hel R GTTAGAGTTGGAATAAGAACTAGCGATA( 2274 | 2245 | 61.5 | 40
Kin F TTCCAAGACATGTAATAGAAGTCCTTTC(Q 458 | 487 |62.9 |40 | 117
Kin R TATAATCAGTCCTAGCTCTACTACTATC(Q 574 | 545 |60.4 | 40
SSMTAPII F | TTTCTACAAGGGCTGAGAGTAGAAC 509 |533 |60 |44 |192
SSMTAPIIR | CTGCCATAACTCTAGTAACCTCCTC 700 |676 |60 |48
A519F CAGCMGCCGCGGTAA N/A | N/A | 66 ~4000
70
U2428R CCRAMCTGTCTCACGACG N/A | NJA | 63
68
U2428R_2 CCRAMCTGTCTCRCGACG N/A | NJA | 63
71

QpplementaryTable2.1. Primer pairs

Primer names, sequences and properties used over the course of this investigation are shown.

Calculating extraction efficiency using an external spike
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Supplementary Figure 2.1. Calculating extraction efficiencies

Extraction efficiency was calculated by measuring the number of marker gene copies present in the gPCR then multiplying
by the total yield of DNA obtained following extraction. This shows that approximately 1% of the marker genes from the
spike carry throgh into the amplification step.
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Extraction Method Comparison
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Supplementaryrigure2.2. Extraction method comparison

A comparison between commercially available béadting soil extraction kits was performed which revealed no significant
benefit of one over the other for thiysis of thespikedSulfolobusellswithing 200 mg sludge=4.
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Sample Reads
1001 112,805
100-2 143,462
100-3 183,137
1004 132,772
2001 262,975
200-2 168,687
2003 131,665
2004 161,697
50-1 166,208
50-2 189,458
504 206,716
H2-1 149,008
H2-2 189,775
H2-3 243,176
H2-4 240,974
MFWL 250,036
MFW2 235,418
MFW-3 219,608
MFWA4 197,697
PA1 157,414
PA?2 162,224
PA3 129,587
PA4 188,957
Total 4,223,456

Supplementary Tabl2.2. Sequencing reagser samples
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Supplementary Figure.3. Effect of bead beating duration on extraction efficiency

Effect of bead beating duration on extraction efficiency
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Supplementary Figur8.2. Duration of bead beating was varied to +3 min of the specified 15 min time according to
YIydzZFlF OGd2NBNRE AyaiaNuzOGAzy G2 Ay@dSadaAaarasS STFSOGa 2F G NE
recovery when measuring SSBP copy numberentest gDNA from anaerobic sludge samples. No trends were observed

when increasing the beating duration from 12 to 15 and then 18 minutes as SSBP copy number detected was 1389 +110,

1026 +166 and 1561 +217 respectively, n = 4.
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Family relative abundance of spiked samples

I I I I mk_ Bacteria;p_ Hydrogenedentes;c_ NA;o_ NA;f _NA
mk__Bacteria;p__Verrucomicrobia;c__NA;o__NA;f_NA
mk__ Archaea;p__Euryarchaeota;c__Methanomicrobia;o__Methanosarcinales;f__Methanosarcinaceae
mk__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__NA;f__Draconibacteriaceae

N ™

mk__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Porphyromonadaceae
e )

oY oF o oF o o Poa¥ a¥ a® 4% o> (4P o > O
STPTE S S S PS &&&&S\x\\ﬁ:\\}@&q\ Pl qv-,_,q‘!‘

100%

k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Propionibacteriales;f__Propionibacteriaceae
m k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Family XI
mk__ Archaea;p__Euryarchaeota;c__Methanomicrobia;o_ Methanosarcinales;f__Methanosaetaceae
m k__Bacteria;p__Proteobacteria;c__Deltaprotecbacteria;o__Syntrophobacterales;f__Syntrophaceae

mk_ Bacteria;p_ Synergistetes;c__Synergistiajo__Synergistales;f__Synergistaceae

mk_ Bacteria;p_ NA;c_ NA;o_ NAf NA

W None;Other;Other;Other;Other

mk_ Bacteria;p_ Bacteroidetes;c_ Sphingobacteriia;o__Sphingobacteriales;f_ NA

mk_ Bacteria;p_ Firmicutes;c_ Clostridia;o__Clostridiales;f__Ruminococcaceae

mk_ Bacteria;p__Spirochaetae;c__Spirochaetes;o__Spirochaetales;f__ Spirochaetaceae
mk_ Bacteria;p_ Bacteroidetes;c NA;o_ NA:f_NA

wk_ Bacteria;p_ Chloroflexi;c__Anaerolineae;o_Anaerclineales;f _Anaerolineaceae

mk_ Bacteria;p__ Firmicutes;c__Clostridia;o__Thermoanaerobacterales;f_Thermoanaerobacteraceae

mk_ Bacteria;p__Bacteroidetes;c__ Bacteroidia;o__Bacteroidales;f__Rikenellaceae

mk__Bacteria;p__Cloacimonetes;c__NA;o__NA;f__NA

Supplementary Figure 8. Taxanomic assignment of OTUs at family level shows a diverse microbial

community although no Sulfolobus solfataricus spiked in was detected.
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Chapter 4

Metagenomics and metatranscriptomics of a
pot ale fed anaerobic digestion microbiome
reveal key hydrolysis and rate limiting

enzymatic steps
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4.1 Abstract

An anaerobic microbial community was gradually adapted to increasing concentrations of the whisky
waste material pot ale. Biogas methane richness increased from 36 to 55 % and conversion efficiency
from 12 to 47 % over the course of the acclimatisationigubrMore than 95% of chemical oxygen
RSYIYR gFa NBY2@OSR FFTFGSNI I+ $SS1Qa RAISaidAz2y KA
treatment option for this waste material. Metagenomic community analysis o&tteerobic digestion
community showed similastructure over time apart from an increasiBgcteroidiapopulation of 5

to 30 % relative abundance when fed the highest pot ale concentration. Methane production
repeatedly occurred in two distinct phases, one short sharp increase within the first faus ho
followed by a longer methanogenic phase between 12 and 108 hours. Timecourse metatranscriptomic
analysis of hydrolysis enzymes revealed the first one is caused by initial phosphorylation of residual
sugars in pot ale, maltoligosaccharides, and formiah of mostly betaD-glucose6-phosphates
followed by isomerisation and further phosphorylation in@fructose 1,8bisphosphate and
subsequent cleavage into glycerone phosphate arglyeraldehyde3-phosphate. The three carbon
products then are likely ewerted into pyruvate and then propanoic acid (as confirmed byFE&C
analysis) through an unknown means. Methane production in the second longer phase could be
attributed to the increased expression @f>3)(1->4)beta-D-glucand-glucanohydrolases involved in
liberating glucose molecules from begtucans present in barley and further fermentation. Expression

of acetoclastic methanogenesis related transcripts increased more than 100 fold over the duration of
the experiment suggémg it as the dominant pathway. Although hydrolysis and methanogenesis
steps could be identified, pathways associated with fatty acid production and degradation could not

be identified.

4.2 Keywords

Metagenomics, Metatranscriptomics, rate limiting, enzymeecgalisation
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4.3 Introduction

Complex environmental microbial communities are the underpinning driving force of many geo
chemical reactions and nutrient cycles across the planet in environments such as marine ecosystems,
soils, salt marshes, cavés. S| 1 f S& S | f ®X HAMHT b2NIKdzZLd SG | f o
2016) Traditional culture based methods fail to accurately investigate biochemical potential, diversity
and function of these communitiess the majority of speciesannot be gown in common laboratory
conditions or require syntrophic partnef&lshahed and Mclnerney, 2001; Stolyar et al., 2007; Yamada

et al., 2015) It is accepted that the majority of microlbigpecies are unculturable by conventional
techniques and that approximately 80% of human gut microbiome species are uncult(iragier et

al., 2012) This can be partly attributed to some species requiring removal gfrtgucts by a
syntrophic partner but can also be associated with attempts to grow microbes in unnatural, by their
standard, environments. Preace of conductive mineral pieces, redox compounds and carbon tubes
more accurately reflects their highly interconnected natural environment and has allowed culture and
examination of many previously unculturable microjBsckmann et al., 2015; Cruz Viggi et al., 2014;
Sieber et al., 2012; Suanon et al., 2015; Yamada et al.,.2015)

The advent of next generation sequence technologies has facilitated many cuitieeendent
analytical frameworks for stlying organisms and complex microbiomes. In the past, the most
commonly used technique was amplification of a small hypervariable region of the prokaryotic 16S
rRNA gene, similar in principle to a cars registration plate. The widespread use of this tecimiq
microbial ecology is testament to its usefulness at providing meaningful data from a highly complex
system such as the gut microbiome and identification of new species. However, it is entirely
dependent on successful PCR amplification of a sectitimecf6S rRNA gene using a set of carefully
selected primers. Poorly chosen primers can lead to under and over representation of select organisms
and even whole taxdKlindworth et al., 2013)To cover a wider range of organisms degenerate
primers are typically used which may have been agreed upon by an international committee to ensure
reproducibility and interstudy comparison, such as with the Soil Microbiome Proj€athl et al.,

2016) Primer bindindiascan even be so extreme that itfacts primers which show 100% specificity
towards an organism (such as the unfortunate case in Chapter 2). Systematic review of steps involved
in 16S rRNAeneamplification indicated that strong bias exists at adlpst in the process and affects

the accuracy of interpreted resuli@<rakat et al., 2016)Moreover, with this method, functional

interpretation of microbiomes is entirely dependent on database correlation to laboratory studied
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organisms and as ~80% of organisms are not laboratory studied key functiondlicamdmical

information is lost.

A more recent culture independent method which has developed alongside the improvements and
decreasing cost of DNA sequence is the field of metagenomics. Unlike 16SjeR&l@mplicon
sequencing where a short region is exively sequenced, metagenomics involves the sequencing of

all DNA present in a sample including fungi, bacteria, archaea and viral sequences as it is not
constrained by selective amplification. Reconstruction of this data into complete, or near complete,
genomes has allowed researchers to infer functional capabilities of these uncultured organisms and
provide insight into complex environmental proces¢Bsitilh et al., 2014; Maus et al., 20163his

type of reconstruction has also allowed previously unculturable organisrbs tultured, as better
understanding of their metabolic pathways allows a more targeted culturing approach. One such
NEOSyili S@Syild ¢l a ARSYGAFAOFIGAZ2Y 2F | ySg | NOKI S
of aquatic sediments aided by the prev&discovery of Lokiarchaeof@arembaNiedzwiedzka et al.,

2017) Members of this superhylum were enriched using a genigoided approach and the first
species CandidatusPrometheoarchaeum syntrophicustrain MKD1) isolated in an amino aefdd
co-culture alongsidéviethanogeniumijts essential hydrogen consuming partrignachiet al., 2020)

This type of functional annotation is especially useful for understanding community structure,
functional ability and effects of supplements (such as activated carbon) in anaerobic digestion

microbiomegBertucci et al., 2019; Guo et al., 2015; Zhang et al., 2019a; Zhu et al., 2019)

Metagenomic data gathered is therefore instrumental in analysing the total composition and overall
metabolic potential of any given community. However, what it fedlsdo is provide information
regarding active populations and active pathways, which is arguably more informative for understand
the anaerobic digestion of a given feedstock. A certain functional redundancy is desirable however, to
preserve robustoperatyp 2 F |y SNBOAO RAISAGSNEE YR | @2AR R
an unfamiliar feedstock, but this results in many of the organisms present not majorly contributing to
the biological processes of the AD commuii@ai et al., 2016; de Vladar, 201Rost industrial scale
digesters contain a highly specialised community, since they are operated for decades rather than
months in most anaerobic digestion scientific studies, that preserves @madtiredundancy by
microbial immigration due to nonsterile feedstoglgler et al., 2008; Kirkegaard et al., 2017;
Moestedt et al., 2015; Saady ahthssé, 2013)This degree of specialisation may not occur in scientific
studies depending on their duration, and especially not in BMP type batch tests. However, the reason

behind these specialised communities is the enriched presence of microbesesinidie considered
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taking an active part in the hydrolysis, acidogenesis, acetogenesis and methanogenesis of material

present in the feedstock.

The previous smaficalebiomethane potential BMP batch tests of pot ale anaerobic digestion
revealed the poéntial for a readily digestible and biomethane producing feedstock. However, from
the short tests, it was not clear that stable long term digestion could be carried out as potential
inhibitors may accumulate in reactors over time such as the heavy metden in the material such

as copper. In order to perform these longer duration tests a custesigned experimental system

was constructed which included; sealed vessels easily interacted with through various ports and
valves, a tipping bucket gas volumealyser and an array ofID0% methane sensors. This set up was
first tested and refined with feedstocks other than pot ale such as synthetic waste water, grain residue
and chemical waste to ensure robust and reliable performance. The larger reactonev@nd
subsequent sampling volume allowed a greater range of measurements to be taken such as chemical
oxygen demand and volatile fatty acid analysis, and the less risky sampling method, in terms of oxygen
introduction, complementing disturbanefeee metagnomics and metatranscriptomic community

analysis.

Identification of active taxa and pathways in response to feedstock addition allows key organisms and
pathways to be highlighted from background noise thus paving the way for targeted bioaugmentation
or sypplementation. For example; acclimatising a reactor from one carbon rich feedstock to a
dissimilar nitrogen rich one will take some time as the community will shift and select for protein
degrading and ammonia tolerant genera suctSaroarcinand Proteniphilum(Xu et al., 2019)it
therefore makes sense to bioaugment reactors with organisms to speed up the transition period and
increase methane yield, as is the case with a spent grain fed reactor supplementédewittomons

xylanivorangMz5' (Faned| et al., 2015)

Metatranscriptomics provides an opportunity to identify the function and diversity of actively
expressed genes, termedii@nscript, and organisms. In response to certain stimuli, for instance the
temperature decrease when summer turns to winter, certain organisms such as fungi become less
metabolically active when compared to their bacterial counterparts, who are fratiearessing

transcripts to synthesise antifreeze proteias] 2 N S |t ®X wamnT wl YLISt 24
2016) Complex metabolic networks in microbial communities such as biofilms, soils and sludges are

morS Of SF NI & dzyyRSNEG22R 6KSy (KS a8dSyoOsS REGFAS

genomes from inactive organisms. Doing so greatly enriches the dataset and has aided identification
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of metabolically active organisms responsible for hydrogen petdn, hydrogenotrophic
methanagenesis, acetoclastic methanogesis and methanotrophy in the flooded soil methane cycle

in addition to exclusive cellulose degradéia et al., 2018; Masuda et al., 2018)

In the field of AD, metatranscriptomics has previously and suadfsbken applied to continuously

fed AD systems to highlight active metabolic networks and identify key organisms in full scale systems
since the year 201@Bremges et al., 2015; Hassa et al., 2018; Vanwonterghem et al., 201z \¥sikir

et al., 2012) However, to date there has been no metatranscriptome time course investigation of an
AD system to provide a temporal dimension &my of the various hydrolysis, acidogenesis,
acetogenesis and methanogenesis pathwaiyd this study represents the first temporal resolution of
community wide gene transcriptio his knowledge gap is compounded by the fact that the hydrolysis
step is considered to be rate limitifdppels et al., 2008; Campos et al., 2008; Cherif et al., 2014;
Faned! et al., 2015; IWA Tasko@ for Mathematical Modelling of Anaerobic Digestion Processes,
2002; Saady and Massé, 2013; Ward et al., 2008; Xu et al.,. 28&5jification of rate limiting
hydrolysis steps though metatranscriptomics would provide a target to focustr@aément,

bioaugmentation or enzyme addition efforts to improve rates of AD.

Thus the aim of this study is:thirst construct a system to, and then perform, long term digestion of

the whisky waste material pot ale to identify signs of inhibition, secondly exaeigeadation kinetics

using methane gas sensors, VFA and COD analysis, thirdly examine microbial community and
functional profile dynamics over the course of the experiment using metagenomics and finally report

the first AD metatranscriptome time cours@ Sy 0 A Fe@ Ay 3 GKS NBaLISOGAGS aai

specific enzymes responsible for the rate limiting hydrolysis step. This is surmised below id Eigure
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Figure 4.1Experimental overview of a combine d metagenomic and metatranscriptomic analysis of an anaerobic
digestion community complemented with gas and metabolite analysis.

The experimental plan was to operate triplicate anaerobic digestion reactors and take gas composition measurements
alongside CD and VFA analysis. Time point RNA sequencing reads will either be assembled together, to provide a reference

transcriptome, or samplavise to provide transcriptomic snapshots into the anaerobic digestion system. Assembled contigs
were then annotated andraalysed using a variety of software packages.

4.4 Materials and Methods

4.4.1 Development of lab scale AD system

4.4.1.1 Custom reactor vessels

A total of 11 reactor vessels were constructed from 1 L wide mouth bottles (Fisher Scientific, Cat no
11774329) and fitted with custom designed lids and parts produced from the biology mechanical
workshop at the University of York by Mark Bentley. FigL2ds an image of the systeconnected

to an array of methane sensors and gas volume analysis
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Figure 4.2 Lab scale anaerobic digestion system set up

Diagram showing the features of theactors which contain the sluddkeft) in relation to the multiple pieces of equipment
used to construct the whole system (righf) water bath heats the glass reactors and gas produced travels to the methane
sensors ontrolled by an Arduino microcontroller before passing through a tipping bubble counter to analyse gas volume.

Computer Aided Design blueprints and dimensions of all custom parts are available in Supplementary
(file: Mini Digestor blueprints) andrere maclined out ofAcrylonitrile butadiene styrenglastic unless
otherwise stated. Lids were designed to allow addition or removal of liquid and gas in an airtight
environment compatible with Luer type fittings and equipment and facilitate stirring. Four tecead
ports were drilled into the top of the lids to allow insertion of a threaded female luer bulkhead with
hose barb, a female bulkhead allowed attachment of luer fittings to the outside of the reactor, the
thread providing a tight seal (which was reinfadcasing liquid thread sealant, Loctite 577 medium
strength) and the barb on the inside of the lid to allow attachment of tubing to feed or sample directly
into the liquid phase. Gas tightness of the glass:lid interface was ensured by a groove inside the li

holding an &ing (3 mm section 60 mm bore nitrlED rubber Gring, Simply Bearings).

4.4.1.1.1 Sampling interfaces

¢KS fAR LRNI Fd GKS ¢ Q2 Oway Ddr stdpidek AWEA6R002, Bdled T A G ( ¢
Parmer) on the female bulkhead side, and I8 of silicon tubing (€lex 3/32 ID opaqgue tubing,
WZ0642463, Cole ParmgrAll tubing used for construction of the lab scale system was this product

and shall be referred to as tubing from this point onwards) attached to the barb to allow
sampling/feed y 3 2F NBI OG2NJ O2yGSyia ¢AlK2dzi NBY2QAy3
a 3way luer stopcock that tubing was attached to via a male luer hose bark4B&¥302, Cole

Parmer) to allow downstream composition and volumetric analysis fpgaduced by the reactors.
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The two remaining ports were fitted with male luer stopper injectable membranes as backup (891.00,

Vygon)

4.4.1.1.2 Vessel Stirring + Heating

A hole through the centre of the lid allowed a 6 mm wide metal shaft, tipped witlstzaped cres

shaft on the outetpart, to pass through to stir the reactors with a 3D printer impellor (9 clockwise and

2 anticlockwise). A rubber rotating gasket ensured gas tightness between the shaft and the lid
(6262RS budget rubber sealed deep groove ball hg&@k19x6 mm, 3 mm section 6 mm bore nitrile

70 rubber Grings and 6x14x4 mm nitrile rubber rotary shaft oil seal springless design VS style, all
Simply Bearings) which was held down by a cover and screws (Mini Digestor blueprints, page 6, green).
The Fshaped crossshaft protruding from the top of the vessel allowed a plastic bracket (Mini Digestor
blueprints, page 3, blue) to form an interface with the vessel and the mmarered pulley system

which provided continuous stirring (Mini Digestor blueprimage 5).

The pulley system was constructed from a h@ate, pulleywheels and shafts which are detailed in
the Mini Digesterblueprints, page ). Two large 277 mm bore nitrile-ings (BS277 NBR, EAP
International LTD) were placed around the centralgguwheel and fitted intdhe groove sections of

the pulley wheels to provide drive to all vessels at an equal RPM.

Vessels were kept at 35°C in a waterbath (OLS200, Grant) filled to above the sludge level inside vessels

4.4.1.1.3 Gas composition monitoring

Gas fom the vessels was carried via tubing to an array of 11 x Dynam&@0% 15 V infared
analogue methane sensors with PCB leads, sampling adaptors and mounting kits (P/HC/5/V/P
04ATEX1357U, Dynament LTD). Sensors were calibrated by the provider to prdvgte (100%
methane) and low (0% methane) signal range @V4 this was done to fault indication if voltage

dropped below 2 V (loss of power) or increased above 4 V (water on sensor causing a short circuit).
Hourly methane concentration was measured dnnecting analogue output wires from the gas

sensors to analogue input pins on an open source microcontroller (Arduino Mega 2560, Arduino)

running a simple programme which sequentially;

123



1)turns sensors on for one minute to warm up (as recommended éyrthnufacturer) via a relag)
Records voltage input and transforms it to a methane % value whéré = 0%1.5V = 50% and.5

V = 100% using the Arduinos analogue to digital converter which provides a 4.9 mV resolution by
providing integers between-0023 3) appends methane concentration values for each vessel to a

text file in addition to the hour of operatioand 4) pausesdr 59 minutes before returning to 1).

Sensor accuracy was checked by passing 20% and 70% methane calibration gas (1 L 10 bar, CK special
gases LTD) through the sensor and housing and showed deviation less than 4% i.e sensors showing 22

24% for the 20% dakation gas.

4.4.1.1.4 Gas volume monitoring

! GOALILIAY3T 0dz01 S0 YSOKFyAAYE IJra Ft26 YSGSNI
(anaerotech.com) which uses a system whereby gas is collected in an inverted bucket until is buoyant
enough to flip over and trigger a madie switch. A thermometer and barometer inside the
instrument ensure that tips are converted into STP gas measurements by the on board microcontroller
(Also and Arduino).

Biogas flows from the sensor array through a silicon diaphragm one way check vZ2850692,

Cole Parmer) before reaching the tipping bucket mechanism. The check valve was installed to prevent
water flowing backwards from the tipping bucket counter into the sensors in the event of a water bath
failure (which did occur three times oviés usage period) due to the subsequent pressure drop that

would be created by the cooling vessel headspace gas.

4.4.2 Operation of lab scale AD system

4.4.2.1 Reactor vessel seeding

Sludge inoculum was sourced frahe same site used to provide inoculum in Chapters 2 ardfGH
scale waste water treatment plant anaerobic digester operated by Yorkshire Water, UK at the Naburn
plant site located at 53°54'52.5"N 1°05'07.9"W which digests primary and secondary Shutgée
water treatment process. Sludge collected was taken from a tap which samples the centre of the

reactor and transported back to the lab in a barrel kept at ambient temperature.
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At the lab, sludge was stirred using a paddle prior to weighing 40@ogeach glass vessel under
aerobic conditions. Weight rather than volume was used as a sludge measure to ensure bubbles

present in the liquid did cause uneven seeding of reactors.

4.4.2.2 Reactor sampling and feeding

If sampling and feeding were to occur they weatone in that order. To sample reactors and keep
I 2AR AYUNRRdzOGAZ2Y 2F 2Ee3Sy (KS &aeNrRy3aSyYy @gSaast

2F GKS FSSRAy3Ikal YL Ay3d @1 f@dS 06aSS CATdz2NBr 0 o0STF
60t 2aSR0 (2 GKS ¢ 2Q0ft201 LRaAGA2Y OONBIF{EISa |y 2
SyLiie &aeNRARy3IS L dzy3ISN) 61 a& G6AGKRNBg LI NIfe oST

approximately 20 ml of sludge three times. Finally volumesitber 15 (only when performing RNA

sampling) or 50 ml (when feeding to keep reactor volume constant) were taken.

Vessels were fed in triplicate with 50 ml pot ale aliquots at v/v concentrations of either; 25% pH 4,
25% pH &adjusted using NaOH)0% pHt or 100% pH 4 using a 50 ml syringe with a short section of
tubing and a male luer barb for leakproof interface with the vessel feeding ports. A similar strategy
was used with a designated feeding syringe (see previous sampling strategy) to feed raadtors
ensure thorough mixing. Samples were placed in either 15 or 50 ml falcon tubes and spun at 4°C for 5
minutes at 10,000 g (Eppendorf 5810R with Eppend84-B-38 rotor) before separate solid and non
filtered liquid fractions were flash frozen in ligunitrogen for five minutesSamples fed with 25, 50

or 100% pot ale are considered to be part of phagot 3 respectively and are abbreviated to p1d28
(phase 1, day 28) or similar.

At the end of the 6 month experimental duration reactor performance w@ssidered to be similar

to operational anaerobic digestion systems (producing ~60% v/v mettark¥yothe decision was

made to continue onto the RNA sampling phase. As the RNA sampling phase involved extraction of
reactor contents without replacementwo additional rounds of batch feeding at the highest
concentrationwere performed to confirm reactor stability at the top end of the feeding regime
covered in this experiment as gas production data could not be collected with a continually decreasing

reactr volume.
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4.4.3 \olatile fatty acicanalysis
4.4.3.1 GCFID setup

Volatile fatty acid{VFAshare breakdown products of organic molecules in the anaerobic digestion

process with acetic acid being dismutated to produce methane and carbon dioxide.

An Agilent 5890 GElDwas fitted with a Nukol 30 m x 0.25 mm 1.D 0.25 um (Sigma, 24107) column
containing a poly (ethylene glycol) phase modified with acid functional groups. Gasses were supplied
to the instrument as followedair (purchased ossite)at 30 PSIH; (supplied bya hydrogen generator,

20H, Dominik Huntert 20 PSI and He (Helium grade A size L, BAIO)PSI. Injectors and detectors
were both at 200°C. The temperature gradient for the oven was ast@p ramp followed by a hold;

75t0 150 (10°C / min), 15@ 200 (20°C / min), hold at 200°C for 10 minutes. Column head pressure
was set to 20 PSI. The unmarked analogue knobs controlling the flow rate and septum purge were
approximately set taminimum and halfway respectivelyA 1 pLinjection volumewas used for &l

samples

Calibration standards were prepared from serially diluted volatile fatty acid mix (CRM46975) which
provides 10 mM of acetic, propanoic, isobutyric, butyric, isopentanoic, pentanoic, isohexanoic,
hexanoic and heptanoic acids. The limit of detactior shorter VFAs was lower (above 0.01 mM) than

that of longer VFAs (especially heptanoic acid which could only be detected above 1 mM).

4.4.3.2 Sample preparation

If liquid fraction samples were frozen, they were defrosted ongder to use 2 ml of unfilteed
aqueous sample was transferred to a 2 ml micemtrifuge tube and centrifuged at max speed in a
table top centrifuge for 80 minutes until visual inspection revealed a clear supernatant (note this
may be difficult for very dark sludge samples). Ailgdr ml syringe was attached to a 0.22 um syringe
filter unit and the plunger removed. A minimum of 1.2 ml clear supernatant from the centrifuged
sample was either decanted or transferred via a pipette into the barrel of the syringe and filtered into
a fresh 1.5 ml micreentrifuge tube. Exactly 1 ml of the filtered sample was transferred into a glass
GC vial (29430, Sigma) and acidified by adding 7.5 pL orthophosphoric acid (345245, Sigma) to fully
protonate organic acids in the sample ensuring theieriaction with the aciemodified stationary

phase.
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4.4.4 COD analysis

Chemical oxygen demand (COD) is a measurement of oxidisable material, both organic and inorganic,
in a given solution and is used in the water industry dseatlstock concentratioomeasurement
(Pasztor et al., 2009)

Homogenous sludge samples were first diluted -feld in ddHO then analysed using COD
measurement kits (108 nnn Y3Ak[ [/ YpmnXE | FOK [Fy3S0 | O02NRA
which required an oven and spectrophotometer (HT-3@nd DR 3900 respectively, Hach Lange).

These kits measure oxidative change by hegtimigissium dichromate ions to 200°C in sulphuric acid
alongside an A$Q catalyst(Dedkov et al., 2000)

4.4.5 Metagenomic DNA sampling, sequencing and analysis

4.45.1 Metagenomic DNA extraction

Metagenomic DNA was extracted from solid sample fractions using the DNeasy Powerlyzer PowerSaoll
Kit (12855, Qiagemccording toY | y dzF | O (i dzNJBakR BeatingNgipariordnéddaising a MoBio
Vortex Genie 2 with microfuge adapter. An ice/water bath was used to chill samplé€athén
specified as it allows more rapid heat conduction compared to a fridge. In sumBiamass is
vortexed with glass beadto mechanically break open cells, proteins are precipitated out of solution
using a detergent, humic substances and polyphenols (which give the characteristic brown colour) and
removed using a PYike substance, DNA is precipitated with a guanidinessdiition and bound to

the column, ethanol is used to wash the bound DNA and finally clean microbial community genomic
DNA is eluted using dd@. DNA purity and concentration was measured using a NanodrejORQ

high concentrations over 200 nguL weretypical with a high quality of A260/A280 values between
1.81.9 and A260/A230 values between 2®. Fragment size typically varied between3Dkb as

confirmed by gel electrophoresis

4.45.2 Metagenomic short read DNA library preparation

The wholemetagenome squencing library was prepardtbm samples taken across phases 1,2 and
3using a TruSeq DNA REfRe High Throughput Library Prep Kit (20015963, lllumina) by the Genomics
Facility at the University of York. In summatgrge DNA fragments were first shedr using
ultrasonication (M220, Covaris), sticky ends of DNA fragments are repaired usimgefilCtions, size

selection is then performed using 350 bp magnetic purification beads, an A nucleotide is joined to the
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blunt end of each strand to facilitatdne adapterindex ligation containing a T nucleotide overhang.
Sequencing was performed using an lllumina HiSeq 3000 at the University of Leeds with a 2 x 150 bp

sequencing runAll short reads are deposited under tB&JB6360038ioProject.

4.4.5.3 Metagenomics lng read DNA library preparation

Metagenomic DNA from phase 2 and phase 3 samples was pooled and sequencing libraries prepared
FOO2NRAY3I (2 YIydzZlI OGldzZNENRE AyadNdzOGAz2ya o6STF2NB
device (R9 chemistry) and base adliesing Albacore setting8ll long reads are deposited under the
SUB636003BioProject.

4.45.4 Metagenomic DNA bioinformatics analysis

4.45.4.1 VIKING supercomputer and analysis environment

Data from the DNA sequencing run was transferred over to theversity of York VIKING
supercomputing cluster. VIKING offers a high number of Intel Xeon Gold/Platinum CPU cores available
(40 for a standard job and 96 for a high memory job) and large amounts of RAM (200 GB for a standard
job and 1.5 TB for a high mm®ry job) compared to a conventional office computer which may only

have 4 CPU cores and 8 GB of RAM. The large amount of RAM is absolutely essential for the analysis
of large sequence datasets in order to perform pairwise comparisons on the billionsjudrees

generated in this experiment.

VIKING was accessed via PUuTTY v0.72, a free and open source SSH and telnet client for windows,

developed by Simon Tatham available ftgs://www.putty.org). Office computer to WING secure

file transfers were managed using WIinSCP v5.15, a free and open source SFTP and FTP client,
RSOSt 2LISR o6& al NIhips:/vinsich.heMé@hd/down@adptip.r 6 £ S | G 0o

A personaknvironment was created on VIKING using Conda, a free and open source package and

environment management system available &ttgs://docs.conda.io/en/latest) to allow rapid

bioinformatics package instaliah and management. This allowed multiple environments to be
created for each piece of key analysis software since each key software sometimes required different
versions of a supporting packages especially for older key software which is incompatibheongth

recent packages.
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To run a piece of analysis, a job request first had to be submitted to VIKING using the Slurm Workload
Manager, a free and open source job scheduler available at

(https://slurm.schedmd.com/documentation.htyl which specifies requested resources such as;

number of CPU cores, amount of RAM, maximum run time, script used and parameters required by

the script. Additionally, it allows arrays of multiple jobs with variable peatois to be run.

4.4.5.4.2 Short read quality control and adapter trimming

FASTQC was installed via conda and ran directly in the command line of VIKING on all sets of paired

end DNA reads to asses sequencing quality and GC% using the command below.

srun-c 40 fastjc-t 40 P*.fastq.gzo fastqc/--nogroup

Mean Phred quality score across the reads were calculated based upon chromatogram identity. The
Phred score is logarithmically related to the probability of base calling error where 30 = a probability

of incorrectbasecalling of 1 in 1000 and 40 = a probability of incorrect basecalling of 1 in 10,000.
(Supplementary Figure 1). As the first 5 bases and last of the reads has Phred scores between 31 and

35 compared to the majority of the rest with 39 and FASTQC idethtHat adapters were still present

iKSas$s s SNB GNRAYYSR dza A y 3 iKS O2yRI
(https://cutadapt.readthedocs.io/en/stablal g A G K G KS F RFLIWISN) aSljdzSyO0S «a

corresponds tothe Illumina universal adapter (Script 1). FASTQC was ran again which confirmed

removal of adapters and suitability for sequence assembly.

4.45.4.3 Short read assembly

Individual samples were assembled using the short reashal® assembler MEGAHIT already
installed on VIKIN@. Li et al., 201%)sing the command below as part of a Slurm job (Script 2) where
N corresponds to the trimmed sequences filenames for forward (R1) or reverse readhéRAPADES

assembler was also trialled but repeatedly crashed due to the large dataset.

megahit--k-min=27-1 NR1-2 NR20 Nassembly

Assembly metrics such as total size, number of contigs and N50 were provided for each sample
assembly by the conda avail®l LJ O1 | 3S a{SljYAl¢é F2NI I ylIf@ara | yF
sequence files using the command below directly in the VIKING ter(&heah et al., 2016)
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segkit stats Nassembly

4.45.4.4 Long read assembly

Long reads generated from sequencing a pooled sampl¢henOxford Nanopore MinlON were
assembled using the CANU assembler, a branch of the Celera Assembler, which is optimised for high
noise single molecule sequencif®nto, 2014) A metaSPAdes assembly was also performed on the
dataset for comparison but yielded similar results in terms of number of contigs andycngi and

was not used for subsequent analysis stéigark et al., 2017)Both the passed and the failed reads

were wsed as input as CANU performs its own correction step. As the job required significant
computational power the script below was submitted via slurm with a 1 TB RAM and 80 CPU core
requirement where P and D represent arbitrary directory names and N* isthetpassed and failed

nanopore reads.

canu-p P-d D minReadLength=1000 minOverlapLength=500 genomeSize=500m corOutCoverage=all
corMhapSensitivity=high corMinCoveragefdst -nanoporeraw N*

4.45.4.5 Polishing the long read assembly
4.45.45.1 FASTS signal polishing withridpolish

Nanopolish is a tool that was developed to improve the accuracy of assemblies by using the raw
electric signal generated frofNanoporetype sequencing devices in addition to detecting modified

bases such asfmC using a hidden Markov mod&impson et al., 2017)

As the reads generated by the longad sequencing strategy are of high length but noisy a further
round of consensus improvement was performed by indexing the basecalled sequencing reads (FASTA
format) with the raw signals (FAST5 format) using slurm script 4 containing the command bel@v whe
fast5 directory contains all the raw signal.

nanopolish indexd [fast5 diectory] draftCanu.contigs.fasta

Indexed reads were then mapped onto the draft assembly using the minimap command below as part

of script 5.
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minimap2-ax mapont -t 80JR_PA NP_CANU_Draft
/draftCanu.contigs.fasta
/ merged.fastq.gz | samtools sofd reads.sorted.bardl reads.tmp

The draft CANU assembly was split into 16 folders, each containing just below 1,000 jobs for a 50 kb

region of the genome totallin§4,883 individual segments in the script below.

split- 990 NP.contigs.ranges.fasta

Reads were then mapped back onto 50 kb segments of the CANU assembly to generate a higher
consensus segments and were submitted as a 14,000 job Slurm array using pemsutsHtithe
command below as part of script 6 where $i corresponds to the ID of each 50 kb segment. This rewrote
the draft CANU contigs with the improved consensus contigs using substitutions, insertions and

deletions of bases.

nanopolish variants-consensis-o ArrayNPVCF/$i.polished.vaf $i-r /users/jrl214/biotchong
2019/201902-07-JR_PotAle/data/nano/merged.fastq.gz reads.sorted.barrg
JR_PA_NP_CANU_Nonpolished/JR_PA_NP.contig.fd3ta

The resulting polished/CHiletype segments was then mged and converted into a FASTA format

containing the signal polished draft CANU assembly with the command below as part of script 7.

nanopolish vcf2fastaskipchecksg JR_PA NP_CANU_Nonpolished/JR_PA_NP.contigs.fasta
ArrayNPVCF/* > polished.fa

4.4.5.4.5.2 Short rea polishing with Pilon

A further round of draft genome polishing was performed using the timepoint samples submitted for
metagenomics short read sequencing using the software Pilon. Pilon takes advantage of the high
accuracy and high coverage of short reaw correct bases in the more error prone long read

assembliegWalker et al., 2014)

Firstly forwardand reverse reads from all samples were pooled in respective files using the two

commands below directly In terminal.
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cat *R1_001.fastg.trimmed.gz > R1.merged.fastq.gz
cat *R2_001.fastg.trimmed.gz > R2.merged.fastq.gz

The two files containing each shodad direction were then input into Pilon and used to polish the
FASTS5 polished draft CANU assembly with the command below as part of a slurm job submission

(Script 8). Between one and three rounds of polishing were performed.

slurm_pilon.sh Pilon5ItPoligR1.merged.fastq.gz R2.merged.fastq.gz polished.fa 40 3

The phylogeny of each contig in the polished metagenomics assdlabtyread genome assembly
base corrected using the short reads with higher accura@g) then examined by performing a local
alignmern on the entire NCBI nucleotide database using BLASTN with the following command which

returns the best match for each coniigltschup et al., 1990

blastn-db /mnt/lustre/groups/biolchong2019/databases/blast/nt/ntquery polished.fa-out
polished.fa_blastn.nm.outoutfmt 6 -max_target _seqgs 1

Results were then sorted in order of longest alignment match to shortest to identify comliigh
belong to organisms of potential interest using the command below. Both parts of the BLAST search

were performed as a Slurm job (Script 9).

sort-t, -k1,1-k12,12nr-k11,11n $1_blastn.hm.out | sorti -k1,1--merge > bestHits.$1.hm.txt
4.4.6 Metatranscripomic RNA sampling and sequencing

4.4.6.1 Metatranscriptomic RNA extraction

Metatranscriptomic RNA was extracted from solid sample fractions using the RNeasy Powerlyzer
PowerSoil Kitl286625, Qiagenjiccordingtoy' I y dzF | O dzZNBND & LINR (2 6@ads>s SEOS
used rather than 2 g. It was found that using more than 0.5 g biomass produced so much RNA that it
prevented subsequent elution in a timely manner. An ice/water bath was used to chill sampfés at 4
when specified as it allows more rapid heat conduticompared to a fridge. In summalkypmass is
vortexed with glass beads alongside phenol/chloroform (pH8) and SDS to mechanically break open
cells, proteins and lipids are separated from the aqueous phase by centrifigutation and further clean
up with asecond phenol/chloroform extractiorHumic substances and polyphenols (which give the
characteristic brown colouryereremoved using a PMike substance, a second protein precipitation

step removes remaining cellular debrisopropanolwas thenused toprecipitate DNA+RNA which is

then pelleted andthe DNA+RNA pellet resuspended in a salt solutiefore beingpassed over a

column where the nuelic acids bind indiscriminatelRNA is then preferentially eluted using an acidic

132



solution leaving cellular deis and DNA on the columipefore RNAbeing precipitatedagain with

isopropanol and pelleted before being resuspended in nuclease free water.

RNA purity and concentration was measured using a Nanodrop, high concentrations over 200 ng /
were typical witha high quality of A260/A280 values between-2.and A260/A230 values between
2.02.1.

Quality of the RNA samples was quantified by assessing the RNA integrity number (RIN) which is the
ratio of 23S:16S rRN&chroeder et al., 2006petermination of this value was calculated by running

1 uL of RNA sample on a g&dctrophoresis tapestation (2100 Bioanalyzer, Agilent) according to the

Y Iy dzF | SiisuablBrN.I3amples above RIEBNE O2yaARSNBR (2 06S aAyidl

4.4.6.2 Metatranscriptomic RNA library preparation

rRNA was removed from the mixed RNA sample using aZibBacterial rRNA Removal Kit as per
manufacturers instructions (Unfortunately a discontinued lllumina product, although their website
suggests a new product is pending) to leave mMRNA IncRNA and miRNA enriched samples. In summary;
rRNA complementary probdeybridise rRNA which prevents binding to magnetic beads, bound mRNA

is then pelleted using sodium acetate and glycogen before being washed using ethanol.

Indexed cDNA was synthesised from the purified mRNA using the NEBEXt Directional RNA

Libra@ t NBLI YAG F2NJ LffdzYAyl a LISNI YIydzZFl O dzZNBND A
and hybridised with random primers, the first cDNA strand is synthesised from the template mMRNA,

the first cDNA strand is then used as a template for synthafsise complementary second strand

cDNA, magnetic beads are used to purify the cDNA and remove unwanted mRNA, adapters and
indicies are then ligated onto the doublestranded cDNA template in a similar manner as discussed
previously for metagenomics DNArhkioy prep.All RNA reads are deposited under t86B6360036

BioProject.
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4.4.6.3 Metatranscriptomic mRNA bioinformatics analysis

4.4.6.3.1 Transcriptome assembly

Trinity was used to construct a gevo metatranscriptome from reads generated across the 14 mRNA
sampling timepointgGrabherr et al. 2013) Trinity was used as it has previously been shown to
effectively assemble complex community datasets such as in soils and s(Bagegsndreasen and

Anwar, 2019; Delforno et al., 2018; Hayden et al., 201Bnlike genome assemblers, which are

optimised to overlap large sequence graphs, transcriptome assemblers account for the transcriptional
O2YLJ) SEAGe &dzOK & Aaz2T7T2 N#aThe yaRscriptdme fadsefmBli and 2 T &

adapter sequence trimming were performed using the command below as part of script 10.

Trinity --seqType fg-max_memory 500G

£ SFG O{FYLISmM blYS8wMynamdFlFadle®3aT s w{F YL SH bl
-right [Samplel Namel Ry n n M ®FF &G 1 ®3T X of{ I YLX SH bl YSBWHYANAMDT
--CPU 64-trimmomatic

--output ../../asm/illumina/Trinity_Whole_Transcriptome/Trinity.fasta

4.4.6.3.2 Transcript quantification

Transcripts were quantified using RSEM software which is optimised for transcriptamaisets
without a reference transcriptoméLi and Dewey, 2011Reads are then ambiguously mapped onto

the reference genome using the command below as part of script 11.

align_and_estimate_abundancefranscripts Trinity.fasta-seqType fg-left
JRR1_*R1_001.fastq.gz.P.qtrim.gz

--right JRR1_*R2_001.fastg.ggtPim.gz--est_method RSEM
--aln_method bowtie--trinity_modeprep_reference

--output_dir JRR1_rsem_outdir

4.4.6.3.3 Gene expression matrix

The counts from the ambiguously mapped reads in the previous step are converted into normalised

gene expression values MRtranscripts per million)
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abundance_estimates_to_matrix.pest_method RSEM-gene_trans_map
Trinity.fasta.gene_trans_mapname_sample_by basedir 1_*/RSEM.isoforms.results
2_*/RSEM.isoforms.results 3_*/RSEM.isoforms.results 4 _*/RSEM.isoforms.results

5 */RSEM.isoforms.results 6_*/RSEM.isoforms.results 7_*/RSEM.isoforms.results

8 */RSEM.isoforms.results 9 */RSEM.isoforms.results 10 _*/RSEM.isoforms.results
11 */RSEM.isoforms.results 12_*/RSEM.isoforms.results 13_*/RSEM.isoforms.results
14 */RSEM.isoformeesults

4.4.6.3.4 Visualisation of gene counts

Counts of transcriptome features and theabundance were calculated and visualised using the
command below directly in the terminal. In short it counts how many transcripts are expressed above
a certain threshold as evassume that there will little experimental significance to transcripts

expressed at extremely low values such as TPM = 0.001.

count_matrix_features_given_MIN_TPM _thresholdyphes_matrix. TPM.not_cross_nointee
genes_matrix. TPM.not_cross_norm.counts_by min_TPM

4.4.6.3.5 Removal of lowly expressed transcripts

Although lowly expressed transcripts may be of some biological significance, transcripts which have a
TPM of zero indicate that improper assembly occurred at the TIRINITY step since paired end reads
were unable to map onto the transcript and assign abundance values. This assumes that most
biologically relevant transcripts were able to be quantified using RSEM and have a TPM value > 0.
Removal of improperly assenadl transcripts was done with the following command directly into the

terminal.

filter_low_expr_transcripts.p{matrix RSEM.gene. TPM.EXPR.matrix
--transcriptsTrinity.fastacmin_expr_any @trinity_mode
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4.4.6.3.6 Extraction and annotation of coding regions

TransDecoder was used to identify open reading frames (ORFs) longer than 100 amino acids in the
reference transcriptome using the following command directly in the terminal to generate the file
G G NI y aRS QHaas Stk 20$3) J¢

TransDecoder.LongOHisTrinity.fasta

Nucleotide and protein BLAST was on both the nucleotide and peptide sequences detected by

TransDecoder using the two following commands entered directly intaoethminal.

blastx-query Trinity.fastadb uniprot_sprot.pepnum_threads 80max_target seqs doutfmt 6 -
evalue 1€3 > blastx.outfmt6

blastp-query transdecoder.pegdb uniprot_sprot.pepnum_threads 8Gmax_target_seqs Joutfmt
6 -evalue 1€3 > blastpoutfmt6

A third round of annotation was performed using an additional protein sequence simalirty probability

prediction tool HMMER as per the command below directly into the ternfiFiah et al., 2011)

hmmscan-cpu 12--domtblout TrinotatePFAM.out PfatA.hmm transdecoder.pep > pfam.log

4.4.6.3.7 Adding annotations to expression matrix

BioLinux was installed on a virtual machine (\®acle) for the following analysis involving a
Structured Query Language (SQL) database as the VIKING file structure was incompatable with SQL
databases. Trinotate package was installed using conda was then used to import the various
annotation files andifally output a report file using the following commands below entered directly

into the terminal.

Transcriptsof peptides identified and gene:transcript relationships were populated into the SQL

database.

Trinotate Trinotate.sqliteinit --gene_trans_magrinity.fasta.gene_trans_magptranscript_fasta
Trinity.fasta--transdecoder_pepransdecoder.pep
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Homologies for the three rounds of annotation were also loaded into the database using the three

following commands.

Trinotate Trinotate.sqlite LOAD_swissprolastp blastp.outfmt6
Trinotate Trinotate.sqlite LOAD_swissprot_blastx blastx.outfmt6
Trinotate Trinotate.sqliteLOAD _pfanTrinotatePFAM.out

Finally an Excel compatible annotation summary report (containing both annotated and mystery

transcripts) was atput using the command;

Trinotate Trinotate.sqlitereport ¢E1e-3 >trinotate_annotation_report.xls

Note that annotated transcripts did not necessarily have information from all three rounds of
annotation. In general the order of annotation counts wasleatide blast > protein blast > Pfam

annotations.

4.4.6.3.8 Taxanomic annotation of reads

Taxanomic classification of metagenomics and metatranscriptomic DNA typically aligns each read to
a reference database and assigns its identity with the best match. A recently developed tool,
CCMetagen avoids the pitfall of where similar sequences camaappenultiple organisms by heavily
weighting highly specific alignment reads anehmapping ambiguous readMarcelino et al., 2019)

This strategy has shown to produce more precise annotations in both metagenomics and
metatranscriptomic datasets across a variety of microbiomes when compared to alternatives such as
Kraken2 and MEGAN.

The steps to map and refine read alignment using CCMetagen were performed as described fer paired

end datasets as described on their GitHhbds://github.com/vrmarcelino/CCMetageaccessed on

24/09/19). Timepoint mRNA reads were first mapped against the entire NCBI nucleotide database
(vJan 2018) using paired end settings with the KMA mafkusen et al., 2018CCMetagen then

processed the ranked reads and assigned taxonomy at the class level.
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4.4.6.3.9 Assignment of Gene Ontology terms

The Genéntology(GO) project is a curated database which aims to develop a unified vocabulary of
genes and gene products and provide a hierarchal classification s¢&sdrburner et al., 2000; Carbon

et al., 2019) It classifies genes and gene products into three main categbi@sgical process (such

as methanogenesisjnolecular function (such as acetate kinases) aeliular canponents (which
identifies where in the cell a gene product is active, such as a cellulosome). A complete GO term is a
series of ID numbers which indicate the complete ancestory of a gene or gene product. For example,

methylselenol demethylase activignastryis as follows.

GO:0008150 biological process”p  GO:0008152 metabolic processpA  GO:0003674
molecular_functiomry GO:0003824 catalytic activity

G0:0003824 catalytic activity GO:0070988 demethylatioy GO:0032451 demethylase activiy
G0:0098608 methyidenol demethylase activity

GO annotations, including all ancestral terms, were assigned to the annotations file using the UniProt

database and the following Trinotate command bel@ateman, 2019; Batemaeat al., 2015)

extract_GO_assignments_from_Trinotate_xlIs.pl --Trinotate_xls trinotate.xls -G --
include_ancestral_termsgo_annotations.txt

The files generated from the Trinotate steps inside the virtual machine were then transferred back to

VIKING andlso the host office computer for further GO term analysis .

4.4.6.4 Development of GOfys

Existing software packages for GO term analysis such as GOrilla, GOnet, and DAVID are built around
traditional model organisms such B®mo sapiensArabidopsis thalianaSaccharomyces cerevisiae
Caenorhabditis eleganBrosophila melanogastebDanio rerioMus musculugnd Rattus norvegicus

(Eden et al., 2009; Huang et al., 2007; Pomaznoy et al., .2018)
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After a short unsuccessful period of trying to modify them for use in anaerobic digestion community
analysisan alternative more robust and universally applicable, to other studiels asanicrobiomes
ornonY2 RSt 2NHlFIyAavYazr LASOS 2F az2FdsotNB o6l a RSOSt 2

GOfys was used to analyse relationships (fish out results with GO terms, hence GOfys) between the
transcript expression matrix, transcript cless and transcript: GO annotations using a user provided

list of GO terms of interest. Alternatively, GOfys will also detect the most N abundant GO terms
(although actively excludes the top three groupmlogical procesanolecular function andellular
O2YLRyYySyia aArAyOS Al NIy F2NJ Y2NB (KlIy sdieS 4SS
insight into transcriptional dynamics). GOfys was written in the programming language Python and
extensively used the Pandas libyam free and open source library for manipulating data tables

available atlittps://pandas.pydata.orgy.

Prior to running GOfys, a GO terms Of Interest (GOI) file was created. GO humberamtdbssses
of interest were found on the curated online GO annotation and ancestry database AmiGO available

at (http://amigo.geneontology.org/amigo/dd_browg€Carbon et al., 2009A simple Excel equation

below was used to take the pasted text from the respective level, sometimes containing more than
100 GO terms, on the inferred tree view and strip unnecessary charabteiak the text into the GO
ID number and the text description. The final two columns containing the GOI IDs and descriptions

were then pasted into a text file for input into GOfys.

Pasted AmiGO text goes into the cell A1 and irrelevant charactersesdripp

Column 2=RIGHT(A1,LEN(AEIND(']",A1)+1))

The GO ID number is extracted.

Column 3 =LEFT(B1, 10)

The text description is extracted.

Column 4 =RIGHT(B1,LEN®®)
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The following steps outline what key pieces of code powering GOfys does as desorithed
LINBOSRAY3 O02YYSyid AYRAOIFIGSR gAGK I Gl é aegvyozf o

results were analysedrsie Pfam annotation was sparse.

4.4.6.4.1 Step 1 Importation of required files

#Step 1.1 Creates frame from GOI input file.

GOlIl_frame = pd.read_csv(sys.argv[l],delimitets=header=None,names =

[[GO_ID','GO_DESC',encoding = "unicode_escape")

#Step 1.2 Creates frame from TMM.matrix input file.

EXPRMTRX_frame = pd.read_csv(sys.argv[2],header=None,delixtiiyer="

#Step 1.3 @ates frame to input desired fields from trinotate summary report. Mainly tig number and

ontology

Tig2GO _fields = [#gene_id','gene_ontology_blast','gene_ontology_pfam’]

#Step 1.4 Creates frame from only the desired columns

Tig2GO_frame = pd.read_csv(sys.argv[3],delimii¢txsecols=Tig2GO_fields)

#Step 1.5 Counts how many nucleotide or pr
BlastGOCount = Tig2GO_frame[Tig2GO_frame['gene_ontology_stasthtains("GO")]
BPfamGOcount = BlastGOCount[BlastGOCount['gene_ontology pfam'].str.contains("GO")]

PfamGOCount = Tig2GO_frame[Tig2GO_frame['gene_ontology pfam’.str.contains("GO")]
PBlastGOCount = PfamGOCount[PfamGOCount['gene_ontology blastitatnsGO")]
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#Step 1.6 Designates the folder containing transcript clusters as detected with RSEM

path = 'Subclusters/'

#Step 1.7 Making cluster files Pandas compatible (only need to run once since it permanently modifies)

for cluster in os.listdir(p):
src=open(path + cluster,"r") #fixed it?
fline="tig\t" #Prepending string
oline=src.readlines()
oline.insert(0,fline)
src.close()
src=open(path + cluster,"w")
src.writelines(oline)
src.close()

#Step 1.8mports clusters into Panda dataframe

cluster_frames =]

for cluster in os.listdir(path):
cluster_name = cluster[:12]
cluster_frames.append(cluster_name)

Cluster_Frame = pd.DataFrame(columns=[cluster_frames])

#Step 1.9 Creates empty repdiles to be populated

Text_Summary =[]
Blast_summary_frame = pd.DataFrame()
Pfam_summary_frame = pd.DataFrame()

4.4.6.4.2 Step 2 Iteration through GOI and detection in transcripts

#Step 2.1 Iterates through each GOI

for index,item in enumerate(GOI_frame['GO_])D"
#create empty dataframes from each variable in GO_ID

141



pfam_frame = pd.DataFrame()

blast_frame = pd.DataFrame()

blast_sums = pd.DataFrame()

pfam_sums = pd.DataFrame()
cluster_GOI_counter = [0] * cluster_lengths
cluster_GQO frame =[]

#Step 2.1 Populates each frame with the rows in the tig2go frame if it contains the GOI for both

enriched_blast = Tig2GO_frame[Tig2GO_frame['gene_ontology_blast'].str.contains(item)]
enriched_pfam = Tig2GO_frame[Tig2GO_frame['gen&logy_pfam'].str.contains(item)]

#Step 2.2 Creates a text report indicating how many blast and pfam matches are found for each

respective GOI in the ENTRIE dataset

GOIl_Sum =
((str(item) +' term codes for ' + GOI_frame.loc[index,'GO_DESC'] +' metabolism and contains '+

str(len(enriched_blast)) + ' blast matches and ' + str(len(enriched_pfam)) +' pfam matches"))
Text_Summary += (GOI_Sum,)

#Step 2.3 Iteratethrough the transcripts that are annotated with the GOI, puts them in a new matrix
and sums the total to condense information regarding transcripts with similar function

for blast_tig in enriched_blast["#gene_id"]:
enriched_Btig = EXPRMTRX_frEEX¥PRMTRX_frame[0].str.match(blast_tig, case = False,

na=False)]

#creates a frame for the GO matches over timepoints

blast_frame = blast_frame.append(enriched_Btig, ignore_index=True)

#Sums up transcripts with similarrfction
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blast_sums =
blast_frame.append(blast_frame.select_dtypes(pd.np.number).sum().rename('Total’))

#Step 2.4 For each transcript cluster count how many tigs are in there that match the GOI

for clustidx,cluster in enumerate(os.listdir(path)):
cluster_tig_counter = [0]
Cluster_data = pd.read_csv(path + cluster, delimitel¥"
tig_counts = Cluster_data.tig.str.contains(blast_tig).sum()
cluster_ig_counter += tig_counts
cluster_GOI_counter[clustidx] += int(cluster_tig_counter)

Cluster_Frame.loc[GOI_frame.loc[index,'GO_DESC']] = cluster_GOI_counter

#Step 2.5 Adds the condensed expression data for the GOI into the summary frame

Blast_summary_frame =
Blast_summary_frame.append(blast_frame.select_dtypes(pd.np.number).sum().rename(GOI_frame.
loc[index,'GO_DESC'))

print ('‘Blast Results for ' + item + ' ' + GOI_frame.loc[index,'GO_DESC')

print (blast_sums)

#Step 2.6 Repeats steps 235 for the protein blast annotations (code not shown)

4.4.6.4.3 Step 3 Output of GOI expression

Blast_summary_frame.columns = [EXPRMTi@Ke.loc[0,1:]]
Pfam_summary_frame.columns = [EXPRMTRX_frame.loc[0,1:]]

print ('Blast results summmmry")
print (Blast_summary_frame)
print (‘"Pfam results summmmry")
print (Pfam_summary_frame)
foriin Text_Summary:

print (i)

Cluster_Framgo_csv(sys.argv[1]+r'_Cluster_Summary.csv')
Blast_summary_frame.to_csv(sys.argv[1]+r'_Blast Summary.csv')
Pfam_summary_frame.to_csv(sys.argv[1]+r'_Pfam_Summary.csv')

Text_Summary_File = open(sys.argv[1l]+" Text Summary.txt","w+")
for i in Text_Summary:

Text_Summary_File.write(i+n")
Text_Summary_File.close()
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4.4.6.4.4 Step 4 Automated construction of an encompassing GOl file

#ldentify most common GO occurences

Tig2GO _fields = [#gene_id','gene_ontology blast','gene_ontology pfam'’]

#Creates frame from only éhdesired columns

Tig2GO_frame =
pd.read_csv("trinotate_annotation_report.xIs",delimiteit",usecols=Tig2GO _fields)
NewGOList = Tig2GO_frame[Tig2GO_frame['gene_ontology_blast] !="."]
NewGOList dlewGOList['gene_ontology_blast].str.replace("","")

NewGOList = NewGOList.str.split(pat = "*",expand=True)

CountList = NewGOList.apply(pd.Series.value_counts)

#Sums up all the rows for each GO term

SumlList = CountList.sum(axis=1)

SumList = SumListrsovalues(0, ascending=False)
SumList = SumList.reset_index()

NoGO = SumList[~SumList["index"].str.contains("GO:")]
NoGO = NoGO.iloc[3:]

YeGO = SumList[SumList["index"].str.contains("GO:")]

YeGO =YeGO.reset_index()
NoGO = NoGO.reset_index()
del YeGORvel 07

del YeGOI[0]

del NoGOJ'level_07]

AlIGO = pd.concat([YeGO, NoGO], axis=1)
AlIGOI = AlIGO[AINIGO.columns[0:1]]
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#plots a histogram of GO feature count vs frequency

AlIGO.hist(column=AIIGO.columns|[2],label="lizard",log=True,bins=200)

#trims most comron go terms

AlIGO = AlIGO.iloc[6:]

#plots new histogram of enriched GO terms

AlIGO.hist(column=AIIGO.columns|[2],label="lizard",log=True,bins=200)

#exports GO term name, ID and expression over:time

AllGO.to_csv('AlIGO_Counts_Summary.csv',sepndex=False, header=False)

#exports GO term name, ID and total frequency

AlIGOI = AIIGOJAIIGO.columns[0:1]]
AllGOLl.to_csv(AlIGOI_Summary.csv',sgp#dex=False, header=False)

4.5 Results

4.5.1 Acclimatisatiorof microbial community to pot ale

After an approximate week long starvation period, initial community acclimatisation was performed
by feeding 50 mijuarter strength (diluted with ddyD)pot ale aliquots to the reactors each week over

a course of four week at either pH4 (unbuffered) or pH8 (buffered). Performance of replicate
reactors was highly reproducible (Figut&) so a polynomial line of best fit was generated so that
calculations regarding methane yields could be made. This conversion of dats ipto an equation

was imperative as the time points when gas buckets were triggered were not identical. Including the
starvation phase, a total of 772 and 708 ml of biogas was produced from 25% /amHpH8 pot

ale fed reactors. Of that gas, 214 and 176 ml was methane which corresponds to a methane
richness of 28% and 25% (Figur8adand b). Gas and methane production which can be directly
attributed to pot ale is 427 ml, of which 152 ml is methane, and 376 ml, of which 124 miethane,

corresponding to methane richness of 36 and 388gpectively

As each reactor was fed a total of 3.5 g COD for a theoretical maximum methane yield of 1225 ml the

efficiency of conversion for reactors fed diluted pH4 pot ale is 12% and for p8 H8adspace
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methane concentration during the 253 hr starvation phase rose from 0 % to approximat2s/2dn
both sets of reactors. Following feeding, gas composition rose to a peak#i®60n the space of 50

hr before falling back to a basal leveltlveen 1620% in the following 50 hours (Figut®a and b).

Postexperiment analysis of the reactors performance during the starvation phase revealed a methane
richness of 18% and 16% in total gas produced, subsequent experiments performed used the
performance in the starvation phase as an indicator of inoculum health, inferring that a high methane
yield during starvation indicating a higher concentration of methanogens. Reactors were then re
inoculated with fresh sludge as both the conversion efficienuy methane richness were deemed
unsatisfactory. However it was clear that unbuffered pot ale performed better and no adjustment of

pH was performed for subsequent experiments.

Before feeding the reactors 50% pot ale v/v aliquots reactor performance wagsadaand showed

an increase of methanogenic activity when compared to previous inoculum with methane
representing 40% of total gas produced during starvation (350 ml gas of which 141 ml methane). In
total, 7g of COD was fed to each reactor to producetal tof 1870 ml of biogas with 912 ml of that
being methane (49% richness) equating to a COD conversion efficiency of 37% (Bigurét 4his
higher concentration of feeding, a biphasic methane production trend with an initial short increase in
methane bllowed by an extended phase was observed in the headspace over a period of 100 hours
(Figure4.5c).

This biphasic production (Figudebd) was even more pronounced when increasing to 100% pot ale
v/v feeding aliquots where a total of 14 g of COD wastéethe reactor over the course of the
experiment to produce a total of 4330 ml biogas including 2297 ml methane (53% richness and 47%
efficiency) over the first four feedings (Figudetd). Two subsequent feedings (blockages were
encountered on the firstampling schedule leading to it being repeated) of this community was
performed to collect MRNA and VFA samples in order to discern the biological ré&ashesbiphasic
methane production trend and resolve whether the initial activity was caused by ggdotrophic or

acetoclastic means.
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Figure 4.3 Gas yields of pot ale fed reactors at different feed strengths

Overlayed total gas yields for replicate pot ale fed reachanszontallines represent feedingoints and the trend line is a
polynomial line of best fit. Note that pH 4 pot ale was used exclusively following the initial trial at 25% pot ale skangth.
feeding point was a 50 ml aliquot at the respective concentration corresponding to a totaliodgading of 7, 14 and 28 g

COD/L.
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Figure 4.4 Total gas and methane yields of pot ale fed reactors at different feed strengths

e
///

Average total gas as derived from the polynomial line of best fit (upper line) and total methane as determined from a moving
average across all sensors (lower lirnB)tal g& yield increases as the feeding concentration increases until the highest
concentration of feeding yields a gas containing 53% methane.
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a) 1laeadspace methane fraction of 25% pH4 pot ale fed reactors b) 1I-cl)eadspace methane fraction of 25% pH8 pot ale fed reactors
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Figure 4.5 Headspace methane concentration of pot ale fed reactors at different feed strengths

Headspace methane concentration as determined from a moving average across triplicate ddptizaae concentrations
typically peaked between 600% following feeding and dipped to 40% whilst under starvation.

4.5.2 VFA and COd@ynamics of biphasic peak features

Liquid fractions collected from reactor samples as part of the RNA sampling experiment were
examined for levels of VFA metabolites, indicating organic breakdown of polymers, an8&lir{g

points are represented by relihes inFigure4.6). Following feeding both acetic and propanoic acid
levels rose sharply in the first four hours from zero to 842 uM and 6.3- 0.3 uM respectively.
Acetic acid further rose to a high of 11 uM at 12 hrs before gradually decreasnghe timecourse,

as did propanoic acid. Butyric acid was present in the reactors between 32 and 52 hours at a
concentration between 1.5 and 1.8 uM (Figdr&). COD removal reached 49 % by hour 32 and 88 %
by hour 96 before showing complete removaltmur 115 (Figurd.7).
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Figure 4.6 Biphasic methane production and RNA sampling points

Immediately following feeding (0 hours) a sharp rise in headspace methane concentration is observed (black lireg) follow
by second more gradual increase. Total gas production (blue line) indicates rapid gas production activity within the first 52
hours. Points over this biphasic gas production were selected for further transcriptional, fatty acid and chemical oxygen
demard analysis (vertical red lines).

Volatile fatty acid production following feeding

12
Q.
10
g % Q
6 D
O 0
4 O 0 o
2 43
— . L5l
0 20 40 60 80 100 120
O— Acetic 0O Propanoic —A— isoButyric Butyric

*¥— isoPentanoic-O— Pentanoic +— isoHexanoic—=— Hexanoic

Figure 4.7 Volatile fatty acid concentrations following feeding with pot ale

Concentrations of volatile fatty acids (between 2 and 6 carbons long) in reactoadiately following feeding with a 50 ml
aliquot of 100 % pot ale (3.5 g COBgetic acid showed the largest increase to over 10 mM 12 hours following feeding.
Propanoic showed the second highest degree of change rising to 6 mM before falling bas&lt@els after 80 hours.
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4.5.3 Metagenomics

45.3.1 Shortreads

Metagenomic DNA samples were collected from reactors over the course of the acclimitisation.
Samples from day 6 and 28 (corresponding to the end of starvation and the middle of the 50% pot ale
loadingrate phase 2) were collected in addition to samples collected on day 0, 21, 35, 37, 39 and 41
when the reactor was being fed the highest concentration of pot ale (Phase 3). Each sample produced
between 7.3 and 11.8 million lllumina short 200bp paired reais a GC content between 48 and

51% (Supplementary tabk1). Samples were initially assembled all together using the short read
assembler MegaHit to produce a total @62,869,8 contigs totalling 129,686,886,1 bp with a
minimum, average and maximum aiaf 200 bp, 848 bp and 598867 bp respectively with an N50 of
1058 bp. Individual sample forward and reverse reads were also assembled to produce a number of
contigs between 152,455 and 227,045 with a total number of assembled basepairs between
130,100,14%nd 200,817,563 and a maximum length between 154,889 and 274,917 bp.

45.3.2 Long reads

In addition to short read sequencing, a single MinlON flowcell wasising the protocol as detailed
previously to collect long sequence reads from a pooled sampled cordadaiyn 6 and 28 from phase

2 (50% pot ale) in addition to day 21 and 41 of phase 3 (100% pot ale). This produced a total of
5,888,506 reads (2,834,755 pass and 3,053,751 fail) with an average and maximum length of 3,120.7
and 1,851.8 to 96,836 and 90,903 pectively. For both pass and failed reads the main distribution of
GC% and read length varied betweer78% and between 2580,000 bases (Supplementary figure

4.2). Passed reads contained more sequences with GC content betweéh &band around 60%
(Sumlementary figure4.3) indicating an uneven distribution of GC content between pass and failed
reads. The relationship between number of reads and read length revealed an exponential decay of
counts as read length increase (e.g over 900,000 1kb read€)0@kb, 250,000 3kb and so on
(Supplementary figure.4). Nanopore reads were assembled using CANU to produce an unpolished
assembly compiled of 12,214 contigs 242,805,063 bp long with an average length of 18,374.8 bases
and maximum of 2,356,938 (N50 #,339).
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4.5.3.3 Assembly Polishing

Raw Fast5 read signals were used to polish (improve areas of low/poor coverage) the long read
assembly using Nanopolish and increased the total amount of sequence and longest contig to
245,714,167 bp and 2,384,488 respectivehorbreads were also used to further polish the assembly
using PILON which decreased the total length and longest contig to 245,327,127 bp and 2,379,743 bp

respectively.

4.5.3.4 Metagenomic Taxonomic Classification

Contigs generated from the short read assembMegaHit were parsed into the MBAST
metagenomics analysis server for taxonomic classification at class level. Sequences were classified
using the GreenGenes database according to a 70% minimum identify of a 15 bp match and a minimum
e value of 1x19(Sumlementary figure4.5). Unclassified bacterial sequences represented between
30-50% of total contigs per samples. Clostridia was the most abundant class detected with samples
composed of between £830%. Other consistent classes present includetinobacteia, Bacterodia

and Methanobacteria Classes appearing intermittently between the start of phase two and end of

phase three included Bacilli afdavobacteria

Comparison between the start of phase 2 (dgyand the end of phase 3 (ddj) was performed
using moreencompassingettings (min abundance = 1:1% = 60, min length = 15 bp). This showed

an increasing abundance Bfethanomicrobiaas the community matured (Supplementary figdr6).

Using stricter criteria (Min abundance 100{B6= 80, min length = 100) with an alternative reference
database RefSeq was able to resolve much of the unidentified sequence @Rjureeeding at the

lower concentration of 25% v/v pot ale promoted theogith of Actinobacteria (a 10% increase from

20 to 30% relative abundance). However, this was not observed when the feeding was increased to a
50% and 100% v/v solution which reduced the Actinobacteria population to sub 1% relative
abundance by P2d21. Thégher feeding regime promoted growth of Bacterodia which showed an

increase from 5 to 30% relative abundance.
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Figure 4.8 Taxonomic classification of short metagenomics read data using the RefSeq database atclass level

Reads were assigned to the RefSeq database, a curated database of annotated nucleotide and protein sequences, to yield
the closest phylogenetic match. This technique allowed identification of an increasing Bacterodia and Clostridia populations
when feeding at the highest loading rate.

4.5.3.5 Metagenomic Gene Functions

Metabolic function was assigned teadsusing both the COG database (Clusters of Orthologous
Groups) and KEGG Orthology database (Kyoto Encyclopedia of Genes and Genomes) with identical
settings used previously for the RefSeq database (Figa and b). Unlike the taxonomic
classification performed prior which has certain classes appearing and disappearing, assignment of
metabolic function seemed to generate more similar and stablefilpo between closely linked
samples, e.g P3d39 and P3d41. In general, both databases produced similar metagenomics functional
profiles with key processes such as carbohydrate, amino acid, transcription and translation being
present. No relative abundandacrease in carbohydrate associated genes was observed over the
experiment, unlike the increase in Bacterodia observed when investigating taxonomy assignment

previously.
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Figure 4.9 Functional annotation of short read data

Metagenomic functional classification of short read data using the COG (a) or KEGG (b) datigidigbsed an overall

stable functional metabolic network. It was hoped that as the community adapted a greater degree of reads would map to
carbohydrate metabolism indicating specialization towards the carbohydrate rich feedstock and methanogenesis related
pathways.

4.5.3.6 Metagenomic KEGG Pathway Reconstruction

KEGG pathways corresponding to individual samples were constructed and compareditp sdiéfits

in the community towards a certain type of metabolism with the goal that a community exposed to
carbohydrates longer will have a more complete KEGG pathway for carbohydrate degradation due to
functional enrichment of organisms. A number of coetel or mostly complete universal KEGG
pathways were constructed including; Glycolysis, TCA, Pentose Phosphate, Purine metabolism,
Pyramidine metabolism, metal ion /amino acid transport and Amino acid degradation (Supplementary
figures4.7-12). More pot alerelevant pathways such as oligo/monosaccharide transportation and

methane metabolism were also constructed (Fig4r&0a and b). Presence of most oligo and
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monosaccharide transporters were confirmed such as fructose, rhamnosg)oBe, ribose, L

arabino®, maltose and lactose. No temporal shifts in metabolic pathways were observed.
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Figure 4.10 Recondruction of sugar transport and methane metabolism KEGG pathways.
KEGG pathways wermnstructed using colour coded nogeints in relation to timepoint in order to observe possible

changes, or specialisation, towards certain pathways or functions. Over the community showed a high degree of functional
redundancy towards multiple sugar méalism.
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4.5.3.7 Contig identity

Contigs from the polished long read assembly were blasted against the entire NCBI nucleotide
database and the best match (based upon Bit score) was recorded. Contigs were then sorted based
upon alignment length if containing 100 more aligning basepairs. In total there were; 3716 contigs
100<1000p, 2207 contigs 1000<20@p, 745 contigs 2000<500ip and 23 contigs 10000<. Contigs
above 10,000 belonged to species of Bacterodia, Methanomicrobia, Anaerolineae, Bacilli, Uncultured
crAssphasge, Betaproteobacteria, Clostridia and Alphaproteobacteria. Alignment information,

including matching species, %ID and alignment len§ttontigs >1000 bps shown below in (Table

41).

Query Subject Class ID Species ID %id alignment | E value| Bit score

seqid seqid length

tig00016541| AP018040.2| Bacterodia Petrimonassp. 93.35 | 21307 0 30661
IBARAKI

tig00120947| AP018040.2| Bacterodia Petrimonassp. 92.91 | 20282 0 28674
IBARAKI

tig00006324| LR215978.1| Bacteroidia Parabacteroides | 83.926 | 18216 0 17173
distasonis ATCC
8503

tig00012310| CP002565.1f Methanomicrobia Methanosaeta 94.202| 17404 0 25957
concilii

tig00011841| LT859958.1| Anaerolineae Brevefilum 96.326 | 16687 0 27026
fermentans

tig00027754| AP018040.2| Bacterodia Petrimonassp. 93.956 | 16412 0 24157
IBARAKI

tig00011566| JF915701.1| Bacilli Bhargavaea 97.097 | 15744 0 26253
cecembensis

tig00012878| BK010471.1| uncultured 96.549 | 14721 0 24142

crAssphage

tig00086037| AP018040.2| Bacterodia Petrimonassp. 95.244 | 13813 0 21453
IBARAKI

tig00023232| AP018040.2| Bacterodia Petrimonassp. 94.886 | 13335 0 20417
IBARAKI

tig00020339| CP002565.1f Methanomicrobia Methanosaeta 94.405| 13030 0 19632
concilii

tig00027363| CP027669.1| Betaproteobacteria | Betaproteobacteria| 85.055| 13008 12743

tig00032286| CU466930.1 Candidatus 93.099 | 12578 18015
Cloacimonas
acidaminovorans

tig00140877| AP018040.2| Bacterodia Petrimonassp. 94.682 | 12410 0 18849
IBARAKI

tig00087976| CP002565.1f Methanomicrobia Methanosaeta 94.008 | 12217 0 18050
concilii

tig00078765| AP018040.2| Bacterodia Petrimonassp. 95.392| 12088 0 18870
IBARAKI

tig00097888| AP018040.2| Bacterodia Petrimonassp. 94.231| 12081 0 18039
IBARAKI

tig00044693| CP002565.1f Methanomicrobia Methanosaeta 94.785| 11467 0 17477
concilii

tig00040665| CP003259.1| Clostridia Clostridiunmsp. 93.549| 11378 0 16700
BNL1100
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tig00016094| CP013244.1| Alphaproteobacteria| Caulobacteraceae | 76.576 | 10596 0 5260
bacterium

OTSz_A_272
tig00019062| AP018040.2| Bacterodia Petrimonassp. 93.358 | 10449 0 15032
IBARAKI
tig00016054| LT859958.1| Anaerolineae Brevefilum 92.895| 10148 0 14377
fermentans
tig00764426| CP000562.1f Methanomicrobia Methanoculleus 82.106 | 10132 0 8359
marisnigri JR1

Table 4.11dentity of the 23 contigs above 1000 bp in length

The identity of the 23 largest contigs were assigned to the closest match and alignment details provided such as % identity.
Multiple large contigs belonging to Bacterodia were assembled although the genome was not ableitcutarised due to
low coverage.

4.5.4 Transcriptomics

45.4.1 RNA yields and quality

RNA extracted was quality and concentration checked using a Nanodrop before having the RNA
integrity examined using a BioAnalyzer 2100. RNA integrity was quantified by compariagjded

the 16S and 23S peak areas to produce a RNA integrity number (RIN) between 0 and 10 where 10 is
the highest, an example RIN plot is presented in Supplementary figliBe The RIN across all 14
samples varied between 6.4 and 8.9 and was 8.05vamage with a standard deviation of 0.76. RNA
sample concentrations, absorbance ratios and RINs are presented in Supplementarg.2adhel

confirm sample suitability for subsequent library preparation and sequencing.
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4.5.4.2 RNA sequencing depth

Gene and isoform enrichment plots were generated to investigate the transcript abundance in
identification of new transcriptome features. Both the gene and isoform plot indicate that 90% or
more of most abundant transcripts code for a limited number ofagenr isoforms. As the least

abundant transcripts are increasingly included the number of unigque features identified

asymptotically approaches infinity which is undesirable for large scale data analysis 4Fidre

wn
o
?
L
3
T
[
o Qo
: /
[ + -
[0 )
‘5 (&)
©
£
|
£ < o
3 o
2 9
<
o
3 /
F o
o~ !
o]
o
8 “«mﬂgpo
P
Q
© T T T T T T
-100 -80 -60 -40 =20 0

neg_min_tpm

Figure 4.11Transcript feature frequency and counts

Transcript feature frequency and expression is visualised as transcript abundance (negative transcripts per million) plotted
against the number of transcripts which have the respective abnoea From the graph there is approximately 6.8 % 10
transcripts which occur only once across the dataset and are likely misassemblies.
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4.5.4.3 Differential expression analysis

Transcripts were compared pairwise using the edgeR software package at a dispals®between
0.1 and 0.4 to identify differentially expressed features based on log fold change and abundance (An
example MA plot is shown for comparison of 0 hr and 12 hour timepoints using a dispersion setting of

0.3 below in figure 1R

MA plot
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Figure 4.12ldentifying differentially expressed transcripts

The normalised mean of respective transcripts (graph objects) count is plotted against the fold expression change when
comparing the 0 to the 12 hour timepdito identify differentially expressed transcripts. Those deemed to be significant as
determined by the dispersion value, or distance from main body of points, are coloured red.
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4.5.4.4 Extracting and clustering differentially expressed transcripts

Transcipts were then clustered into similar expression patterns using the top X of DE features (for
each respective dispersion setting) per samples as calculated previously edgeR where X varied
between 100 and 10,000 (Shown for a dispersialue of 0.3 in Suppheentary kgure4.14 ). Pairwise
sample differences is shown below in Figdre3a where the top 1000 DE genes at a dispersion value

of 0.3 were compared across all samples. Decreasing the DE depth from 10,000 to 100 showed no
significant improvement ircluster clarity (Supplementaryigere 4.14) or computation speed so the

more encanpassing 10,000 DE clusters wehesen for downstream analysis.
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Figure 4.13Pairwise comparison of sample transcriptomes and gene expression clustering

Pairwise comparison between sample gengression (a) reveals tight clustering between start and endpoint expression
profiles (00 and 115 hours). Visualisation and clustering of 1000 differentially expressed genes over time (b) shows groups
of similarly expressed transcripts, possibly showitages of hydrolysis, acidogenesis, acetogenesis and methanogenesis
Colours represent degree of correlation from low (purple) to high (yellow).

Sample pairwise comparison and DE gene expression profiles were visualised for the remaining
datasets subject teither 0.1, 0.2 or 0.4 dispersion (Supplementary figdEb). The decision was
made to continue with the dataset corresponding to a dispersion value of 0.3 for further analysis and
functional annotation as it clustered samples into groups which likelgsponded to the sequential
phases of anaerobic digestion; hydrolysis, acidogenesis and methanogenesis4{HighyePairwise
comparison of samples at dispersion settings 0.1, 0.2 or 0.4 identified samples as either too similar

(belonging to either on®f two distinct groups) or too distinct (each sample a distinct entity) when
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considering the likely transcriptomic activity of the complex microbiome and so were discarded.
Clusters containing groups of-eapressed transcripts were segregated by cuttihg tree high at
60% (Coloured bars in Figutd 3b).

4.5.4.5 Transcript functional annotation

Coding regions in transcripts were identified using TransDecoder and respective Gene Ontology (GO)
annotated using BLAST nucleotide and peptide databases in additibe tdMMER protein domain

motif database using the TRINOTATE framework. Out of 422,236 transcripts; 599,601 coding regions
were found and of those coding regions 154,415 were assigned function exclusively using BLAST,
154,332 were annotated using both BLAST protein motifs, 16,041 were described exclusively using
protein motifs totalling 308,747 transcript coding regions annotated. 120,481 (20% of total) coding

regions were unable to be characterised using either database.

45.4.6 GO term cluster analysis

Custom8F gl NE OFffSR ADRFEREL OBNRYy Az RSR2aBYIf&4aS
results with GO terms, hence GOfys) between the transcript expression matrix, transcript clusters and
transcript:GO annotations using a provided list of GO termstefest. A list of 11,895 GO terms were

identified across all transcripts.

If examining copper transport for instance, four transcripts (counted if their expression > 0) were
annotated with the GO term corresponding to copper transport at hr 2 and sewsdripts were
annotated with the respective GO term at hr 4 (since 3 new transcripts are being transcribed which

previously had expression levels of zero) this then brings the GO term count to 10.

These terms were ranked in order of most frequent to teg@upplementary file GOlcounts.txt).

Examples of terms and counts include 1,579 GO counts associated with the tricarboxylic acid cycle,
1253 for oxidative stress, 188 for hydrogenotrophic methanogenesis and 25 for acetoclastic
methanogenesis. As GO ternase hierarchical counts, for common umbrella terms such as
DhYnnnympn o0A2t23A01If LINRPOS&a&a¢ 6SNB SEOf dZRSR ¥
slowed the software down. At the other end, 7,111 GO terms were present 10 counts or less (Figure
4.14).
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Multiple GO term lists were provided to &@s containing; 1) a set GO:0016740 catalytic activity

subterms including daughter terms @f0:001678hydrolase activitfsuch as GO:00167%§drolase

activity, acting on glycosyl bonds§0:0016853%0merase activity GO:0016874igase activity

G0:001682%ase activityand GO:001674@ransferase activity2) Fatty acid related GO terms and 3)

Methanogenesis relate@O terms and more general process queries such as 4) Biological processes

5) Cellular carbohydrate processes 6) Metabolic processes.

Unfortunately, no matches were detected in the transcript clusters output from identification of most

differentially exprased transcriptsthis was potentially due to the initial clustering of the top DE

transcripts being too stringen{The clusters of transcripts represented by coloured barBigure

4.13). GOfys software was then improved to incorporate the entire esgiom matrix. This improved

detection, or flagging, of biological processes and the 10 most abundant (in terms of TPM) were

visualised using both raw transcripts per million normalised counts (TPM) and as fold change for the

six GO term groups previouslentioned.

163


http://amigo.geneontology.org/amigo/term/GO:0016787#display-lineage-tab
http://amigo.geneontology.org/amigo/term/GO:0016853#display-lineage-tab
http://amigo.geneontology.org/amigo/term/GO:0016874#display-lineage-tab
http://amigo.geneontology.org/amigo/term/GO:0016829#display-lineage-tab
http://amigo.geneontology.org/amigo/term/GO:0016740#display-lineage-tab

4.5.4.7 GO term expression matrix analysis

4.5.4.7.1 Hydrolases

Out of all hydrolytic related categories the most abundant bytfat was those related to licheninase
enzyme activity which peaked at over 3500 TPM on hour 32 closely followed by hydrolasgacti
carbonnitrogen (but not peptide) bond&uch as in amino acidgjat reached approximately 3000 at
12 hrs (Figurel.15a). Licheninase transcription was also the hydrolase category which showed the
largest fold increase (over 400) followed by metbhgta-D-glucosidase $hosphate glucohydrolase
activity levels which spiked rapidly at two hours following feeding before subsiding befold 2

increase afterwards (Figurel5b).

As methanol is one of the product from methyl bédeglucosidase @hosphae glucohydrolase, the
subsequent methanol dehydrogenase activity was found at extremely low expression levels between
8 and 17 TPM which provides circumstantial evidence of its presence (Supplementary file

SmallMol.csv).
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Figure 4.15Relative and fold change in gene expression of AD hydrolysis and methanogenesis processes

Expression changes within groups of AD relevant GO categories in terms of ra@tathdance/transcripts per million (left)
or fold change (right
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45.4.7.2 Lyases

Present throughout the experiment was a high level of carbarbon lyase activity that showed
expression between 80,000 and 100,000 TPM dwarfing transcription levels of other &jatesl r
transcripts in terms of number (Supplementary figdré6a). Following feeding, carbaritrogen lyase
transcription decreased before slowly returning to basal expression levels towards the end. Fold
increase in transcription of other lyases peakedumd the 12 hour mark before slowly decreasing

towards baseline levels (Supplementary figaresb).

Further investigation into carbeoarbon lyase daughter categories revealed upregulation of
aldehydelyase related categories. These were further inigsged in Figure4.15c and revealed
upregulation of hexulosé-phosphate synthase in conditions of community inactivity (0 and 115 hr
timepoints). Within the first four hours following feeding fructeBisphosphate aldolase increased
sharply up to 878 TPt 2 hrs (Figurd.15c and d).

As pyruvate is one of the breakdown products frgiyicerone phosphate and-glyceraldehydes-
phosphate, subsequent pyruvate metabolism was investigated in a similar fashion and identified a
isopentenyl diphosphate biosynthetprocess increase of 145 to 5407 TPM between 0 and 2 hours.
Furthermore, transcripts classified as having gluegpbosphate isomerase activity, which increased
from 85 to 2028 TPM between 0 and 2 hours (Supplementary file SmallMol.csv), provide alinetab
link from fructosebisphosphate aldolase to the methyl befaglucosidase phosphate

glucohydrolase activity identified previously.

Two lyases, 4hydroxy2-oxoglutarate aldolase and-@&hydro3-deoxyphosphogluconate aldolase,
showed a more graduahgérease in fold expression, similar to that of licheninase expression, which
peaked at hour 52 resulting in a 10 and 6 fold increase in expressispectivelyFigure4.15d). As

these lyases both produce pyruvate the expression profile of pyruvate debgdase was
investigated and found to increase gradually from 5 to a maximum of 44 TPM at hour 12 before
decreasing to a value between 22 and 28 TPM in the hours of 32 to 84 (Supplementary file

pyruvate_blast_sumamry.txt).

45.4.7.3 Transferases

Transcription of trasferases was dominated by glycosyl transferases, however unlikeotisstent

activity of carborcarbon lyases, upregulation of glycosyl transferases occurred in direct response to
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the feeding stimulus and rose from a basal expression level of 333 TRM&TPM by hour 2 in a
linear manner (Supplementary figudel6¢ and d). Daughter GO terms relating to glycosyl transferases
were further investigated which revealed two dominant processes occurring; pyrimidickeoside
phosphorylase activity which wastable at approximately 1000 TPM over the duration of the
experiment and linear maltoligosaccharide phosphorylase activity which sharply increased to the
two hour time point mark from 20 TPM at O hrs to over 4200 TPM (Figdfe). In terms of fold
transcription change the maltoligosaccharide phosphorylase showed over a 200 fold increase

between the hours of zero and two (figudel5f).

4.5.4.7.4 Fatty acids

GO terms representing fatty acid biosynthetic processes and butyrate metabolic processes were
upregulated during the first half of the experimental duration, especially between the zero and two
hour time points after which transcripts decreaklentil returning to almostbaseline levels at 52 hours
(Supplementary Figure16e and f). Strangely, negative regfitn of fatty acid biosynthetic processes
increased over 70 fold betweenX2 hours (Supplementatiigure 4.16f).

45.4.7.5 Methanogenesis

Transcripts flagged as having either GO terms corresponding to methanogenesis from acetate or
methanogenesis from carbon diokd were the only methanogenesis pathways detected,
methanogenesis from methanol was not detected. Both pathways showed a similar pattern of
increasing transcription over the course of the experiment before returning close to baseline levels.
Hydrogenotroplic methanogenesis was more upregulated on the whole, in terms of transcripts per
million, compared to acetoclastic pathways (770 vs 183 TPM at 52 hrs as seen inlBifjGcp.
However, in terms of fold change, acetoclastic methanogensis saw a largeintolhse of

transcription (6 vs 101 at 52 hrs as seen in Figdrgsh).

4.5.4.7.6 High level processes

High level cellular processes were also investigated to provide an overview of biological processes
(Supplementary Figuré.17). In terms of cellular processes|léwing feeding expression of protein
folding related transcripts and cytolysis response increased to over 50,000 and 10,000 TPM
respectively (Supplementary Figu#el7a and b). One carbon metabolism seemed to dominate

cellular metabolic processes in tesnof TPM although the process showing greatest fold change was
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that of cellular aldehyde metabolic processes (Supplementary Figlive and d). Overall metabolic
processes were dominated by oxidatioeduction reactionsQupplementaryFigure4.17¢e). Betwen

the hours of 0 and 8 NADP metabolic processes showed the highest fold increase (40) then followed
by NADH related processes which peaked at 12 hours showing a 47 fold change (Supplementary Figure
4.17f).

4.5.4.8 Transcriptional activity of classes over time

4.5.4.8.1 Unweighted heatmaps

Taxanomic identity was assigned on the class level to transcripts using CCMetagen. Respective counts
of the 11 classes detected were visualised as an unweighted heatmap (Using ClustVis as described in
Chapter 1) where it is clear to see @hthe maximum and minimum activity for each organism exists
(Figure4.16). Clostridia showed exclusive activity in the first 32 hours, which peaked between 2 and 4
hours, confirmingdheir likely role as hydrolytic organisin the system. Bacteroidia ohé other hand
wereonly active between 12 and 52 hours suggestir@r role in the intermediary processes such as
acidogenesis. Finally Methanomicrobia, later confirmed as the most transcriptionally active
methanogen, showed minor activity in the hourléating feeding followed by a second round of

transcriptional activity between 4 and 115 hours.
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Figure 4.16 Unweighted heatmap of transcription at class level

Unweighted heatmap of classes present in transcriptomic timepoints. Hierarchal clustering shows similar trends in
expression of Clostridia and Bacterodia, Gammaproteobacteria and Bacilli pairs in additbose trends between

Methanomicrobia and Synergistia.
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4.5.4.8.2 Weighted line graphs

Relative class transcriptional abundance was calculated as a fraction for each timepoint to identify key
players and likely phases of anaerobic digestion associated with theatge identified organism e.g
hydrolysis and methanogenesis. In the first 4 hours Clostridia produce over 90% of transcripts, most
likely indicating a hydrolytic phase, followed by a mixed intermediary period where, in order of
abundance, Clostridia, Ganmaproteobacteria and Bacterodia are active from 12 hours onwards,
possibly signifying the acidogenesis phase (Figdtg7). From 52 hours and onwards
Methanomicrobia are the most active class and perform the final, and most important, stage of

anaeobic dgestion; methanogensis.

Transcriptomic activity at class level following pot ale feeding
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Figure 4.17Relative abundance of transcription at class level over time

Expression relative abundance of classes following pot ale feeding. Note almost exclusive a@legyriofia between 2 and
8 hours followed by a gradual increase of Methanomicrobia activity. The transition between these two organisms signifies
the end of the hydrolytic phase and beginning of methanogenesis.

4.5.4.8.3 Identification of active vs inactive popudsts

Identification of active, inactive, abundant and minority populations compared the relative genomic

abundance, as determined in the final metagenomics sampling point, to the overall relative
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transcriptomic abundance, inclusive of all timepoints. Fartext, populations high in transcriptomic
activity but low in genomic abundance, and vice versa, would indicate an unspecialised and inefficient
community. The most genetically abundant and transcriptomically abundeette Clostridia
representing 16 % aril % of DNA and mRNA total sequence respectively (Hidia). On the other

hand, some organisms played no role in the anaerobic digestion of pot ale such as Spirochaetes, 3.3

% genomic abundance, and Sphingobacteriia, 4.5 % genomic abundance4Highjye

a) Identification of active and inactive classes b) Identification of active and inactive classes
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Figure 4.18 Identifying active and inactive populations using metagenomics and metatranscriptomics

Comparison between overall transcriptomic abundance and genomic abundance for transcriptionajiyatiiylel organisms
(a) and less active (b)\though Gammaproteobacteria is at a very low genetic abundance over the course of theeRNA
experiment it accounted for a total of ~18% transcripts. The identification of rare but relevant populations felaaador
investigation of complex microbial communities.
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4.6 Discussion

4.6.1 Reactor gas production and COD removal

The microbial seed gathered from the Naburn wastewater treatment plant was eventually adapted to
high efficiency pot ale degradation aftea lessthan-optimal initial seeding. Before starting
experimentation, the inoculum sourced from Naburn on paper sounded ideal due to the common
practice of sourcing anaerobic digestion inoculum from wastewater treatment plants rather than
other environmentasources like ponds, soil or marsh{@gpels et al., 2008; Guo et al., 2015:Qdw

et al., 1997) Additionally, previous composition analysis of the pot ale feedstock revealed a high
volatile solids fraction implying a low degree of inorganic recalcitrant material to suggest its suitability
as a feedstock. The range of pot ale feeding concentratdhrusen for this study is based upon
previous successful batch studies which showed successful anaerobic treatment of pot ale between
5-15 g COD/(Uzal etal., 2003) A higher or more frequent feeding regime could have been used as
no reactor instability was observed at the highest feeding concentration and COD removal was 100%.
CtKA& g2ddZ R KIFS LINPJARSR Y2NB AYE2RMAGN2E KB DSNER
the acclimatised community at risk and jeopardised the ability to perform a subsequent transcriptomic

study.

When feeding the reactors, a low yield of between1% with gas richness between-28% was
obtained. No major differencesetween the more acidic unbuffered pH 4 and buffered pH 8 pot ale
were found indicating no reason to adjust native feedstock pH, which would occur additional cost on
an industrial setting. The poor yields were cause for reactor reseeding, although fersathe
inoculum source, since typical gas richness of 50 % and above is expected fiumetalhing
microbial communitiegMueller, 2015; Vanwonterghem et al., 2015; Zhang et al., 2013 likely

that the poor performance was due to factors such as sludge freshnesandntration rather than

the community composition of inoculant sludge since communities in full scale plants are typically

stable over a period of yeaf€arballa et al., 2015; Kirkegaard et al., 2017; Park, 2012; Zumstein, 2000)

Using fresh sludge improved both the conversion efficiencies and methhness of biogas
produced from 37 % efficiency and 49 % richness to 47 % efficiency and 53 % richness when fed with
50 % v/v and 100 % v/v pot ale respectively. Sludge was taken in the morning and reactor set
complete by the evening of the same dather than storage overnight at 4°C which likely allowed
oxygen to permeate the sludge. Strictly anaerobic organisms, and especially methanogens with some

having zero tolerance, are inhibited by oxygen due to their lack of superoxide dismutasgRelies
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et al., 1978; Scott et al., 1983; Zitomer and Shrout, 1998Yygen toxicity has only been shown as less
inhibitory when the microbial community are spatial organised in sludge granules whichnpreve

oxygen interacting with the methanogen populatifitato et al., 1993)

4.6.2 ldentification and importance of4phasic methane production

Previously undetected fphasic methanogenesis of pot ale was only possible due to the presence of
real time mettane sensors in the experimental system when feeding at pot ale concentrations of 50
% and above. This-phasic methane production had not been observed in previous studies where
pot ale was fed either batetvise, fed as only endpoint gas composition asislyvas performed, or
continuously(Barrena et al., 2018; Goodwin et al., 2001; Goodwin and Stuart, 1994; Uzal et al., 2003)
The presence of gphasic methane production, as confirmed in this study, is evidence to support
further investigation of the material using a tvgbage anaerobic digestion system since it identifies
two distinct biological processes. Although multigtage anaerobic digestion is commonly performed
there is typically no biological justification, sues presented here, to support the decision

(Chakrabarti et al., 1999; Kirtane et al., 2010; Mshandete et al., 2004; Yu et al., 2002)

A metatranscriptomic study was perfoed to determine the root cause of the-phasic methane
production as two scenarios were possible; 1) initial exclusively acetoclastic methanogenesis from
small molecules followed by acetoclastic methanogenesis from larger molecules or 2) initial
hydrogerotrophic methanogenesis from small molecules followed by acetoclastic methanogenesis
from larger molecules. Although the acetoclastic pathway is regarded as the dominant
methanogenesis pathway, the high abundance of Clostrida in both this experiment,teatbtec
metagenomically, and in anaerobic digesters in general provided evidence to support the
hydrogenotrophic methanogenesis route. Evidence in the literature states that small molecules, such
as residual sugars found in pot ale, and even polymers sudtllakse are converted into hydrogen

and carbon dioxide by Clostridia which could facilitate hydrogenotrophic methanogenesis pathways
(Lin et al., 2007; Zhang et al., 2006; Zhang, 2019

4.6.3 Metagenomics
4.6.3.1 Microbial community composition
Phylogenetic analysis of contigs generated via short read Illlumina sequencing showed presence of

microbial QassesActinobacteria Bacteroidia Clostridiaand Methanomicrobiaacross most, but not
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all sampés, when using the GreenGenes 16S rB&i#edatabase. It is unlikely that an organism, such

as Methanomicrobia, is physically absent in intermediary timepoints such as P3d21 and P3d35 as the
pre and proceeding samples indicate its presence. This is tikelyto insufficient abundance, or
misassembly, of 16S rRNA genes in the metagenomics samples resulting in a false negative when
querying the GreenGenes database. Additionally, a large portion (30%) of sequence could not
accurately be classified to the#ass level. Unclassified sequence is typically present in most complex
microbial community phylogenetic studies, although usually a level betwels¥&Guo et al., 2015;
Lietal., 2013; Y. Verastegui, J. Cheng, K. Engel, D. Kolczynski, S. Mottavigne), J. Montalibet, T.
Romantsov, M. Hall, A B. J. McConkey, D. R. Rose, J. J. Tomashek, B. R. Scott, T. C. Charles, 2014)

Using the alternative RefSeq database, which is a curated and annotated database of genes and
proteins, showed a similar bunmore consistent microbial community structure when compared to
using the GreenGenes database. Organisms sucActisobacteira Bacterodia Clostridia and
Methanomicrobiawere present throughout all sample points. By using the more comprehensive
database more sequence was able to be classified to leave on average 12 % of sequence unclassified.
This lower level of unclassified sequence is more in line with the previously mentioned studies.
Additionally by comparing the pre (P1) and post (P2hneoeulating microbial communities little
RATFSNBYyOSa NP aSSy AyRAOFGAY3 GKIFEG GKS LIR22N AY
and not that of changing community composition. TBecterodigpopulation only proliferated, from

5 to over 40 %, oncéne reactors started being fed at the highest pot ale leBakterodichave shown

to be positively correlated with carbohydrate, and also proteins, intake and subsequent degradation
in gut microbiomegBermingham et al., 2017; Hall et al., 2017; Jang et al., 2017; Li et al., 2017; Wu et
al., 2019) Organisms detected in the pot ale degrading widéal communities such as; Clostirida,
Bacterodia, Methanomicrobia Synergistia Verrumicrobiaea Alpha Beta Delta and Gamma
proteobacteria have previously been identified in biogas producing microbial communities degrading
feedstocks such as; distillers grain with solubles, food waste, wastewater sludge, avicel (a
carbohydrate) amongst other@lagen et al., 2015; Ho at., 2013; ManyLoh et al., 2013; Montalvo

et al., 2012; Park, 2012; Vanwonterghem et al., 2014; Zhu et al., 2019; Ziganshin et al., 2011)

4.6.3.2 Microbial community functionality and metabolic pathways

Functional classification and quantification of metagenic samplereads using COG and KEGG
showed diverse functionality with amino acid and carbohydrate metabolism being most abundant.

Relative abundance of carbohydrate metabolism associated genes did not increase over the duration
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of the experiment and thergs I & y 2 GaALISOAIf A&l GA2YéEé 2F YSGlo2f
suggested by the increase in Bacterodia, known carbohydrate processors. Like in this study,
carbohydrate and amino acid metabolism are typically the two most abundant functional groups of

genes present in environmental metagenomics in both soil, freshwater and AD microb{@aest

al., 2016; Meneghine et al.,, 2017)he COG and KEGG databases established resourcefor

metagenomics functional annotatigitiassa et al., 2018; Maus et al., 2016b)

Multiple KEGG pathway were reconstie using data from time points to identify transitions to or

from certain types of metabolism. Although multiple complete or mostly complete universal KEGG
pathways were constructed including; Glycolysis, TCA, Pentose Phosphate, Purine metabolism,
Pyramidne metabolism and Amino acid degradation, there were no clear shifts to or away certain
pathways based upon presence/absence indicators. In fact, some sugars transporters, RhaP, NgcE and
MalK, showed presence only in either P3d0 or P3d21 samples and pi or proceeding samples.

This suggests that there is insufficient sequencing depth in individual timepoints to accurately
reconstruct all pathways across all organisms present. A fact not surprising when considering that
most soil and sludge samplesaxtremely diverse and are home to over 100 spe(@es et al., 2016;
Campanaro et al., 2018Dne of the drawbacks that metagenomics has is that all sequence iseahaly
rather than just active microbes or genes relating to feedstock degradagtimssiblyleading to the

Y2ali NBftS@OlIyli YAONRO6SA 2N) 3SySa o60SAy3a aGRNRBgySR

4.6.4 Transcriptional analysis of theghasic peak

Metatranscriptomic analysis of the microbial community in the 115 hours following pot ale feeding
revealed a diverse functionality of Hydrolase, Lyase, Transferase and Methanogenesis related
processes related to pot ale degradation. Unlike the metagenoariatysis, the metatranscriptomic
analysis involved transcriptome contig assembly then remapping of reads back onto the assembly to
calculate expression abundance to provide more accurate abundance data. As of now, no time course
anaerobic digestion transiptomics and especially no transcriptomics regarding pot ale degradation
have been studied. By using transcriptomics the likely pathways for {pledsic methane production

peak was determined in addition to identifying crucial taxa.

Two hydrolytic pathways were identified as the main methane producers in anaerobic digestion of pot

ale. Firstly the rapid hydrolysis of maltose to butyric and acetic acids by Clostridia which results in a
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rapid methane production spike followed by a second, slower, hydsotyfsbarley betaglucans to

sugars by Clostridia, Bacteroidia and Gammaproteobacteria.

4.6.4.1 Maltose degradation is likely responsible for initial peak gas production

Transcripts performing a molecular function that were highly upregulated, either in termsnof ra
abundance or fold change, in the first four hours of digestion were considered to have an essential
role in creating the first peak in the-phasic gas production activity of the community. Barley used
for whisky production is typically high in maltogied fructose and although the majority is used in
fermentation, up to 2% of residual sugars and 20% dry carbohydrates still ré@RiFeeds, 2015;

G{ LISe { & NikiEhscptHassigoed to the class Clostridia represented over 90% of the total
in the first four hours following feeding is assumed that all the maltose degradation was performed
by this group of organisms. Clostridia are well understood to be responsiblndomajority of
hydrolysis in anaerobic digestion systems, especially grain based feed&haaket al., 2015; Maus

et al., 2016b; Vanwonterghem et al., 2014; Ziganshin et al., 20hE) enzyme catalysed reaction
mechanism proposed, according to supportive transcriptomic evidence, for the degradation of

maltose is as follows

Maltose or methyl beteD-glucoside hosphateA alphaD-glucose Iphosphate”A D-fructose 1,6
bisphosphate” glycerone phosphate +-§lyceraldehydes-phosphateA pyruvateA organic acids

A methane

4.6.4.1.1 Transferase Linearmalto-oligosaccharide phosphorylase

Maltose in barley malts is present in either the traditional disaccharide form or as maltofioset

al., 2018) Firstly the maltose chain is phosphorylated by a linear rralgmsaccharide phosphorylase
which releases a single alpbrglucose iphosphate molecule in the reaction scheme below. As
transcripts codindor linear maltooligosaccharides reached over 4000 TPM (over a 200 fold increase)
within the first two hoursit is likely that this enzyme reaction represents the first step in maltose

degradation within pot ale and is responsible for initiating the fingtthane production peak.
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hydrogenphosphate + maltoligosaccharide = alpHa-glucose iphosphate + maltaligosaccharide

4.6.4.1.2 Hydrolase Methyl betaD-glucoside §hosphate glucohydrolase

Dynamics in hydrolase classified transcripts revealed a shorsharp increase of Methyl beta
glucoside €éphosphate glucohydrolase transcription which catalyses the reaction below which
suggests that methanol is produced within the first two hours. However, analysis of methanogenesis
pathways revealed that methanogesis from methanol (and methanogenesis from other methyl
substances such as methylsulfides, methylhalides and methylamides) was not present and data
instead indicated hydrogenotrophic and acetoclastic methanogenesis. Conversion of methanol to
acetate hadeen observed in anaerobic digestion systems and occurs preferentially at higher pH, such
as pH 8 as used in this stu@aulo et al., 2003)ndeed this hypothesis correlated with accumulation

of acetate between the hours of 0 and 4 with an increase from 0 mM to 8.6 mM. Although presence
of methanol dehydrogerse was detected, newly discovered anaerobic methanol dehydrogenases are
typically found in methyltrophs and require rare earth metals to functi@itone and Op den Camp,
2019; Vu et al., 2016; Wu et al., 2018)is also possible that as pot ale was stored aeropichis
facilitated aerobic oxidation of methanol when fed although no transcripts were identified relating to
its subsequent oxidation product; formaldehyde. Unfortunately, the detection of alcohols was not
covered in this experiment although spectroscopémzymatic and chromatographic methods of
detection exist and could be pursued in the futui€llis et al., 2019; Mangos and Haas, 1996;
2ATYyASgall. SG f®Z Hnampo
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methyl betaD-glucoside §hosphate + H2®@, beta-D-glucose hosphate + methanol

4.6.4.1.3 Lyase; fructosebisphosphate aldolase

D-fructose 1,6bisphosphate is first generated via isomerisationgbycose6-phosphate isomerase
activity asconfirmed transcriptomically (fpplementaryFile SmallMol.csy The resulting Bructose
1,6-bisphosphate is the used by aldehyde lyase fructoskisphosphate aldolase which catalyses the
reaction below to cleave the biphosphorylated sugar into two smaller 3 carbon chained prothists.
corresponded to the accunfation of propanoic acid (a three carbon VFA) between the hours of 0 and

4 increasing from 0 mM to 6.3 mM.This lyase was the most transcriptionally relevant lyase GO class in
terms of both relative abundance (TPM) and folthnge was transcripts that hagén annotated.

The phosphorylated glycerone and glyceraldehyde products can be converted into fattys acids such as
propanoic and acetate (by Clostridia, which are present) otbftanediol by Enterobacteria via
pyruvate anaerobic oxidatiofBiebl et al., 1999; Viana et al., 20172hus, the sharp increase of
propanoic and acetic fatty acids between the hours of 0 and 4 can partly be attributed to Clostridia,
as over 90% of transcripts can be assigned taxonomically during $hd fiours, and the increased

transcription of fructosebisphosphate aldolase.

Unfortunately, GO term analysis failed to find links between pyruvate and propanoic as described in
the literature previously mentioned although a major increase isopentenyl diphosphate
biosynthetic process related transcripts, of 145 to 5407 TPM between 0 and 2 hours, suggests high
activity of the isoprenoid biosynthetic methylerythritolghosphate pathwayBunney, P. E., Zink, A.

N., Holm, A. A., Billington, C. J., & Kotz, 2017; Heustln 2012) Recently isoprenoid pathways have
been the target of metabolic engineering for the environmentally friendly production of isoprene, a
rubber precursor, in addition to Clostridia mediated conversion of fructose and syngas to isoprene

(Diner et al., 2018; Li et al., 2018&urther investigation into the fate of pyruvate in the system may
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provide an informative basis for integrating the anaerobic digestion of pot ale into an isoprene

biorefinery type process.

D-fructose 1,6bisphosphate = glycerone phosphate -glpceraldehyde8-phosphate
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Overall the use of GO terms and reference databasésdféo provide as much data regarding fatty

acid related processes when compared to hydrolases, lyases and transferases. This unfortunately
means the biological cause behind production and degradation of fatty acids, as confirmedriia,GC

is unknown. Tis missing link in the GO based pipeline is a critical weakness since fatty acids and
related metabolism is key to the anaerobic digestion process as fatty acids are a universal intermediate
in the degradation of any biopolymer such as; agricultural rmatieimal waste products or sewage.
Thus, before further use, a standalone experim@mtolving the transcriptomic analysis of a fatty acid

fed reactor followed by subsequent annotation and identification of kethyways or transcript
families wouldprovide data invaluable to the field of anaerobic digestion as a whdi¢he time of

writing, no timecourse transcriptomic studies of VFA degradation in AD have been performed.

4.6.4.2 Likely candidates for secondary peak
4.6.4.2.1 HydrolaseLicheninase

The only hydrolytic dated GO term that showed any increase over time, aside from the initial bursts
of activity in the first 4 hours, was transcripts corresponding to licheninase activity which remained
over 3000 TPM (a 400 fold increase) between 12 and 52 hours. Lichenioadessystematic (&3)
(1->4)beta-D-glucan 4glucanohydrolases, cleave theg1,4)D-glucosidic linkages imixedlinkage
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https://en.wikipedia.org/wiki/Mixed-linkage_glucan

glucanscontaining both (1,3)and (1,4)bonds as shown belo@iHahn et al., 1995Mixed link@e beta
glucans are typically found in cereals such as barley and are part of the residual material left over

following fermentation(Mangan et al., 2016; Yoo et al., 2007)
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Multiple organisms could have attributed to the increased activity of licheninases as although
Clostridia activity dominated the first four hours of theperiment, the organissrepresent between

30 and 40 % of total transcripts between the 12 and 52 hour timepoints with the rest of the bacterial
transcriptome being comprised mainly of Bacterodia, Bacilli and Gammaproteobacteria related
transcripts. All 6the previously mentioned groups of organisms are known to produce a variety of
licheninasegHahn et al., 1995; Schimming et al., 199)rther fermentation of glucose molecules
into butyric acid isgpported by the increased concentration from 0 mM to 1.9 and 1.5 mM on hours
32 and 52 respectively, although the pathways for this are unclear since there are no trangeripts

detected related tdoutyrate production from glucose.

4.6.4.2.2 Lyase 2-dehydre3-deoxyphosphogluconate aldolase/ldroxy2-oxoglutarate aldolase

Both 2dehydro3-deoxyphosphogluconate aldolase/-dydroxy2-oxoglutarate aldolase showed
similar expression increase trends to that of licheninases suggesting their linkage. Tégiression
suggests that licheninase-darbon (and possibly 5 carbon as suggestdt/@droxy2-oxoglutarate
aldolase) by products are first converted inted@hydro3-deoxy-6-phospheD-gluconate (or 4
hydroxy-2-oxoglutarate ) through an unknown means before lgeinansformed from the 6 or 5
carbon intermediate into pyruvate. The fate of this pyruvate produced probably ends up in
methanogenesis, as it is supported by the increase in methane concentration, however expression
analysis only showed a maximum pyruvdthydrogenase (acetyl transferring) activity less than 30
TPM.
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4.7 Conclusion

Pot ale was anaerobically digested at an organic batch loading rate as high as 7 g COD / L within the
reactor and showed a highly successful COD removal of over 95% and conuaisianbiogas
containing wer 50% methane highlightingsiexcellent properties for long term anaerobic digestion,
especially in nitrogen limited systems. Real time monitoring of biogas richness identified the presence
of bi-phasic methane production whicinitially suggested hydrogenotrophic methane production,
from small molecule hydrolysis and subsequent hydrogen productioClbgtridia followed by
acetoclastic methanogenesis from biopolymers. Metagenomic analysis showed a relatively stable
community stucture over time comprised of main{ylostridia Bacterodia Deltaproteobacteriaand
Methanomicrobia Further transcriptomic identified that over 90% of total transcriptional activity
could be attributed to four classesClostridia Bacterodia Gammaprot@bacteria and
Methanomicrobid highlighting their key role in the anaerobic digestion of pot ale. Functional
annotation of transcripts disproved the hydrogenotrophic hypothesis but provided evidence to
support an initial burst of methane activity causedrbglto-oligosaccharide hydrolysis, by Clostridia,
and acetoclastic methanogenesis followed by a slower, rate limiting, liberation and subsequent
degradation of glucose from mixed linkage betacans by licheninase enzyme. Furthermore, the
transcriptomic dentification of the rate limiting enzymatic hydrolysis step, liberation of glucose from
beta-glucans by licheninase, is not just useful for pot ale anaerobic digestion but the methodology
used may be also be applied in the field of anaerobic digestianndmle and opens the door towards

feedstock specific enzyme addition.

The newly built lab scale AD system showed improvement to the modified BMP tests performed
previously as real time methane sensors and gas volume analysis identified degradatiors kindtic
in this case a bgphasic methane production process from pot ale. A larger scale system ensured that
the microbial community could be fed and sampled over many months with minimal community
disturbance which resulted in increased methane conversifficiencies from 25 to 47 % as the

community adapted.

PAAY3 F oYdzZ GA w2YA0a FLILINRIOK 2y |y FRFELGAY3I O2Y
of some, of taxa in the sludge community structure, as determined by metagenomics, and allowed
identification of active and inactive populations by comparing relative genomic abundance with

relative transcriptional activity abundance, over 90% of transcriptional activity could be assigned to a

combination of Clostridia, Bacterodia and Methanomicrobia higkihg the possibility of a simple
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synthetic community for future studies. Although some assembled contigs showed matching regions
of over 20,000 bp, whole genomes of the two most abundant organisms, Clostridia and Bacterodia,
were unable to be assembled éuo either insufficient long read depth or assembly strategy.
Additional long read sequencing runs and contig binning, such as usireg kequencies, would
improve metagenomics assembly and provide an accurate reference metagenome which may
additionallyaid transcriptome assembllbertsen et al., 2013; Alneberg et al., 2014; Campanaro et
al., 2016; Wang et al., 2015)

Correlating gas data, VFA data and transcriptomics allowed identification of key pathways and
enzymatic reactions involved in anaerobic diges@tofi LJ2 G |t So ! aAy3 | adG2LI
condensing transcript information into GO categories allowed rapid investigation of biological
processes of interest which facilitated identification of key hydrolysis and methanogenesis steps.
However, theihkage between the various hydrolytic processes and fatty acid degradation is not clear
and further work needs to be done in either database curation or transcript annotation. Although
community transcriptional responses to oleate (an 8 carbon fatty d@dg been investigated in an

AD system, analysis was confined to pre and post feeding expression levels, rather than a timecourse
investigation or testing response to specific fatty acids which could be identified by sequential fatty

acid feeding of an imeasing carbon lengtfirreu et al., 2016)

Supplementing the transcriptomics with metabolomics may have yielded valuable insights into how
the fatty acids are formed. A metabolomics dataset wallected but unfortunately there was

insufficient time to perform analysis on this rich and complex dataset.

Finally, the next step in the investigation of pot ale anaerobic digestion would be to purify licheninase
enzyme and supplement it when feeding é@amine changes in methane production kinetics and

determine if the cost is economically feasible on a larger scale. However, the pipeline presented here
may also be used to determine the rate limiting enzymatic hydrolysis steps in a variety of feedstocks

and may be better suited to analysis of material considered difficult to degrade.
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4.9 Supporting Information

Sample Name % Dups | % GC | Sequences
(Million)

P3d41_S153_L008_R2_001 10.40% | 49% 11.8
P3d41_S153_L008_R1_001 11.50% | 49% 11.8
P3d39_S152_L008_R2_001 9.30% | 48% 9.6
P3d39_S152_L008_R1_001 10.40% | 49% 9.6
P3d37_S151_L008_R2_001 10.30% | 48% 11.4
P3d37_S151_L008_R1_001 11.30% | 48% 11.4
P3d35_S150_L008_R2_001 9.00% | 50% 8.5
P3d35_S150_L008_R1_001 9.90% | 50% 8.5
P3d21_S149_L008_R2_001 8.20% | 50% 7.7
P3d21_S149_L008_R1_001 9.10% | 50% 7.7
P3d0_S148_L008_R2_001 8.00% | 50% 9.2
P3d0_S148_L008_R1_001 8.70% | 50% 9.2
P2d6_S146_L008_R2_001 7.10% | 51% 8.9
P2d6_S146_L008_R1_001 7.80% | 51% 8.9
P2d28_S147_L008_R2_001 8.40% | 50% 10.3
P2d28_S147_L008_R1_001 9.20% | 50% 10.3
P1ph8d35_S145_L008_R2_001 | 7.40% | 51% 7.3
P1ph8d35_S145_L008_R1_001 | 8.10% | 51% 7.3
P1ph8d10_S144_L008_R2_001 | 8.10% | 49% 10.4
P1ph8d10_S144_L008_R1_001 | 8.90% | 49% 10.4
P1ph4d35_S143_L008_R2_001 | 8.70% | 51% 11
P1ph4d35_S143_L008_R1_001 | 9.70% |51% 11
P1ph4d10_S142_L008_R2_001 | 7.30% | 50% 9.3
P1ph4d10_S142_L008_R1_001 | 8.10% | 50% 9.3

Supplementary Tablé.1l. Sample sequencing read statistics.
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Mean Quality Scores

Phred Score

Position (bp)

Supplementary Figuré.1. Positional quality scores of short reads.

Decreased read quality was observed at the ends of each read so was trimmed accordingly.

thoan Quatty

Export Plot

Supplementary Figuré.2. Positional quality scores of long reads overall (top) and following low quality

sequence remaal (bottom).
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Supplementary Figuré.5. Taxanomiassignment of metegenomic DNA samples according to the GreenGenes
16S rRNA database.

Although reads were assigned to the database the limitation of the database is that is hosts 16S rRNA gene sequences
eexclusively and is not able to assign identity bagsoh the majority of metagenomic data

1.00
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0.80 W Bacili
070 B Eacteroidia
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Supplementary Figurd.6. Taxanomic comparison of the start of phase 2 and the end of phase 3 shows an
increase in Methanomicrobia species according to the GreenGenes 16S rRNA database.
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Supplementary Figur4.7. Glycolysis KEGG pathway

Occurrence of genes related to the glycolysis pathway were mapped out which showed overall the presence of most genes
at all timepoints.
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Supplementary Figur4.8. Citric acid cycle KEGG pathway

Over the course of the 6 month experiment no major specialisation of genes relating to citric acid cycle metabolism were

detected.
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Supplementary Figur4.9. Pentose phosphate KEGG pathway
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Over the course of the 6 month experiment no major specialisatibgenes relating to citric acid cycle metabolism were

detected.
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