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Abstract
Municipal solid waste (MSW) is any nmadlustrial waste produced in households
and public ocommercial instituns. 3.4 billionannes of MSW will be produced annually
by 2050, but unsustainable practices like landfilling and incineration currently dominate
MSW management. The organic fraction of MSW (OMSW) typically comprises ~50%

lignocellulog-rich material but is underexplored as a biomanufactufegdstock

This thesis investigated OMSW as a feedstock for producing renewable biofuels and
chemicals. Uniquely, the OMSut¢rived fibreused in this project was produced via a
commercial autoclee pretreatment from a realistic and reproducible MSW mixtuighe
OMSW fibre was subjected momprehensivecompositional analysiand hydrolysis and
OMSWhydrolysate was analysed for sugars, metals amatker inhibitors to evaluate
fermentability. Waste residueswere investigated as a feedstock ftwogasproduction
Next,the growth and productivity of eight diverse and biotechnologically useful microbial
specievas characterisedn OMSW fibrénydrolysatesupplemented with 1% yeasktract

and the best candidate was further characterised antprovedfor industrial applications.

The OMSW fibre contained a large polysaccharide fractcmmprising 38%
cellulose and 4% hemicelluloggydrolysate of OMSW filerwas high in Bjlucose and b
xylose, low in inhibitorsdeficient in nitrogen and phosphatnd abundart in potentially
toxic metals Hydrolysis residues containeal sixfold greater metal concentration but
generated 33.4% more biometharia anaerobic digestion compared to unhydrolysed
fibre. Microbial screening identified three species that robustly and efficiently fermented
OMSW fibre hydrolysaté8accharomyces celisiag Zymomonas mobiliand Rhodococcus
opacus These species could theoreticgigoducel39Kgand 136 Kg of ethanol and 91 Kg
of triacylglycerol (TAGper tonne of OMSW respectively R opacushad the highest
fermentation productivity,concurrently ughg D-glucose and Bxylose and producingAG
to 72% of maximuntheoretical yield. Expression of heterologousthioesterasein R.

opacugto augment lauric acid production proveshsuccessfuhndrequiresfurther work.

Overall, this study showed that OMSM/a promising renewablé&edstock for
biomanufacturing.The microorganisms identified through this wogtew robustly and
efficiently on OMSW fibre hydrolysate amgle promising candidates fateveloping an
OMSW biorghing platform.
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Chapter 1:General Introduction

1.1  Anthropogenic Climate Change: A Brief History

Humans have been converting raw organic materials into useful and more valuable
products for thousands of years wine, beer, vegetable oil, textiles and paper are all
traditionally made by refining biomass through stages of-fpeatment, processing,
sepaation and/or conversion. Until approximately 200 years ago, renewable sources of
energy were used to power these processes where necessary, including wood burning and
wind or waterdriven mills(Edinger & Kaul, 2000Technological innovations during the
industrial revolution enabled the manufacture of desirapl®ducts in a mechanised way
on a larger scale than ever before. Consequently, craft and manual labour was rapidly
replaced by automated, power driven machines fuelled with fossil fuels, including coal,
petroleum and natural gas. As the human populatioevgand socioeconomic structures
shifted, the demand for products escalated and these industries expanded and diversified
(Pandey et al, 20155imultaneously, reliance upon fossil fuels became consolidated into
the foundation of our industries, economies and societigchell, 2009)

¢C2RIe F2aaArf FdzSf a a dzUEAf 2016)GElobally 84T millionk S
barrels of oil are used per day, with the majority supplying the transport sector. Byproducts
of fossil fuel refining such as naphtha are also useg@roduce chemials and plastics
(Cherubini, 2010Many projections suggest that fossil fuel reserves will be depleted by the
end ofthe century(Abas et al, 2015; Aleklett & Campbell, 2003; H66k & Tang, 204i3)
inevitability greatly threatens global socioeconomic and political stability as the world is
now almost exclusively reliant upon energydaroducts derived from fossil fuglslitchell,

2009) A secondary but pivotal consequence of our fossil fuel dependence is the major
effect it is having on global climate. Fossil fuels are formed over millions of years from
degrading organic materialnd when they are excavated and combusted the carbon is
released back into the atmosphere, primarily as @l CH. We have been liberating this
carbon within a miniscule fraction of the time that was necessary to sequester it, thereby
disrupting the glohl carbon cycleHigure 1.} and enhancing the greenhouse effeéigure

1.2) (Cassia et al, 2018; Cavicchioli et al, 2019)
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sources and sink@igure taken from Cavicchioli et £2019))

Boxes shown in red, orange and pink are major sourcesrbbnemissions.
Boxes in green are majoarbon fks.

Thecarbon cycleinvolves thebalanced interconversion of carbon compounds in
environment. Carbon is sequestered tarbon sinks such as forests, peatlands, wetlar
permafrost andoceans. Carbon is also incorporated into living things. To balance this
carbon is naturally released, primarily through microbial decomposition of living things
respiration. Wherplants, animals and microorganisms die and become buried under ai
conditions, their carbotvased organic matter is convertéal fossil fuelsover millions of years
Fossil fuels represent an importagiiobal carbon sink. Extracting andifning fessil fuels to
power industry, agriculture and human activities rapidly releases fiadobnsourcesnto the
atmosphere therebydisruping the balance of the carbon cgclOther human activities als
contribute to the disruption of natural carbon sinks, forample by deforestation anc
destruction of wetlands.

Since the industrial revolution began, emissions from burning fossil fuels in
concomitance with intensified agriculture and deforestation have significantly increased
the concentration of geenhouse gasses in the atmosphel@Q levels have risen by 40%,
CH by ~150% and Ny ~20%. All in all this has led to a global atmospheric temperature
rise of 0.8°C above piiedustrial levels which has already triggered accelerated changes in

global weather and climate. The most noticeable consequences thus far include a
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significant reduction in arctic sea ice, a rise in sea levels and elevated ocean temperatures
(Pethica & Ostriker, 2014)s well as wideanging negative impacts on biodiversity and
ecosystem functiofAbrahmset al, 2017) In fact, it is projected that over a third of species

will be on an irreversible trajectory toward extinction by 2050, predominantly as a

consequence of anthropogenic climate charf@flaomas et al, 2004)

GREENHOUSE
EFFECT

3 - alps §0a

Natural emission and anthropogenic activity

Figure 1.2 Overview ofthe greenhouse effec{Figureadapted from Cassia et al, (2018

Thegreenhouse effecis a natural phenomenon by which solar radiation is trapg
GAGKAY (GKS 9FNIKQa (OGNRBLRZALIKSNBE of 26SN
surface it is reflected back into the atmosphere as thermal infrared radiation. This radiat
absorbel and subsequently emitted lyreenhouse gassefGHGS), including water vapou
ozone (@, CQ, CH, NbO and NO. The greenhouse effect is critical for keeping the E
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It has been estimated that the Earthill continue to warm at a rate of 0.30.7°C
every 30 years unless greenhouse gas emissions are curbed substgRtdlnd et al,
2018) The consequences a much warmer planet are unpredictable, but there is general
consensus that a global temperature increase of >1.5°C abovedgustrial levels will pose
a dangerous threat to humanity, while uncontrolled warming is likely to have far reaching,
catastrgohic effects for all life on EartfXu & Ramanathan, 2017)he Paris Agreement,
put forward in 2015y the United Nations Framework Convention on Climate Change, has
been tified by 183 nations and the EU. These nations have committed to reducing net
GHG emissions to zero by the year 2300 and taking immediate actions to ensure
greenhouse gas emissions do not exceed 2.7°C above tHadqustrial baseline by 2050
(UNFCCC, 2015)Ithough these commitments are encouraging, meeting these goals will
require an unprecedented degree of societal, industrial palitical transformation as well

as technological innovatiofde Coninck et al, 2018; Xu & Ramanathan, 2017)

1.2 Biorefining

Developing renewable alternatives to fossil fuels is crucial if we are to mitigate the
impacts of anthropogenic climate change. While carbeutral, renewable energy sources
such as wind, solar and hydroelectric power are increasingly being adopted tb mee
domestic energy need¢de Coninck et al, 2018Yhe demand for sustainable liquid
transport fuels and renewable raw materials for industrial manufaog remains largely
unmet (Berntsson et al, 2014kfforts in this area have led to the conception of biorefining,
comprehensively defined a8 4 KS adzaldlF AylFoftS LINRPOSaaAy3
marketalle biobased products (food, feed, chemicals and materials) and bioenergy
(biofuels, power and/or heat)IEA, 2008)Unlike fossil fuel refineries, biorefineries run on
renewable sources of biomass (feedstocks) that are replenishable over the course of a
human lifetime, thereby esuring that any carbon released into the atmosphere can be
sequestered back into raw materials at a comparable (gtecher, 2015)Biorefineries also
aim to integrate the recovery, valorisation and recycling of waste streéatosheir process
flow, thereby ensuring more sustainable, circular manufacturing processes in which

materials and energy are not wasté@herubini, 2010)
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A basic biorefining processigure 1.3 involves taking a renewable source of
biomass and subjecting it to successive stages of physical and/or chemical processing,
followed by conversion of these pfrocessed components tim products such as fuels,
chemicals or materials by fermentation with specialised microorgan{asakawa et al,
2018) Biotechnology, the technological dmation of biological systems, living things or
their derivatives for industry, is central to achieving sustainable biorefining. Compared to
traditional chemical manufacturing, bioased processes can operate at lower
temperatures, produce fewer byprodustand toxic wastes, are highly selective and can
even be reusable and selfeplicating(Gavrilescu & Chisti, 2005yurthermore, through
modern genetic engineering techniques, bioprocesses can be designed that produce novel
products or products that are challengitgsynthesise by chemical procesgese & Kim,

2015) Biorefinery processes can potentially be made even more sustainable through heat
integration and energy generation from waste streams. For example, waste residues from
fermentation andproduct purification can be incinerated or, along with waste water,
converted to biogagPandey et al, 2015Heat recaptured from fermenten processes

can also be harnesseBurthermore, any excess heat and energy produced in this way can
be sold back to the national gr{tEA, 2018)

The advent of biorefining hasmpelled initiatives to replace the linear economic
model that has been central to industrialisation (in short, takakedispose) with a
circular economic modeln a circular economy waste is a resource, to be recycled through
closed materials loops or revalorised in further manufacturing processes and industrial
symbioseqVenkata et al, 2016Biorenergy Task 42, of which the United Kingdom is one
of eleven members, was set up in 2007 by the International Energy Agency (IEA) to promote
the global bioeconomy by developing and implementing highly efficient biorefineries with
zerowaste value chag(IEA, 2016)However, in order to achieve fully sustainable, circular
systems across all industries and to meet the energy demands of the futareust not
only improve the sustainability of wedistablished bicgfinery value chains but alsdentify

new feedstocks and develop methods for their valorisation
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Figure 1.3General overview of an integratetiiorefining proceshain
(Figure by athor)

1.2.1 Renewable Feedstocks

Renewable sources of biomass are vital for sustainablemaipoufacturing.
Lignocellulose, the major component of the inedible parts of plants, is the most abundant
source of renewable carbon on the planet and is widely considered the best feedstock for
sustainable biorefiningGhatak, 2011)Lignocellulose contains up to 75% polysaccharides
in the form of cellulose and hemicellulogedure 1.4 which can be broken down into their
constituent sugars and used as a carbon source for fermentation. Cellulose and
hemicdlulose typically make up between Z5% and 2310% of lignocellulose composition
in higher plants, with the remaining-35% comprising lignin, an amorphous aromatic

heteropolymer(Marriott et al, 2016)
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Figurel.4: Structural configuration of lignocellulose within the plant cell wall
(Adaptedfrom Rubin, 2008

Thenonedible, woody parts of plants and pladérived materials such as paper a
primarily composed dfgnocellulose the major structural component of plant secondary ce
walls. Lignocellulose consists of up to 75% polysaccharides in the foomlldése and
hemicellulose(Marriot et al, 2006)Celluloses composed ob-glucosemolecules linked by-3
1,4-glycosidic bonds andbundled into crystalline microfibrils The microfibrils are linkec
together through hydrogen bonding with lomdpain polysaccharabs ofhemicellulose which
contains backbonesomposed of a rangef hexose sugars (Bglucose, Bmannose and b
galactose)and pentosesugars(D-xylose and 4{arabinose) that are linked by-134 and R1,3-
glycosidic bonds usually and also exhibit branctang substitution with oligosaccharide:
sugar acids (glucuronic acid and galacturonic acid), acetic acid and phenolic Hud
polysaccharide network is embedded in a matrixlighin, an amorphously polymerise
polyphenol composed of monolignol monomprcoumaryl (H), coniferyl (G) and sinapyl (S).
Lignin permeates thmacrofibril structure and reinforces the cell wall, contributing significar
to its durability (Rubin, 2008).
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A wide array of plant biomass sources are being investigated for their utility as
feedstocksg these are primarily agricultural bByroducts such as wheat straw and corn
stover which do not compete with food production, as well as forestrptoducts suclas
woodchips and grasses lildiscanthus sppthat can be grown on marginal larf®aini et
al, 2015) Biorefineries that run on these neadible, lignocellulosic feedstocks are called
WL RGFYOSRQ 2NJ WaSO2yR 3ISYSNIdGA2yQ o0A2NEB
feedstocks that directly compete with food production, such as starch from grains (maize
or wheat), sugar (beetroot and sugar cane) or oil crops (rapeseed and palm) and are
considered unsustainablgramakawa et al, 2018)

Hrst generation feedstoks are currently used at a commercial scale to produce
bioethanol or biodiesel. About 150 billion litres of biofuels were produced globally in 2018,
with the majority produced in the United States and Brazil from maize and sugar cane,
respectively(IEA) Second generation diefineries have been successfully demonstrated
on a pilotscale for the production of biofuels, blmased chemicals and materials but on
the whole commerciascale facilities still face an array of bottlene¢kéossberg et al,
2018) The scalability of second generation bioprocesses is greatly limited by lignocellulose
recalcitance (Marriott et al, 2016) Due to its complex macromolecular structure, the
crystallinity of the cellulose and the highly inert, amorphous nature of the surrounding
lignin matrix, lignocellulose is extremely difficult to break dovrgreat deal of research is
therefore being done to find economical and efficient ways of -precessing
lignocellulosic biomass in order to achieve viable sugar yields for use in bioréfidnmsgon
& Martin, 2016)

Apart from lignocelluloseecalcitrance other process inefficienciethat limit the
commercial viability of lignocellulosic biorefineries includeibitor formation and
fermentation (Yamakawa et al, 2018)as well as overhead costs for enzyn{&dein
Marcuschamer et al, 2012pretreatments and purification. Theseill require further
research to overcom@Marriott et al, 2016; Pandey et al, 201Burthermore, the volatility
of oil prices greatly influences the commercial viability offiiesed products as they deter
investment into biorefineries, infrastructure and vehicles that run on biofyélsia
Martinez et al, 2018Despite these limitationg;ompaniesaround the worldhave started
venturesin second generation biorefiningror exampleDupont, Beta Renewables, Raizen,

Poet/DSM, Abengoa andranBiohave invested heavily in cellulosic ethanol and are well
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positioned to overcome major technological and technical challenipas currently

constrainprofitable commerciaproductionat industrial scale§Yamakawa etla2018)

1.2.2 Pretreatment

In order to liberate sugars from lignocellulosic biomass it must be subjected to harsh
physical and/or chemical preeatments that make the lignocellulose more amenable to
enzymatic degradationPreprocessingincreases the ecessibility of lignocellulose for
enzymes by reducing cellulose crystallinity, depolymerising hemicellulose and/or
degrading lignifModenbach & Nokes, 2012The type of prdreatment used depends
greatly on the feedstock. In general, the biomass is first subjected to physical disruption,
such as milling, follone by a chemical or physicochemical treatmdModenbach &
Nokes, 2012)Chemical préreatments can include application of acids, bases, hot water
or steam, ionic liquids (IL) or organic solvents (termed organosolv). Physicochemical pre
treatments include ammonia fibre explios (AFEX), where biomass is exposed to liquid
anhydrous ammonia at gh temperature and pressuréydrothermal processes such as
liquid hot water pretreatment, in which biomass is brought to high pressure and
temperature, and steam gfosion, which inveles sudderdepressurisation of liquid hot
water pretreated biomass. Treatment with microwaves, ultrasound or supercritical CO
can also be appliefAlvira et al, 2010)

Pretreatments are generally costly and involve harsh conditions that can lead to
the degradation and transformation of a widenge of compoundsHigure 1.3. If present
at high concentrations many of these compounds can be inhibitory to enzymes and
microorganisms employed later in the process. The most common and toxic degradation
products include furan aldehydes, particularly-Hydroxymethylfurfural (8HMF) and
furfural, which are formed under high temperatures from the degradation of hexoses and
pentoses, respectively. These compounds inhibit microbial growth and can cause DNA
damage. Some microorganisms, suchSascharomyces mavisiaeo . NB g SNDa &S
convert furfural and 8HMF to less reactive alcohol derivatives, but growth and
fermentation cease until this conversion process is complete, thereby reducing overall
bioprocess productivityAlmeida et al, 2008AImeida et al, 2009)

Other inhibitors mclude aliphatic organic acids, which can form from hydrolysis of

acetyl groups derived from hemicellulose. Formic acid and levulinic acid can also form when
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furfural and SHMF are hydrochemically degraded under very harsh conditions or extended
pre-treatments (Jonsson & Martin, 2016)Aliphatic acids disrupt the pH gradient across
microbial membranes, thereby inhiliig or killing the microorganism. For fermentative
species likeS. cerevisiathese acids are generally inhibitory at concentrations above 100
mM, with a toxicity hierarchy of acetic acid < levulinic acid < formic @ddsson et al,
2013) Lignin degradation can lead to the formation of a diverse array of aromatic and
phenolic compounds. These vary greatly between feedstocks and are difficult to identify
and quantify, although common marker compounds include vanillin and cinnamaldehyde.
The mechanism of toxicity is poorly understood, but it is postulated that phenizdere

with cell membrane integrity. Different phenols have also been shown to have a variety of
cellular targets and mechanisms of inhibitigAdeboye et al, 2014)At uM to mM
concentrations phenolics can also inhibitdnglysis by inducing precipitation in enzymes

(Ximenes et al, 2010)
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Figurel.5: Common byproducts derived from lignocellulosic biomass during
physicochemical préreatment
(Taken from dnsson &Martin, 2016.
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The types of inhibitors formed vary greatly between fmeatments, with some
methods producing fewer or lower concentrations of toxic compounds than others.
Generally less harsh methods such as hydrothermattq@a@ments produce fewer
inhibitors but arenot effective for pretreating all types of biomass. Approaches that are
being taken to improve préreatment efficiency and reducing inhibitor formation include
breeding and engineering less recalcitrant feedstocks, detoxifying feedstocks after pre
treatment using additives (reducing agents, alkali, polymers), extraction or enzymes,
treatment with inhibitor degrading microorganisms (bioabatement), and also evolutionary
or genetic engineering of fermentative microorganisms for superior inhibitor tolerance

(Jonsson & Martin, 2016)

1.2.3 Enzymatic Hydrolysis

Pretreatment is typically followed by hydrolysis, also termed saciication, in
which specialised enzymes, usually derived from fungi, are used to liberate sugars from the
lignocellulose. To fully degrade cellulose and hemicellulose a wide range of enzymes (i.e.
cellulases and hemicellulases) are required. Cellulosiohysis generally involves four
major enzyme classes lytic polysaccharide monooxygenases (LPMOs) which oxidise
crystalline cellulose, introducing breaks into glucan chains and increasing accessibility for
other cellulases; endoglucanases, which randommylrolyse internal covalent bonds
between microfibrils, thereby creating free ends for other cellulases to act upon;
exoglucanases (i.e. cellobiohydrolases) which produce free glucose and cellobiose
molecules by cleaving glycosidic bonds from free redu@nd norreducing ends of
cellulose chains; and-flucosidases (i.e. cellobiases) which hydrolyse cellobiose and
cellulooligosaccharides to liberate glucose moleculeigure 1.6)(Andlar et al, 2018;
Jorgensen et al, 2007; Van Dyk & Pletschke, 2012)

As described above-igure 1.4, hemicellulose consists of a matrix of branched
polysaccharides that are highly structurally and chemically diverse and closely associated
with other cell wall components. A wide range of highly specific hemicellulolytic enzymes
must therefore act syneisgtically to effectively hydrolyse all the distinct structural
components of hemicellulos@roeker et al, 2018; Van Dyk & Pletschke, 20AR)ng with
hemicellulases that degrade |y and oligosaccharides, effective hemicellulose

degradation requires the action of various esterases and furanosidAsesar et al, 2018)
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Unlike cellulose and hemicellulose, lignin hashighly amorphous and nemepetitive
structure, making it a difficult target for enzymes. However, to maximise polysaccharide
accessibility, lignin must be degraded or modified. This can be achieved through the activity
of free radicals, mediated by enmes such as laccases and peroxiddblese & Teunissen,

2001)

/.O

| Crystalline I Amorphous region | | Crystalline —__|
region of cellulose region
Cellulose
exoglucanase removing BHI exoglucanase removing
CERN cellobiose from NR end c cellobiose from R end
-G B-glucosidase _ endoglucanase

Hg—— cellobiose dehydrogenase
moonooxigenase (LPMO) (CDH)
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Figurel.6: The enzymatic degradation of cellulose by endoglucanases,
exoglucanases, §lucosidases and LPMOs
(Adaptedfrom Andlar et al, 2018

NR = nofreducing end; R = reducing end;
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Plant cell walls evolved to resist degradation, therefore these enzymes must all act
synergistically to successfully break down the complex macromolecular structure of
lignocellulose. Achieving effective hydrolysis on an industrial scale necessitatesesnzym
that have a high catalytic efficiency, thermal stability and are not prone tependuct
inhibition. Specially formulated mixed enzyme cocktails have been developed specifically
for biorefinery applications. These cocktails typically contain an assottiof cellulolytic
and hemicelluloytic enzymes derived from crude cell lysate of filamentous fungi and can be
attained in bulk quantities form specialist companig®pes et al, 2018) Enzymes have
also been engineered to have superior properties that improve lignocellulose degradation,
for example the cocktail Cellic® Ctec3 recerdfveloped by Novozymes contains
proprietary engineered enzymes with improved performaifdevozymes, 2019)

Enzyme efficiency is considered a major factor in facilitating viable industrial
biorefining (Lopes et al, 2018) arge volumes of water are necessary to achieve efficient
conversion to sugars amost pretreatments and enzymatic processes rely on water to
facilitate degradatior(Zhao et al, 2012However, to ensure that sugar legen the final
hydrolysate are concentrated enough for viable fermentation, biomass loadings must be as
high as possible ideally >15% wi/v total solids (T@Ylodenbach & Nokes, 2012This
reduces the amount of available water and limits process efficienB&sed on convsion
yields and fermentation efficiencies reported in the scientific literature for ethanol
production from corn stover, the cost contribution from enzymes would be $1.47 per
gallon. Assuming conversion at maximum theoretical yields, the cost of enzyméd w
contribute only $0.68 to the price per gallon. Overall, the compounded cost of enzyme
cocktails and inefficiencies of hydrolysis and other processing stages limit the potential for
biorefineries to competitively produce biosased products from lignotlalose (Klein

Marcuschamer et al, 2012)

1.2.4 Fermentation

The term fermentation has several meanings in different contexts. In the field of
biochemistry fermentation refers specifically to metabolic processes in which an organic
compound is broken down (catabolised) to generate energy under oxiyger{anaerobig
conditions. Fermentation iselieved to bean ancient method of energy productias it

can occur without the tricarboxylic acid (TCA) cydlike other forms of metabolism, such
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as aerobic or anaerobic respiration, fermentation produces the universaigy molecule

adenosine triphosphate (ATP) through substrleel phosphorylation without involving

external electron acceptors, electron transport systems or membrane potential. At its most

basic, fermentation can be described as the oxidation of bsgate to an oxidised

intermediate, with some of the energy from oxidation contributing to the production of

ATPFEigure 1.7. To restore the cellular redox balance, the oxidised intermediate is reduced

to an end product, thereby regenerating nicotinamiddenine dinucleotide (NAD), the

cofactor that was used in the initial oxidati¢hiodar, 2012)

A SUBSTRATE
, NAD

ADP +Pj ——=
— = NADH>

ATP -——

OXIDIZED
INTERMEDIATE

NADH>

— NAD

REDUCED
END PRODUCT

B GLUCOSE
<—— 2NAD
2 ADP +2Pi
—— 2 NADH>
2 ATP

2 PYRUVATE

2 NADH2

—— 2 NAD

2 LACTATE

Figurel.7: A model fermentation pathway
(Takenfrom Todar (2012)

A. A basic fermentatiorinvolving the oxidation of a substrate by the oxidising ag:
nicotinamide adenine dinucleotiddNAD). Energy from this oxidation enables tt
generation of a molecule of adenosine triphosph#&&R from adenosine ghhosphate
(ADB and phosphate ). To restore the cellular redox balance, thgidised
intermediate is reduced to aend product thereby regenerating the oxidising agel

NAD from the reduced forrlNADH.

B. A lactate fermentation, in which the substrddeglucoseis oxidised to two motailes of
pyruvate, thereby generating two molecules ATP The two pyruvate molecules ar
then reduced to two molecules of the fermentation end prodaatate.
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In the context of industrial biotechnology, the definition of fermentation isdater,
encompassing anymicrobial biomanufacturing processindependent of aerobicity
(Salmond & Whittenbury, 1985Modern industrial fermentation processes employ first
generation feedstockand are generally carried out in beactors via batch or featch
processes with a single species (monoculture) of bacteria or fungi that produce a product
of commercial interes(Paulova & Branyik, 2013} wide rangeof important and valuable
commodity and specialty chemicals are produced by fermentation, such as antibiotics,
bioethanol and citric acidSalmonl & Whittenbury, 1985) Other microbially derived
products include enzymes, for example proteases used in laundry detergents, and
biopharmaceuticals, such as human insulin, which is produced with a genetically
engineered strain of the bacteriuscheribia coli(Jozala et al, 2016)

In biorefining, sugarich hydrolysates liberated from lignocellulosic biomass
through saccharification can be used as carbon sources for microbial fermentations.
Fermentations are generally carried out as an independent processing stage after
hydrolysis, but fermentation and saccharification can also be combined in a process called
simultaneous saccharification and fermentation (SSF). SSF enables sugars to be&eférme
as they are released by enzymes, relieving the product inhibition that limits enzyme
efficiency. Furthermore, because SSF can be carried out in a single vessel the process use
less energy and saves processing tifiakkellapati et al, 2018)However, separate
hydrolysis and fermentation (SHF) is more traditionally wsed allows for optimisation of
each step independently to increase overall product yield. The method used is largely
dependent upon the type of biomass and properties of the fermentative microorganism
(Srivastava et al, 2015)

Along with the basic traits of a good industrial strain, such as rapid product synthesis
and tolerance to the stressful conditions of an industrial bioreactor, a biorefining strain
must also be able to grow efficiently and robustly on the lignocellulesddtock and
utilise the full spectrum of available hexose and pentose sugars without suffering from
product inhibition or inhibitor toxicity. In reality no strain naturally exhibits all the
properties necessary for industrial production. Industrially ieadirains are developed for
a dedicated bioprocess by targeted selection and improvement through directed evolution
and genetic engineeringChen & Dou, 2015)Strains can be selected, evolved and

engineered for a variety of desirable characteristics. For example, inhibitor and product
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tolerance can be enhanced by improving stress response, increasing membrangyintegr
or raising efflux pump activiggpunlop, 2011)

Productivity can also be increased by expanding the repertoiugérs used by
the microbe. Most microorganisms preferentially fermertgdcose, but Exylose, the
second most common sugar in lignocellulosic hydrolysates, often cannot be fermented by
industrially useful species. Species that do fermentyl@se typicdy exhibit carbon
catabolite repression (CCR), wherein one sugar (usuallyddse) is used preferentially
over other sugars, leading to sequential rather than simultaneous carbon source
fermentation. Simultaneous mixesugar fermentation is crucial for na effective
lignocellulosic bioproces¢Zhang et al, 2015)Introducing Dxylose fermentation is
therefore a major engineering target and has been successfully achietfechwmerous
industrially useful microorganism&grawal et al, 2010; Dien et al, 2003; Kim et al, 2013;
Kurosawa et al, 2013; Lee et al, 2012; Smith et al, 2014)

The most welkstablished and robust species for industrial biorefining areShe
cerevisiaeand Zymomonas mobilisThese two ethanol fermenting species (ethanologens)
have been widely studied, adapted and engineered to produce bioethanol and other
produds. S. cerevisiaproduces ethanol via the Embddieyerhof (EM) pathwayHigure
1.8), wherein Bglucose is sequentially oxidised to produce two molecules of pyruvic acid.
Pyruvic acid is then reduced further to the end product ethanol and (@& reaction:
Glucose + 2 ADP + 24P 2 Ethanol + 2 GG 2 ATP + 228). The EM pathway is present in
almost all living things and its ermoduct, pyruvic acid, is the precursor for the
biosynthesis of many fermentation products, including alcohaigaoic acids, fatty acids,
and gasse§Todar, 2012)
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Figurel.7: The EmbderMeyerhof Pathway
(Takenfrom Todar (2012)

The EmbdeMeyerhof (EM) pathway is the major pathway used for the dissimilatio
D-glucose to pyruvic acid, a precursor that can be further converted to fermentation pro
such as alcohols, fatty acids, organic acids and gasses.

The bactetim Z. mobilison the other hand produces ethanol via an alternative
route called the EntneDoudoroff (ED) pathway-{gure 1.8. Like the EM pathway, the ED
pathway yields two pyruvate molecules, but via an asymmetrical sequence of oxidations
that result n the production of only one molecule of glyceraldehy@giphosphate and the
first pyruvic acid. Glyceraldehyeephosphate is oxidised further via EM pathway reactions
to form the second pyruvate. The two pyruvate molecules are then reduced to produce a
net yield of two molecules of ethandTodar, 2012)Using the ED pathway for ethanol

fermentation is unusual as this pathway is typically found in aerobic microorganisms.
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However, by adapting the pathway for anaerobic fermentatomobiliss able to produce

ethanol with exceptional efficiengBucholz et al, 1987)

glucose

ATP
» ADP
glucose-6-phosphate
NAD
»NADI,
6-phosphogluconic acid
~H,0

2-keto-3-deoxy-6-phosphogluconic acid

pyruvic acid glyceraldehyde-3-phosphate
C 2ADP
» ZATP  (Embden-Meyerhof
acetaldehyde + CO., s pethwey)
acetaldehy CO. » NADH,
NADH, !
| »NAD pyruvic acid
ethanol

acetaldehyde + CO,

NADH,
NAD

ethanol

Figurel.8: The EntnefDoudoroff Pathway
(Taken from Todar (2012)).

The EntneDoudoroff (ED) pathway used by Zymomonas mobilis for eth
fermentation. Net reaction: Glucose + ADRA4 P Ethanol + COr 1 ATP + 2.0

Another important product that can be produced from renewable biomass is
biodiesel, which is produced by -pitoducing (oleaginous) microorganisms such as
microalgae, some bacteria, yeasts and fufMeng et al, 2009)Microbial oils are stored
intracellularly in the form of triacylglycerol (TAG)gure 1.9A). TAG can be extracted from
cell biomass and chemically transformed into biodiesel by transesterificdigarg 1.9B)

(Alvarez & Steinbtichel, 2002)
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Figurel.9: Triacylglycerol structure and mechanism of transesterification to Biodie:

(Figure by author, with Aaken from Wikimedia commons (public domain) and B. adapte
from Lestari et al(2009)).

A: Structure of ariacylglycerol (TAGmolecule. TAG is made up of a glycerol molecule 1

three fatty acid (FA) chains attached. The FAs can be of varying landtfunctionality, but

typically range between 120 carbons in nature.

FAs are named based on the number of carbon atoms and degree of saturation. Carbc

ydzYo SNBR FTNRY (GKS FANRG OF Nb 2 y-caboh) tdiifidBate

regions of unsaturation (doublé 2 Yy Ra 0 ® ¢ KS FAYylFf OFNb2y A

carbon. For example, the fatty acids in the TAG molecule shown above are (top to bc

/' YMcYn O6tFfYAGAO FOAROT [/ myIvoledgoid). 6 hf SA O

B: Transesterification afiacylglycerol(TAG) in the presence of methanoptoducefatty acid
methyl esterskAME$which can be used dsodiese| andglycerol R"= various FAs

TAG is produced by similar pathways in both eukaryotes and prokaryotes but is
rarer in bacteria ¢ so far only heterotrophic aerobes (primarily in the order
Actinomycetales) and cyanobacteria have been shown to synthesise(Alk&ez &

Steinbuchel, 2002)TAG metabolism involves a series of complex analaoid catabolic
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pathways that occur under aerobic conditio®sgure 1.1@&ndAppendix IX. Cells produce

TAG as a means of storing carbon under conditions of nutrient limitation. TAG has a higher
calorific value than proteins or carbohydrates, meaning it yields more energy when
oxidised, enabling cells to live off their stores until enviromtaé nutrients become

available once moréAmara et al, 2016)

[l
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Oxaloacetate Isocitrate E/, Propionyl-CoA

/ \ Methyimalonyl-CoA
TCA “
Fatty Acid SR
Cycle / Biosynthesis FrEstown
[2] r [5] (¢]

Succinate Succinyl-CoA
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Phosphoenolpyruvate - Dihydroxyacetone-P s

= . . & Lysophosphatidic Acid
EI Glycolysis E] Fatty Acid
Biosynthesis
Phosphatidic Acid
Iz TCA cycle E] p-oxidation

1

Diacylglycerol

E] Methyimalonyl-CoA

pathway Glyceroneogenesis

Triacylglycerol
R

LA

pathway degradation

E] Malonyl-CoA Triacylglycerol
.

Fatty Acids

Figurel.10 Triacylglycerol Metabolism
(Adaptedfrom Amara et al, (2015)

Biosynthesises reactions are shown in green. Biodegradation reactions are shown
Metabolism is shown for -Blucose but can be substituted with any carbon source that
oleaginous organism can catabolise to the key precur@oesyCoA, propionylCoA, malonw
CoA and glycereB-Phosphate.

TAG can be synthesised from any carbon source that can be broken down by the
microorganism to the key precurspacetydlCoA, propionylCoAmalonytCoAand glycerdl

3-phosphate These precursors are sequetly condensed by dedicated fatty acid
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synthases to varying carbon chain lengths and bsaidiration Figure 1.165). At the same

time, diacylglycerol is derived from glyce®phosphate Figure 1.167). To produce a
molecule of TAG, diacylglycerol isndensed with three FA chains by diacylglycerol
acyltransferase (DGAT). When the cell enters a state of starvation, TAG is broken down vie
a series of degradation pathways that involve splitting the TAG molecule into its constituent
FAs and a glycerdfigue 1.108). Glycerol is regenerated to glycef®phosphate and the

FAs are degraded via the-oRidation pathway, thereby regenerating aceG@bA and
cofactors which are fed back into the tricarboxylic acid (TCA) cycle and electron transport
chain to prodee energyKigure 1.166) (Alvarez & Steinblchel, 2002; Amara et al, 2016;

[ SAGFENR . SO |t wnndo

TAG production is a slow process relative to secreted fermentation products such
as ethanol due to the complexity of the physiology involved in transitioning between TAG
synthesis and vegetative growth. TAG synthesis typically does not begin latstil
exponential phase when nutrients become limitiiglvarez & Steinbtichel, 2002} is
therefore critical that the fermentation medium contains a balance of carbon and nitrogen
that ensures optimal levels of biomass production before TAG synthesis begins. Cells must
also be harvested at the point whelTAG has reached peak concentrations to avoid cells
catabolising their storef@Dong et al, 2016)

Another class of important bibased products are platform chemicals, which are
molecules that can be transformed into wide range of industrially valuable products via
chemical conversion. An example is lactic a¢idy(re 1.1). Lactic acid is produced at an
annual rate of ~320,000 tonnes by industrial microbial fermentations and can be used as a
building block to produce several useful chemicals. Lactic acidbearducedand then
dehydrated to produce propylene oxide, directly dehydrated to acrylic acid or
hydrogenated to propanoic acid. Alternately it can be polymerised to polylactic acid, a
biodegradable polymer with excellent properties for replacing plastics in paukamnd
textiles, or esterified to lactate esters, which are valuable solvents. Similarly, ethanol,
although primarily used as a fuel, can be converted to acetaldehyde, acetic acid and other
molecules used for polymer synthesis, including propylene, etieyland butadiene

(Takkellapati et al, 2018)
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Figurel.11 Value-added products synthesised from lactic acid
(Takenfrom Takkellapati et al, (2018)

Other platform chemicals that can be produced biologically, are of industrial
relevance and have been identified as being of high market attractiveness incldti=5
levulinic acid, methanol, 1;Butanediol, 1,3propanediol, 2,5urandicarboxylic acid, -3
hydroxypropionic acid, acrylic acid, adipic acid, butadienmannitol, epichlorohydrin, L
lysine, levoglucosenone, glycerol, glucaric acid, fumaric acid, fatty alcohols, malic acid,
methyl methacrylate, muconic acid;butanol, polyhydroxyalkanoates, pgoglene glycol,
paraxylene, terpenoids, itaconic acid, succinic acid, furfural, xylitol, sorbitol and isoprene
(LBNet, 2017)

Biorefining promises to transform the fuel and chemical sector and direct industry
toward a more sustainable circular economic model. Although biorefining is a relatively
recent development that still suffers from a range of technical challenges, mashabaxd
technologies and processes are coming of ageincreasing number of companies have
begun to invest in the biorenewables sector aates from biebased products are growing
at an annual rate of 8%verall the production of renewable bimsed cheritals is set to
rise significantly in the coming decades, witiedicted sales reaching between $37841

billion by 202(QTakkellapati et al, 2018)
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1.2.5 Other Outputs

Biorefineries are highly capitaitensive. Plants based around a single conversion
technology are more sensitive to market volatility and have higher overheddshraises
product costs andowers capacity for competing with petroleuderived equivalents
(Fernardo et al, 2006) To develop a truly sustainable and circular biorefinery requires the
integration and maximal valorisation of all waste streams resulting from a bioprocess,
generally referred to as integrated biorefinii@herubini et al, 2009)A biorefinery with
several outputs can flexibly produce products to match market demands and supplement
overhead costs by internally generating power. Major waste streams in biorefineries that
can be used to mduce energy and power include waste water from-fmeatment, lignin
and other waste residues produced through hydrolysis, fermentation residues (spent cells
and medium) as well as waste heat generated during fermentation or from cooling reactors
after heat-based pretreatments(Fernando et al, 2006)

A major avenue of investigation has been lignin xaédion. Lignin is the major
residue left over after cellulose and hemicellulose have been saccharified and although it
is a highly recalcitrant heteropolymer, a wide range of vadded products can be
produced from it Figure 1.12. The simplest methodf valorising lignin is by producing
syngas via gasification, however a variety of other pathways have also been demonstrated,
such as conversion to hydrocarbons, oxidised products, phenols and macromolgédes
2013)

Oxidised
Syngas Hydrocarbons Phenaols pr):; d:f:ts Macromolecules
Methanol Benzene Phenol Vanillin Binders
Ethanol Cyclohexane Cresols Aldehydes Adhesives
Kerosense Styrenes Syringols Quinones Polyols

Figurel.12 Value-added productssynthesised from lignin
(Figure by author, based dBA (2013)
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Another major avenue for valorising biorefinery waste streams is anaerobic
digestion (AD). AD is an established industrial process used around the world for treating
waste water and solid waste. AlthougkD employs relatively simple technology, it is a
highly multifunctional solution for treating a wide range of wastes, with over 30,000
industrial plants in operation worldwide, permanently producing 10,000 MW of power
(Calusinska et al, 2018Furthermore, AD outputs have numerous useful applications
biogas can be used for electricity, heat and fuel while the digestate, which contains spent
cells and nutrientich organic matter, can be used asganic fertilizer(IEA, 2018)In a
standard AD processFigure 1.13A) organic waste is fed to an anaerobic microbial
community consisting of hundreds of diverse microorganisms that synergistically degrade
biomass to biogas rich in methane (Cfffigure 1.13B).

Efficient methane production is largely dependent upon compleeractions
between all species in the microbial community. The critical step of methane synthesis
(methanogenesis} carried out exclusively bychaea, but their productivity is dependent
upon the availability of acetic acid, Bihd CQ. These precurss can only be produced by
other species specialised in carbon source degradation (hydrolysis), acidogenesis and
acetogensis, which generally belonging to the major phyilamicutes, Bacteroidetes,
Proteobacteria,and Chloroflexi(Nelson et al, 2011)Bacteroidetesprimarily carry out
hydrolysis and fermentation of organic material to produce volatile fatty acids (VFAs), H
and CQ that can be utilised by other members of the commuyniProteobacteria
(particularly of the clas®eltaproteobacteriq are vital due to their ability to degrade
compounds like glucose, butyrate, propionate and acetate 1@atl CQ. Firmicutesalso
play an important role as degraders of volatile fatty acids (VFAs) adlipers of acetic
acid used by mhaea for methane production, whil§&hloroflexare important for nutrient
cycling as degraders of carbohydrates and cell mat@vatihiro & Sekiguchi, 2007; Nelson
et al, 2011)

Finally, the recapture of heat and integration of povigcritical for biorefining as it
provides an auxiliary source of energy to lower operational costs. Wastettgetwer
technologies are already implemented in other industries to collect argseeheat lost
during processing. Recovery is usually addewith heat exchangers and heat recovery
steam generatorgdJouhara et al, 2018)n the context of a biorefinery, heat and £0

produced by fermenting microorganisms can be captured and used to power pre
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treatment and purification processes. Additional power can be gatieel by combusting
waste residuegNizami et al, 2017)Overall, valorising waste residues such as lignin,
diverting waste water and residues to AD and recapturing heat for power recovery should

be an integral part of any trulgustainable and circular biorefining platforf@herubini et
al, 2009)

A Anaerobic Digester

Agricultural
waste
Food waste
Biosolids &
Waste Water
Feedstock
Acetic 'f»r@f
Hydrolysis acid 6‘%
099
Ze,
e
Acidogenesis  \/[FAs  Acetogenesis -
o
o
0
o(\
H;+CO, ¥

Figurel.13 Overview of Anaerobic Digestion
(Figure by author, based on IE2018))

A: Anaerobic digestion plant inputs and outputs;

B: Biosynthetic pathways of biogas productioThe major metabolic activities carried out t
microbial communities inside an anaerobic digester include hydrolysis of the feedstock to ¢
molecules, which in turn are converted by acidogenesis to volatile fatty acids (VFAS). VF
converted by acetogenesis to acetic acidahld CQ, which are metabolised by methanogen
Archaeao CH and CQ

41



Chapter 1: General Introduction
1.3  Municipal Solid Waste

The effective management of wastedssignificantiogistical and economic challenge
that will become increasingly difficult to achieve as our planet becomes mdranised
and overpopulated. Municipal solid waste (MSW), which encompasses arAynahastriad
waste, including refuse from households, small businesses and public institutions, is of
particular concern(DEFRA, 2015b)Just over 2 billion tonnes of MSW are currently
generated by human beings yearly and volumes are projected to rise to 3.4 billion tonnes
per yearby 2050(Kaza et al, 2018)This escalation is prim#y attributed to increasing
urbanisation and growing economic prosperity, particularly in lower and miadieme
countries where waste generation is anticipated to increase-18%%. Holistic and
economical solutions are needed, not only to cope with #ignificant volumes of waste
that will be generated, but also to mitigate the environmental burden of poor waste

management and recover amdcyclefinite resourcegHoornweg, 2012)

1.3.1 Global Impact

The waste we generate has a considerable impact on the environment: the primary fate
of MSW is to end up in landfills, where anoxic decomposition of the organic fraction leads
to the release of methane, a potent greenhouse gas. Landféighe third largest sources
of anthropogenic methane emissions after animal husbandry and the energy sector, are
projected to contribute substantially to the net global temperature rise over the next
decade and will continue to be the leading cause afming in 100 year§Figure 1.14)
(Myhre, 2013.

Landfills are the most economical means for disposal of MSW and the most common
method used globally, with over 90% of all MSW landfilled in many developing countries
(Lamb et al, 2014)Another common disposal method is incineration, which can be used to
generate energy in the form of heat, but at the costelasing greenhouse gasgésmb
et al, 2014; UNEP, 201%)ess developed nations often lack the infrastructure necessary for
effective MSW management, leading to MSW accumulating on roaglgiddiuting air and
water and creating unsanitary conditions that can spread dis@dsernweg, 2012)Poorly
managed MSW also clogs up waterways and makes its way out into the.&@¥nof

plastic polluting the marine environment originates from countries with large coastal
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populations and poor waste management infrastructure, including China, Indonesia, the

Philippines and Vietnaili et al, 2016)

———
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Figurel.14: Contribution of different greenhouse gas emissions sectors to the ne
mean global temperature changgzojected forthe next 20 years
(Figure taken from Myhrg2013).
The major greenhouse gasses, methane)@hrtd C@are showrin brown and red,
respectivelyVOC = volatile organic compounds; CIC = contrail induced clouds.

Even amongst the worlds most developed nations, landfilling and incineration are
still the fate of at least half of all MSW. In the United States of America 52.5% of all MSW
is landfilled, 12.8% is incinerated and only approximately 25% is recycledharskOes is
composted. In the European Union (EU) a few member states have attained recycling rates
of 50%, but landfilling and incineration are still widely implemented (Eurostat, 2Bitjtixe
1.15displays the trends of MSW treatment in the EU since 1@¥hough landfilling has
become less common overall, the amount of waste that is incinerated has risen by 100%
since 1995, totalling 64 million tonnes in 2014 (Eurostat, 2016). Overall, it appears that
countries that have successfully curbed landfilloger the last few decades, such as
Germany, Sweden, Switzerland and Belgium, now have some of the highest rates of waste
incineration Figure 1.1 However, more sustainable practices such as recycling and

composting have also seen some increase (Eurp2€t7).
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Figurel.15 Managementof municipal solid waste produced in European Union
countries from 1995 to 2014Taken from Eurostat (Eurostat, 2016).
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Figure 1.16Prevalence of landfilling (left) and incineration (rightcrossEuropean
Unionmember states in 2015
(Maps generated by author using data from Eurostat (217)
Legend shows kilograms of municipal solid waste disposed by each method per capit

Incingation for energy capture has become widespread in the EU and is now us
dispose of 26% of all MSW, a 100% increase from 1995 levels (Eurostat, 2017b). Conc
landfilling has fallen by 58% since 1995 and is now the fate of 25% of MSW.
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Incineration is more widespread than landfilling across Europe because it can be coupled
to energy recapture for domestic heating. Despite this benefit however, incineration only
represents the lesser of two evils as this process still generates sagmif@® and NO
emissions. It also requires more sophisticated infrastructure compared to landfilling, which
hampers its implementation in less developed nati@oamb et al, 20140verall, effective
management of MSW is imperative if we are to ensure sustainable development on a global
scale. There is a pressing need for economical and environmentally friendly methods to
manage MSW that are logistically feasible for large urbgpufaiions and lower income

nations(Hoornweg, 2013)

1.3.2 MSW Management in the United Kingdom

The total greenhouse gas emissions from wasted materials and waste management
processes in the UK is over 200 million tonnes of, @@h a further 15 million tonnesf
CQ equivalents annually emitted by landfills in the form of methane. Although these
emission levels are significant, they are about 77% lower than 1995 levels due to reductions
in the amount of biodegradable waste geto landfill, enacted in compliance with
European Commission Directive 99/31/@BEFRA, 20187 his directive dictates thahe
United Kingdom (UK) must reduce the volume of landfilled biodegradable material to 35%
of 1995 leels by 2020 in order to reduce landfilerived methane emissions, which it is
reportedly on track to d§gDEFRA, 2015bQurrently however &out 15.7 million tonnes of
MSW are still landfilled annually in (~23% of all MSW produced) of which ~7.7 million
tonnes (49%) are ibdegradable. A further 10 million tonnes are incinerated and the
remainder is recycled, composted or subjected to anaerobic digei&frRA, 2018)
Historically the UK has relied more heavily on landfills for waste disposal than other
European nations. Rey strategy for landfill mitigation was the introduction of a landfill tax
in 2009 to disincentivise local authorities from landfilling biologic8W) the major cause
of methane emissiongGregson et al, 2015)ocal councils subsequently outsourced waste
management to integrated materials recovery facilities (MRFs), which are commercial
facilities that mechanically and/or biologically process MSW using a variety of established
technologies Figure 1.17. There are over a hundred MRFs operational across the UK and
GKSe KIFIgS 06S02YS AyiGS3aNI{ {(DEFRARSLINEhCH NB

digestion facilities are also widespread, with 486 plants currently operating around the
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country, 84of which provide biomethane directly to the national g(MINFCC, 2019AD is
primarily used for the treatment of domestic food and green waste, but also agricultural

waste, manure and liquid was{®EFRA, 2015a)

RESIDUAL
WASTE

INPUTS

PREPARATION STAGE1
PROCESS

SEPARATION BIOLOGICAL STAGE 2
TREATMENT / BIO- PROCESS

BIOLOGICAL
TREATMENT

SEPARATION STAGE 3
PROCESS

BIOGAS (for CLO/ RECYCLING

AD) DIGESTATE (metals, glass,

Figure 1.170verview of nechanical and bitogical processing stages operating
within an integrated maerials recovery facility (MRF)
(Taken from DEFR2013).

AD = anaerobic digestion. CLO = comyliketoutput.
Fuel = eneray recovered from incineration

On average MSW produced in the UK is highly heterogeneous, consisting primarily
of plastic (20%), food waste (15%) paper (11%) and card (8%). Minor components include
garden waste, textiles, shoes, carpets, furniture, metal, glass, hazardous waste and waste
electrical and electronic equipment (W.E.EEY(re 1.18 Organic componentsush as
card, paper, garden waste and discarded food make up approximatebp%0of MSW
(DEFRA, 2015b)These materials are primarily of plant origin are therefore rich in

lignocellulose. Globally most MSW contains about60@ lignocellulose, although the
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levels are highly dependent upon consumption patterns, geography and socioeconomics

(Barampouti et 312019).

OTHERNON-ORGANI
4%
!|-|'..)A°ZARDOU

GARDEN
3%
\ oTHER
ORGANOC
TEXTILES &
go,)é’E% SANITARY
. 2%

Figure 1.18 Major constituents ofBritish MSW by percentage.
(Figure by authomsingnationalestimatesfor 2011 fromthe Department for Environment,
Fisheries and Rural AffaiBEFRANDEFRA, 20150)

W.E.E.E = Waste Electrical and Electronic Equipment

1.3.3 Municipal Solid Waste as a Feedstock

Effective MSW management is central to developing a circular economy. The EC
KAIKEAIKGA 1S@& | NBI Ensitrg engrdy kedovely Sfthieeyddblé & 1
waste; Reduce energy intensity of waste treatméatid] increase use of biodegradable
waste for bioenergy and biproductsg (EC, 2011)Over half of the MSW generated in
9dzNB LIS A& ORFOARGSNBRS@®yagzi 02y ( krishyoeganidzld
material. This orgnic fraction of MSW (OMSW) is estimatedhave asimilar energy

potential tothat whichcould be attained from available agricultural residasacil et al,
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2017) HoweverOMSW is considered a waste material and therefore has a limited number
of permissible uses.

The application of any MS¥erived organic material onto agricultural land is
currently not permitted within the EU because it is typically contaminated with yeav
metals and organic pollutants that persist in the environment and are of ecotoxicological
concern, such as polynuclear aromatic hydrocarbons (PAHSs), polychlorinated biphenyls
(PCBs), polychlorinated dibenPalioxins and furans (PCDD/Fs) and phthaléfeslinger
et al, 2004) Thus OMSW is typically incinerated for electricity production or subjected to
anaerobic digestion. It can also be stabilised by drying and composting and then used as
landfill capping materiaor applied onto marginal land, but these applications require
special permits and are greatly dependent upon the degree of contamindb&FRA,
2013) OMSW is generally considered an underutilised feedstock and is frequently
highlighted as having good potential for biorefig applications(Aracil et al, 2017;
Barampouti et al, 2019)

Severafeatures make OMSW an attractive feedstock for biorefirgngis high in
lignocellulose, abundant, continuously produced and does not compete with agriculture.
Furthermore, the landfill taxes and gatees that are legislated to disincentivise landfilling
of OMSW can make it highly economical to source. For example, the gate fee and landfill
tax rate in England for landfilling ndrazardous waste is between £889 per tonne
(WRAP, 2018Another benefit is that components such as paper and card have already
been processed ia previous industrial manufacturing step, making them more amenable
to enzymatic degradation than raw plant materfdénsen et al, 2011However, there are
also several inimitable challenges associated with valorising ONM®&\¥e other sources
of lignocellulose, OMSW composition is extremely heterogeneous and inconsistent. It
varies greatly across both temporal and geographical scales angar@nts can originate
from innumerable sources. The organic fraction also comes into close contact with a wide
array of inorganic materials, many of which could introduce toxic compounds or metals
into the biomass that may be inhibitory to enzymes andnmentative microorganisms
(Aracil et al, 2017; Barampouti et al, 201Burthermore, there is a need for commercially
viable separation technologies that can effectively segregate the organic fraction from

inorganic materials to produce a useable feedstock.
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So far OMSW ds been widely studied in the literature as a feedstock for AD
processes, composting and incineratiPhdhikari et gl 2013; Clarke, 2018; Dang et al,
2017; Di Maria & Micale, 2015; Hartmann & Ahring, 2005; Lavagnolo et al, 2018;
hQ/ Ittt 3KFYyY wnanmcT wklF@A SiG I t.HowevwermpT
investigations into the amenability of OMSW for biorefining have been limited compared
to other feedstock¢Barampouti et al, 2019; Matsakas et al, 20Ptpgress made so far in

the field of OMSW biorefining will be revieweddetail in the forthcoming chapters.

1.3.4 Wilson BieChemical and the Wilson System®

Wilson BieChemical Ifttp://wilsonbio-chemical.co.uky is a company based in

Yorkshire, United Kingdom, that has deveddpa commercial autoclavieased process
known as the Wilson System® for fireating mixed MSW Kigure 1.19).Autoclave
treatment converts the organic fraction of MSW to a homogenous organic fibre known as
Wilson Fibre®. Inorganic materiadmid plastics ae sent for incineration while other
valuable materials such as ferrous/néerrous metals, glass and textiles are recycled
(WilsonBieChemical, 2018)The commercial autoclave vessedisgure 1.20 are large,
rotary, baffled vessels that can be loaded with up to 20 tonnes of MSW per 45 minute run.
Each vessel can process up to 150,000 tonnes of MSW per annum, diverting 90% of waste
from landfill(WilsonBieChemical, 2018)

Processing of inorganic material through the Wilson System® is a commercially
viable process. However, the organic fraction makes up@i of MSW and represents a
large waste stream with few commerciatale applications. In recent years Wilson-Bio
Chemical have invested in research on potential commercial applications of Wilson Fibre®
YR KI @S &adz0O0S achdIdaA d 8Q I & Wl A eHeREFINRIgERRafust 0 A
is granted by the EC to wastes that have undergone sufficient recovery to qualify as a
product (i.e. secondary raw materiggC, 2019Having enebf-waste status eliminates the
need for a waste plant operating licence, therebwésing the cost of planning permissions
and enabling any biorefinery developed around Wilson Fibre® to be classified as a bespoke

production plant.
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Matal Glass Plastie

b
S

Figure 1.19: Overview of the Wilson Syst&m
(Figure by author)

Mixed MSW is loagtl into the autoclave vessel which is sealed and then trest@60°C
and 87 psi with dry steanThe vessel slowly rotates during treatment to agitate the M&%\a
result ofthe treatment the waste is sterile, homogenised and compacted, allowing the orc
and inorganic fractiont be more easily separatetflaterials are separated both manually ar
using automated vibrating screens of varysiges. Inorganic materials such astal and glass
are recycled. Plastics are sent for incineration with heat recapture. The organic materic
remains is called Wilson Fibre® and is high in lignocellditmnBio-Chemical, 2018)
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Figure 1.20: Th&Vilson System Autoclave
(Images printed with permission from Wilson-Bibemical Ltd.)

. Image of an industrial scale Wilson System Autoclave with capacity for 20 tonnes of mixed
MSWper run

. Interior of the Wilson system autoclave filled with M3®@&fore autoclaving.

. Interior of the Wilson System autoclave filled with MSW, post autoclaving. Compared to
the image in B, it is evident that plastic and other organic materials have collapsed while
organic material has become more homogenised.
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1.4 Aims and Objectives

This PhD project is a BBSRC Industrial Cooperative Award in Science and Engineerir
(ICASE) studentship carried out in partnership with WilsorCBiemical. The primary aim
of this studyis to evaluateOMSWfibre as a feedstock fgproducing renewable bioiels or
chemicals.To characterise this complex feedstodietOMSW fibre wilbe subjected to a
comprehensive compositional analysighis will befollowed byenzymatic hydrolysist
high solids loadingo producean industrially relevanhydrolysate The fermentability of
the OMSW fibre hydrolysate will be evaluated by compositional analysistoént levels,
fermentation inhibitors and toxic metal&\dditionally,the hydrolysis vaste streamwill be
investigated asa feedstockfor anaerdic digestion. Finally, eight microorganisms of
biotechnological interest will be screened for the ability to robustly and efficiently ferment
OMSW fibre hydrolysatelhe most promising candidate speciedl be improved further
for industrialapplicatiors through genetic engineering.

A critical challenge faced lbgsearchers interested in studying OMSW is finding realistic
and reproducible material for experimentslsing OMSW sampled from a single site in
relatively small volumes does not fully capturesthariability and heterogeneity of this
feedstock at industrial scales and over timEhrough collaboration withwWilson Bie
chemical we have developed a method for producing an industrially relevant and
reproducible source of OMSW. A predetermined mixtofrerganic and inorganic materials
was constructed according to the national statistics reportedDiFRA (2015Mgfrigure
1.18) and subjected to autoclave pteeatment in a pilotscale Wilson System®. The
resulting Wilson fibre® (henceforth termed OMSNre) is both reproducible and
representative of OMSW produced across the UK.

Although the constructed OMSW fibre produced for this project is made up of a known
and reproducible mixture of materials the feedstock itself is still highly heterogeneous,
complex and uncharacterised. A comprehensive compositional analysis is therefore
required in order to support further studie€hapter 2provides a detailed summary of the
structural and norstructural components of the constructed OMSW fibre, with the aim of
determining the percentage abundance of lignocellulose and evaluating whether the
cellulose and hemicellulose fractions are large enough to be practicable for bioprocessing.
Other important components, including oils, proteins, metals and ash are alsstigated

and assessed in the context of developing a viable OMSW biorefinery.
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Chapter 3s concerned with the hydrolysis of OMSW fibre, with particular focus on the
fate of metal species during the hydrolysis process. The fermentability of OMSW fibre
hydrolysate is indirectly assessed based on the abundance and concentration of sugars and
the presence of inhibitors, toxic metals and microbially accessible nutrients. Furthermore,
the utility of a major waste stream, the residual material left over aftedrbjysis, is
investigated as a feedstock for biogas production through AD.

Chapter 4aims to identify microorganisms of biotechnological utility that demonstrate
robust and efficient growth on OMSW fibre hydrolysate. First the hydrolysate is evaluated
for microbial toxicity and nutrient limitation using the model fermentative species
Escherichia colResults ar¢hen presented for fermentation screens with eight different
microbial species of biotechnological interest on nutrisopplemented OMSW fibre
he RN2fealiSe 91 OK &aLISOASAQ In®evalustEd ahdNP R
compared based on quantitative fermentation parameters. The most productive species,
the oleaginous strailRhodococcus opactl TXM61, is characterised in greater detail on
OMSW fibre hydrolysate. Finally, with the aim of manipulating the FA profile opacus
to improve its industrial utility, results are presented from the heterologous expression of
a plantderived acyacyl carrier protein thioesterase iR. opacugrownon OMSW fibre

hydrolysate.
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Waste Fibre

2.1 Introduction

The organic fraction of MSW is an abundant, cheap and renewable source of
lignocellulose but has been largely unexplored for biorefinery applications compared to
other feedstocks. Harnessing OMSW for industrial bioprocessing involves a number of
unique chdlenges, including (1) heterogeneous and inconsistent feedstock composition;
(2) the need for efficient and industrially scalable methods of separating the organic
fraction; and (3) the presence of residual metals and other pollutants in the feedstock that
could have inhibitory effects on enzymes and/or fermentative microorganisms.

OMSW used for research purposes is typically acquired by manually sampling and
sorting organic waste from local establishments such as restau(auitsikari et al, 2013;
AielloMazzarri et al, 2006; Lay et al, 199Bhe compositional profiles of OMSW from these
sources vary significantly depending on the typestablishment or the processing stage
when it is intercepted, making them irreproducible and limiting comparability between
studies. Some groups have tried to improve reproducibility by using materials such as
newspaperMcCaskey et al, 1994fpod waste (Ma et al, 2009) and even dog f¢bDang
et al, 2017)o represent OMSW. However, these substrates arguably fail to fully capture
the heterogeneous nature of MSWierived organic materials.

OMSW composition is largely dependent upon socioeconomic factors and the
prevailing waste management practices. It also varies significantly over geographic and
temporal scale¢Kaza et al, 2018y he abundance of organic material in MSW ranges from
30-60%(Kaza et al, 2018)nd reports of the lignocellulose fraction range between-600
(Barampouti et al, 2019Barampouti et al (2019) averaged thgnlbcellulose composition
reported for OMSW across a wide range of published sources, encompassing data from
countries all over the world, and found that the average lignocellulose composition in
OMSW is 15.214.6% cellulose, 7.44.6% hemicellulose and 946.6% lignin. OMSW also
has a tendency to accumulate contaminants, especially metals, from contact with inorganic
wastes which can further contribute to their complex composition. These metals are likely
derived from MSW componentuch as batteries and have a tendency to be retained in
the paper fraction of OMS\WAbdullah & Greetham, 2016pn average, the most common
metals reported in analyses of OMSWopnder of abundance, are Cida, K, As, i, Fe, Al,
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Zn, Ba, Pd, Ti, Mn, Sn, Cr, Bo, Ni, Br, Mo, W, Co, Se, V, Ag and Cd, many of which can
highly toxic to lifg(Barampouti et al, 2019)

The complexity of OMSW contrasts starkly with agricultunad dorestry by
products which generally exhibit relatively consistent compositional proférriott et
al, 2016)and do nottypicallycontain toxic metals. However, the fact that OMSW is widely
available, rich in lignocellulose, doret compete with agriculture and currently has few
highrvalue applications make it an appealing feedstock to investigate for sustainable
biorefining(Barampouti et al, 2019; Haddadi et al, 2018; Meng et al, 200t$9t said, the
various pitfalls outlined above highlight the criticenportance of using an industrially
relevant source of OMSW to ensure the results of empirical studies are transferable.
Industrially relevant sourcesf OMSW that have been used in published studies include
OMSW collected directly from local MRétswade treatment plants(Farmanbordar et al,
2018b; Ghanavati et al, 2015; Hartmann & Ahring, 2005; Jensen et al, 2011; Lavagnolo et
al, 2018)and autoclave préreated OMSWADbdhulla, 2016; Ballesteros et al, 2010; Li et al,
2012b; Meng et akR019; Puri et al, 2013)

Autoclaving is an established industrsghle process that is already employed in
the waste industry to recover resources from MSW and enables rapid, hygienic and
effective separation of organic and inorganic componef@airos et al, 2015)Three
studies that have reported compositional prefl for autoclave préreated OMSW: An
MSWderived paper pulp isolated by autoclaving contained 55% cellulose, 18%
hemicellulose, 24% lignin and 3% g$§turi et al, 2013)OMSW fibre produced on an
industrial Wilson System® autoclave analysedAbgeltRahman et al (2013jontained
27.8% cellulose, 15.45% hemicellulose, 17.7% lignin, 11.2% lipids and 5.9% protein.
Similarly, OMSW produced by autoclaving at 160°C for varying durations betweb@ 5
minutes was composed of between 3% 83.9% cellulose, 5.65.8% xylose, 21829.1%
acid insoluble residue, 13.8 18.0% ash and 10.4 16.4% uncharacterised material
(Ballesteros et al, 2002) All three studies report about 50% greater levels of
polysaccharides than the averages calculatedbayampouti et al (2019 their review,
indicating that autoclaving is a relatively efficient strategy for isolating and concentrating
organicmaterials in OMSW.

The presence of uncharacterisable material is a common feature in-WSked
feedstocks, due to the fact that most compositional analyses for lignocellulose are designed

for plant tissues and OMSW is incredibly heterogene®usi et al (2013alsoobserved
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that approximately 50% of material measured as lignin was actually unidentified organic
matter of nonplant origin. A critical review of methods for compositional analysis of
lignocellulosic materials concluded that routine analytical methods tfaiaccurately
analyse MSW due to the high amounts of interfering extractives, lipids, protein and other
contaminants. This continues to be a challenging limitation in this field and must be kept in

mind when evaluating feedstock compositif§arimi & Taherzadeh, 2016)

2.1.1 Aims of this Chapter

The aim of thichapter was to undertake a comprehensive compositional analysis of
the major structural and chemical components of OMSW fibre, to gain a better

understanding of this heterogeneous feedstock and inform subsequent experimental work.

Key questions explorechithis chapter:

1 What percentage of the fibre is composed of lignocellulose?

1 Are the cellulose and hemicellulose fractions high enough to be practicable for

application in a bioprocess?

1 Are any proteins or oils present that could provingrients to microorganisms in the

fermentation step?

1 What metal species are present in the fibre, what are their concentrations and are the

levels of toxic species high enough to be inhibitory to microbial fermentation?

1 How does the constructed OMS\Wre compare to industrial OMSW fibre and other

sources of MSW reported in the literature?
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2.2 Materials & Methods

2.2.1 Production of the OMSW Fibre

The OMSW fibre used in this study was produced by Wilso«€Bamical on their
pilot autoclave rig Figure 2.). The pilot rig is a scaletbwn version of the commercial
Wilson System@VilsonBieChemical, 2018)An overview of the pilot rig process is given
in Figure 2.2 The OMBW fibre was produced by combining a mixture of organic and
inorganic materials that reflected the composition of MSW produced in an average British
household, based on statistics reported by the Department of Environment, Food and Rural
Affairs (DEFRA, 2B). The composition of the constructed MSW mixture is giveralle
2.1lalongside the percentage composition reported by DEFRA.

Table 2.1: Composition of waste materials used for production of OMSW fibre on-
Wilson BieChemical Pilot Rig.
*Masses are based on the percentage composition of the major MSW compone
reported by DEFRA and adjusted to 100%.
W.E.E.E. = Waste Electrical and Electronic Equipment.

DEFRA reported Adjustedto Per 20 Kdpatch

Type of waste composition (%) 100% (Kg)*
Food 15.0 20.80 4.16
Plastic film 8.9 12.34 2.47
Dense plastic 11.3 15.67 3.13
Paper 10.5 14.56 2.91
Card 8.4 11.65 2.33
Wood 7.6 10.54 2.11
Metal 3.5 4.85 0.97
Garden 2.7 3.74 0.75
Other organic 1.7 2.36 0.47
W.E.E.E. 15 2.08 0.42
Hazardous/batteries 1.0 1.39 0.28
Carpet/underlay/furniture 6.0 - -
Brick/plaster/soil 5.9 - -
Textiles/shoes 5.7 - -
Fines 2.5 - -
Glass 2.2 - -
Sanitary 2.0 - -
Other norrcombustible 1.6 - -

Total 100 100.00 20.00
EstimatedBiodegradability 51.4 63.65 12.73
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Figure 2.1: The Wilson BiGhemical Pilot Rig
Image courtesy of Wilson Bidhemical Ltd.

A: (1) Boiler;(2) Steam accumulatoi3) autoclave;(4) vent vessek condenser(5) air filter; (6)
condenser outletB: Autoclave vessel before loadir@;Autoclave vessel loaded with
constructed MSW mixtur®: Autoclave vessel after treatmer: Constructed MSW before

manual sortingF: A 2.27 litre (4 pint) plastic milk bottle after autoclaving illustrates the effe
of the treatment on plastics.
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2.2.2Compositional Analysis

Compositional analysis of the OMSW fibre was carried out according to a range of standard
protocols for analysis of lignocellulosic biomass. Unless otherwise specified, all analyses were
performed in triplicate at minimum with fibreried at 45°C and ball milled to a fine powder in a

Retsch TissueLyser Il (Qiagen).

2.2.3 Total Solids, Moisture & Ash content

Percentage moisture, total solids, pH and agintent were determined according to
protocols established by the National Renewable Energy Laboratories (NREL) (Hames et al, 200€
Sluiter et al, 2008a; Sluiter et al, 2008b). Briefly, moisture content and total solids was determined
by weighing out 10 gf OMSW fibre (as received) into pneeighed crucibles and drying at 45°C
until mass loss stabilised. Final dry masses were subtracted from the initial masses and the
difference was used to calculate the percentage moisture and dry solids content afetistdck.
Ash (defined as any inorganic residue left after dry oxidation at 575°C by Sluiter et al (2008a)) was
guantified by weighing out 1 g of dry fibre into pneeighed ceramic crucibles and then heating
these in a furnace (Carbolite, Type 301) at €0Sr 24 hours. The remaining material (ash) was

weighed and percentage ash content calculategdd on initial sample masses.

2.2.4 Lignin

Lignin content was analysed according to methods adapted from Fukushima &
Hatfield (2001). 4.@0.1mg of biomassvas digested witt250 pl freshly prepared acetyl
bromide solution (25% v/v acetyl bromide, 75% v/v glacial acetic mooyler tobreak the
phenol bonds in the lignin. Samples were heated at 50°C for 3 hours and vortexed every 15
minutes for the final har. Samples were cooled to room temperature (RT), then, working
under a fume hood, the digested sample was transferred to a 5 ml volumetric flask. To
ensure all sample liquid was transferred, tubes were rinsed with 1 ml 2 M NaOH. Next 175
ul of 0.5 M hydoxylamine HCl was added, the flasks were stoppered and vortexed. Working
quickly to avoid sample precipitation, the flasks were filled to final volume of 5 ml with
glacial acetic acid, mixed several times by inversion, and 100 ul transferred to an Egpendor
tube with 900 pl glacial acetic acid. This diluted sample was transferred to a 1 ml quartz
cuvette and the Ago was measured in a CaryWinUV spectrophotometer (blanked against
glacial acetic acid). Absorbance values were converted to concentrationiofligingthe

BeerLambert law Equation 2.).
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Equation 2.1: The Bedrambert Law

w0

. 0]
W —=x
- W

Where:
¢ = lignin concentration in 5 ml sample (molYm
A = Absorbance at 280 nm
s [ waveéleSgthdependent molar absorptivity coefficient than)
b = the path length (1 cm).
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concentration of the MSW fibreerived lignin. Concentration was converted from mot dm

3to a percentage as described Bguation 2.2

Equation2.2: Calculating Percentage Lignin

.. LVOpTTb
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Where:
¢ = lignin concentration in 5 ml sample (molYm
v = volume of sample (5 ml)

m = intial mass of biomass sample (g)

2.2.5 Hemicellulose & Cellulose

Hemicellulose and cellulose were quantified by two consecutive methods, adapted
from Foster et al (2010). First 40.1mg of biomass was weighed out into 2 ml screap
tubes and mixed with 0.5 ml trifluoroacetic acid (TFA). TFA digestion isolates all
hemicellulosic sugars as monosaccharides but leaves behind crystalline cellulose and lignin.
The tubes were flushed with argon gas to displace oxygen in the vial headspace as this
interferes with hydrolysis. Samples were incubated in a 100°C heating blodkhiours

with mixing every 30 minutes, cooled to RT and then dried overnight in a centrifugal
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evaporator with fume extraction. Pellets were-sespended in 0.5 ml propazol and
evaporated, twice, to ensure all TFA was removed.

Monosaccharides were sdiiised from the dried pellet by adding 200 pldH The
liquid fraction was carefully transferred to 1 ml syringes and filtered through 0.45 um PTFE
filters into tapered HPAEC vials. Hemicellulosic sugars in the sample were analysed by high
performance anion exchange chromatography (HPAR@hH ICS000PAD system with an
electrochemical gold electrode using a CarboPac PA20 analytical column (3x150 mm,
Dionex) and guard column (3 x 30 mm, Dionex). Identification and quantification of
monosaccharides was carried out by comparing retention times and mtiegjpeak areas
of the samples to an equimolar standard mixture gtitose, karabinose, frhamnose, B
galactose, HBylucose, Exylose, Bmannose, Bgalacturonic acid and -Blucuronic acid.
Standards were analysed during the same run under the same comsliti

The pellet retained after the hemicellulose assay contains crystalline cellulose and
lignin. The pellet was washed once in 1.5 ml water and twice with 1.5 ml acetone and then
air-dried overnight. Cellulose was isolated using a modified Saeman hg@ro{Saeman
et al, 1945) involving a room temperature incubation for 4 hours with 90 ul 72% sulphuric
acid, followed by dilution to 3.2% sulphuric acid with 1890 piQItldnd incubation for 4
hours at 120°C. Samples were cooled to RT and then centrifagéab speed for 10
minutes. Lignin remains in the resulting pellet, while the crystalline cellulose has been
solubilised to glucose and can be measured in the supernatant. Glucose concentration was
guantification by colorimetric Anthrone assay (Viles &e8man, 1949) alongside glucose
standards ranging from-6.6 ug of Bglucose. 4860 ul of sample supernatant or standard
was diluted with water to give a final volume of 400 pl. 800 pul of freshly made Anthrone
reagent (2 mg/ml Anthrone in concentrated phlric acid) was then added. Samples and
standards were incubated at 80°C for 30 min. in a heating block. Glucose containing
samples changed from yellow to bkgeeen. Samples and standards were cooled to RT and
then 200 pl was transferred to a 96ell flat bottom optical plate (NUNC) and absorbance
at 620 nm was measured in a plate reader. The glucose concentrations were derived from
the standard curve generated from the standards and converted to percentage cellulose

based on the mass of the original biags sample.
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2.2.6 Ol

Oil (refers to any norpolar, hydrophobic and lipophilic substanceas extracted
from dried OMSW fibre using a twstage continuous extraction with ether. First the fibre
was extracted continuously with ether and all extracted oil was dried and weighed. The
residual solid material was collected and boiled with hydrodblacid to release any
remaining fats bound to the biomass. The solution was filtered through filter paper and
then washed several times with water until a neutral pH was reached. The filter paper was
dried and then extracted a second time with ether. Aibgrated fats were again dried and
weighed. The masses of oil collected from each extraction were summed and reported as
percentage oil by dry mas3his analysis is a routine protocol carried out by Sciantec

Analytical Ltd.

2.2.7 Protein

The Dumas metbd (also known as nitrogen combustion method) was used to
determine the concentration of proteins in the OMSW fibre. Both organic and inorganic
nitrogenous compounds in the sample were oxidised by combustion atl800°C then
reduced to gaseous form §\and analysed by a thermal conductivity detector (Leco FP285
Nitrogen Analyser). This total nitrogen value was then converted to proteinaceous nitrogen
(crude protein) using the conversion constant 6.25, the standard conversion factor used for
compound feedtuffs and associated raw materials (Horwitz & Latimer, 2011; Jung et al,

2003).This analysis is a routine protocol carried out by Sciantec Analytical Ltd.

2.2.8 Metals

Metals present in the Wilson Fibre® were analysed as follows: Samples were
digested with nitric and sulphuric acid (trace metal grade, 1:1 mixture) in a PTFE digestion
vessel, treated in a microwave digestion system (Ethos Up) at 200°C for 15 minutes, cooled
to ~25°C, transferred to a volumetric flasks (100 ml) and diluted tomDWith dHO.
Samples were then diluted 1@0ld with dHO and analysed on an Agilent 7700x
inductively coupled plasmmass spectrometer (IGKS). Results were quantified against
calibration curves (R=x n ® dpdeyaved from seven calibration standard$ Agilent
certified multtelement environmental reference standard no. 518338. Metals in this
standard includeAg, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sb, !
T, V, Zn, Th, U.
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2.2.9 OMSW Washing

The OMSW fibre was subjed to washing with water in order to quantify the total
soluble material and the solubility of metals. 25 g of dried fibre was placed imagghed
centrifuge pot (600 ml) and washed with 500 ml of 95°C water. The pot was manually
shaken for 1 minute rad then incubated in a 95°C incubator for 4 minutes. Shaking and
incubation were repeated for a total of 20 minutes. The sample was centrifuged (3000 xg
for 15 minutes) and the wash water poured off through pveighed Miracloth (Merck) to
catch any insolole particulates. The washing was repeated a total of three times to ensure
thorough removal of soluble material. The final fibre pellet was dried along with the
Miracloth and the percentage mass loss was calculated. The dried washed fibre was
subjected tometal analysis by IGHS as described i8.2.2.6in parallel with unwashed
OMSW fibre in order to determine the degree of metal solubilisation. The calculated mass
loss percentage was used to normalise calculations of the metal concentrations in the
washal OMSW fibre to allow for more accurate comparisminwashed and unwashed

biomass.

2.2.10 Soxhlet Extraction & Extractives

Non-chemically bound components of biomass are defined as anychemically
bound components of lignocellulose. To quantify retructural components of the OMSW
fibre, a Soxhlet extraction (describedkigure 2.3 was carried out according to methods
established by Sluiter et al (2008b). This experiment was repeated twice. Briefly: 10 g MSW
fibre (dried and milled) was washed under reflux3(&iphons/hour) with 250 ml water for
16 hours (note the apparatus waswaed in cotton wool and wrapped in aluminium foil
to aid in heat retention). The water in the distillation pot was then replaced with 250 ml
ethanol and the same material was washed under reflug &phons/hour) for a further
24 hours. The water and edimol were collected after each run and stored infareighed
glass bottles (250 ml) at 4°C. To calculate the percentage of extractives per gram of fibre
the water and ethanol samples from the Soxhlet extraction were dried down in a 45°C oven
and the retaired solids (extractives) were weighed. The cellulose, hemicellulose, lignin and
ash content of the Soxhlet extracted fibre were quantified in parallel with-extmacted

fibre as described i8.2.2.1-2.2.2.3
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Figure 2.3: Anatomy of &oxhlet extractor
(image by author).

A = Electric heater

B = Distillation pot with boiling solvent

C = Distillation arm

D = Cellulose thimble containing biomass samp
E = Siphon

F = Condenser

G = Cooling water inlet

H = Cooling water outlet

The solven(B) is boiled to the point of reflux b
the electric heater/). As the solvent enters the vapoil
phase it travels up through the distillation ar@) {nto
the upper half of the apparatus where the constant flc
of cooling water G & H) through the conderss )
keeps conditions cool relative to the lower half of t
apparatus. The solvent vapour condenses and r
down the sides of the apparatus into the centi
chamber where the sample is held in a thimiiig (

As the solvent accumulates in the cent
chamber the sample becomes immersed in solvent .
any solventsoluble components are extracted. On
the chamber is almost filled with solvent the siphBn
drains the contents back down into the distillation p«
This cycle repeats several times an hour until all solu
nonstructural components are extracted from tt
biomass. All the extractables accumulate in t
distillation pot and can be collected #te end of the
experiment. The thimble can be dried and weighec
calculate the amount of biomass remaining aft
extraction.
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2.3 Results

2.3.1 Composition of the Constructed OMSW Fibre

A pre-determined mixture of materials was used to produce OMSW fibre for this work
(for a full list se@.2.1- Table 2.}, however, a wide range of complex and diverse materials
had to be incorporated into the mixture to allow for a realistic feedstockeéaenerated.
The constructed OMSW fibre was therefore still highly heterogeneous. Furthermore, the
relatively harsh conditions produced by autoclave-peatment may have led to transfer
or leaching of components from the inorganic fraction into the @Wfre fraction, adding
FAZNIKSNI 02 GKS FTSSRailu201Qa O2YLRaAAUGAZ2YI
composition of the OMSW fibre used throughout this project a range of relevant organic,
inorganic, structural and nestructural components wer characterised using a variety of

well-established methods for the characterisation of lignocellulosic biomass.

2.3.2 Appearance and Moisture content

The OMSW fibre was dark brown in appearance and consisted largely of fibrous,
spherical particles é&tween 2- 50 mm in sizeFigure 2.4A shows an image of the OMSW
fibre taken immediately upon receipt (15 ml Faldobe for scale). Some small plastic

particles remained scattered throughout, as exemplified by the arrokigare 2.4B.

Figure 2.4: Appearance of the OMSW fibre
A: OMSW fibre with a 15 ml Falcon tube for scBteRepresentative sample of OM3W/e
(~10 grams) in a weighing boat.
Scale bar = 1.5 cm. The yellow arrow highlights a piece of residual plastic.
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The OMSW fibre was immediately subjected to moisture and solids content analysis
to accurately determine the amount of moisture retained from autoclaving. The fibre
contained 70+1 % moisture, however, the liquid did not drip unless forcefully squeezed,

indicating a high absorption capacity.

2.3.3 Structural Components: Lignedulose andAsh

Knowing the composition of the lignocellulose fraction and accurately quantifying
the amount of cellulose and hemicellulose in a secgrderation feedstock is critical for
evaluating its valorisation potential and for informing subsequent experimentak.widre
lignocellulosic fraction of OMSW fibre was characterised using standard methods
developed for compositional analysis of agricultural residues (for detail2.4¢2.3. The
OMSW fibre contained 57%2.7 % (w/w) lignocellulose. The lignocellulosadtion was
rich in cellulose, which comprised 65:2.9%. This equates to 37#2.7% of the total fibre
dry mass. Lignin and hemicellulose made up 22.8% and 7.42.9% of the lignocellulose
fraction, respectivelyTable 2.3. Hemicellulose only madup a small portion of the total
OMSW fibre (4.30.1%), but consisted of a wide range of monosaccharides, including D
fucose, tarabinose, frthamnose, Bgalactose, Bylucose, Exylose, Bmannose, and D
galacturonic acid. A detailed breakdown of the meaccharides present in the
hemicellulose fraction is given ihable 2.3 D-xylose, Bglucose, Bmannose and b
galactose were the most abundant, comprising ~89% of the total hemicellulosic sugars.
Overallthe cellulose and hemicellulose fractions togetheade up 41.%2.7 % of the
OMSW fibre. This is considered a reasonably large fraction of polysaccharides and
compares favourably with previously published compositional analyses of OMSW which
report anywhere between -b0% lignocelluloséBarampouti et al, 2019; Mahmoodi et al,
2018b)

Inorganic structural components in lignocellulosic feedstocks are typically
guantified as ash, which encompasses all mineral and inorganic structural materials that
remain after biomass is oxidised above 575°C (Sluiter et al, 2008a). Ash content was
measued as 14.741.47% w/w of the total OMSW fibre after dry oxidation at 600°C for
24 hours (for details se2.2.2.1). This is a considerably large fraction of ash compared to
agricultural residues, which generally contain arourd4(Sorek et al, 2014Due to the
large paper fraction of OMSW, the majority of the ash fraction is likely tabgosed of
material from the inorganic filler and bulking agents used in paper manufacture. For

example titanium oxide (TiO2) and talc 38g010(OH}) are major components of paper
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and are used as whiteners and/or fillgisubbe & Gill, 2016)0verall, structural materials

in the form of lignocellulose and ash made up 62.44% of the total biomass.

Table2.2: Composition of lignocellulose (cellulose, hemicellulose and lignin)
in OMSW fibre

Results shown as percentage of total biomass and percentage of
lignocelluloseHemicellulose and cellulose analysed by successive assays. Lignin analy:
separate assay. For methods s28.2.2and2.2.2.3

+SD =Standard deviation of minimum triplicate measurements.

% w/w % w/w

+ +
Component Total Biomass 5D Total Lignocellulose +SD
Cellulose 37.6 2.7 65.2 +3.9
Lignin 15.8 +0.4 27.4 2.8
Hemicellulose 4.3 0.1 7.4 2.9
Total 57.7 2.7 - -

Table 2.3: Monosaccharide composition of the hemicellulose fraction of OMSW fik
Monosaccharides were isolated and analysed as descrilied.;3
+SD =Standard deviation of triplicate measurements.

Matrix % w/w % w/w

Polysaccharide Biomass = Hemicellulose =
L-Fucose 0.016  +0.002 0.372 +0.049
L-Arabinose 0.272 +0.016 6.401 +3.862
L-Rhamnose 0.060  +0.002 1.411 +0.574
D-Galactose 0.405 +0.023 9.533 +5.406
D-Glucose 1.106  #0.083 26.014 +19.409
D-Xylose 1.336  #0.032 31.419 +7.473
D-Mannose 0.953 +0.102 22.411 124.002
D-Galacturonic Acid 0.104  +0.019 2.439 +4.520

Total 4.251 +0.139 100 +32.765

In order to evaluate the reproducibility of the lignocellulosic fraction of OMSW fibre
produced on the Wilson BiGhemical Pilot Rig, two further batches of OMSW fibre were
produced using the same MSW mixtyfer details se€.2.1¢ Table ). The lignocellulose
composition of these batches (hereafter called Batch 2 and Batch 3) was determined and
is shown alongside the original batch of OMSW fibre (BatchHigure 2.5Batch 1 and 2
were produced under thsame conditions and were remarkably similar in composition,

although hemicellulose levels were slightly lower in Batch 1. Batch 3 on the other hand was
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treated under shorter, harsher conditions and contained a slightly larger cellulose fraction.
These reslis may be skewed slightly however as there was large standard error between
replicates. Overall the composition between batches is highly similar, demonstrating that
the Wilson BieChemical Pilot Rig can be used to reproducibly produce MSW fibre with a

consistent lignocellulose fraction for use in empirical studies of OMSW valorisation.

m Other
Ash
m Lignin
m Cellulose
m Hemicellulose

% WIW

Batch 1 Batch 2 Batch 3

Figure 2.5 Composition of lignocellulose (cellulose, hemicellulose and lignin) in thr
batches of OMSW fibre

All three batches of OMSW fibre were produced on the Wilse€Bémical pilot rig as
described ir2.2.1 Batch landBatch 2were pretreated at 6 bar and 160°C for 45 mBatch 3
was pretreated at 9 bar and 180°C for 20 min. Note tig&tch 1was used in all subsequer
work throughout this projectResults are shown as percentage of the total sample dry we
(%w/w).Hemicellulose and cellulose analysed by successive assaisahajysed in a separat
assay. For methods s@2.2.2and 2.2.2.3 Error bars show standard deviation of minimu
triplicate measurements.
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2.3.4 Non-Structural Components: Metals

After analysis of the structural materials in the OMSW fibre it was calculated that
37.56% of mass remained unaccounted. To characterise the outstanding components of
the OMSW fibre, nosstructural materials were analysed. Firstly, the levels of metalewer
measured as OMSW typically contains a wide range of metal contaminants that are leached
from inorganic materials in MSW. To isolate the metals OMSW fibre was digested with
concentrated nitric and sulphuric acid and treated in a microwave digestion sy$tem
details see2.2.2.§. Metals were then measured by ionisatiooupled plasma mass
spectrometry (ICRMS). ICRMS is a highly sensitive technique that can detect a wide array
of metal species. A mulglement environmental reference standard was sedecto
analyse a broad range of environmentally relevant metal species including ilyger (
Aluminium (Al), Arsenic (As), Barium (Ba), Beryllium (Be), Calcium (Ca), Cadmium (Cd
Cobalt (Co), Chromium (Cr), Copper (Cu), Iron (Fe), Potassium (K), Mag(dgium
Manganese (Mn), Molybdenum (Mo), Sodium (Na), Nickel (Ni), Lead (Pb), Antimony (Sb),
Selenium (Se), Tellurium (TI), Vanadium (V), Zinc (Zn), Thorium (Th), and Uranium (U)
Metals comprised 1.380.26% of the total dry weight and all metals excefat Mo and Ag
were detected in the OMSW fibre.

Metals can be toxic to microorganisms and may pose a major limitation in
bioprocesses development. The type of damage inflicted is highly dependent on the metal
species and environmental conditions. Some gehegamples of metallependent
inhibition include electron transport chain inhibition, induction of fremdical chain
reactions in the cytoplasm, competitive inhibition of transporters and mismetallation of
enzymegLemire et al, 2013A washing experiment was carried out to assess the solubility
of the metals in OMSW fibre and evaluate the potential of using a washing step to eliminate
metals prior to bioprocessin@MSW fibre was washed three times witi?@aMilliQ water
to remove ®luble material. The remaining solids were dried and subjected to metal
analysis by IGRIS (for details se@.2.2.7). The results of these analyses are givemable
2.4, which lists the levels of each metal measured in the OMSW fibre (unwashed) and in
washed OMSW fibre. Concentrations are presented in millimoles of metal per kilogram of
OMSW fibre (mmol/Kg) and the percentage change in concentration after washing is given
for each species (note thalhe mass loss to washing was accounted for when caloglat

percentage change).
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Table 2.4: Metal levels in washed and unwashed OMSW fibre

OMSW fibre was washed three times with 95°C MilliQ water to remove all sc
material. The remaining solids were dried and subjected to metal analysis by loniSaijued
Plasma Mass Spectrometry (HUB) in parallel with samples of unwashed OMSW fibre. M
loss to washing was accounted for when calculating the percentage change in
concentration. For details s@2.2.7 Metals listed in order of abundanceunwashed OMSW
fibre. £SD Standard deviation of minimum triplicate measurements.

Metals shown in order of abundance in unwashed fibre. Ca= Calcium, Al = Alumir
= Potassium, Fe = Iron, Na = Sodium, Mg = Magnesium, Zn = Zinc, Mh = Manganesep&u
Ni = Nickel, Ba = Barium, Cr = Chromium, V = Vanadium, Pb = Lead, Sb = Antimony, Co
As = Arsenic, Cd = Cadmium, U = Uranium, Tl = Tellurium, Ag = Silver, Mo = Molybden
Thorium.

Concentration (mmol/Kg) Change (%)
Metal Increase
Unwashed +SD Washed +SD Decrease
Not Significant

Ca 2,091.93 +184.75 2,066.03 +102.92 -0.94

Al 166.90 +27.50 179.44 +30.98 +5.70

K 66.53 16.44 14.82 +2.83 -58.96
Fe 62.44 +28.48 44.02 +5.45 -22.38
Na 57.48 +5.43 3.36 +1.64 -71.42
Mg 44.44 +6.00 40.00 +7.47 -7.58
Zn 2.47 +1.65 1.60 +0.26 -26.59
Mn 0.76 +0.06 0.69 +0.064 -6.85
Cu 0.33 +0.06 0.30 +0.073 -7.30

Ni 0.33 +0.25 0.12 +0.10 -48.25
Ba 0.16 +0.02 0.18 +0.063 +7.17
Cr 0.11 +0.01 0.15 +0.10 +25.16
V 0.04 +0.01 0.035 +0.010 -9.43
Pb 0.0138 +0.0031 0.016 +0.0055 +13.78
Sb 0.0104 +0.0006 0.0061 +0.001 -31.50
Co 0.0093 +0.0009 0.0090 +0.002 -2.40
As 0.0012 +0.0007 0.0025 +0.0023 +83.93
Cd 0.0003 +0.0001 0.00062 +0.00040 +82.05

U 0.0005 +0.0001 0.00045 +0.000081 -1.01

T 0.00003  +0.00002 0.000051 +0.000027 +41.59
Ag - - 0.0047 +0.0066 +100.00
Mo - - - - -

Th - - - - -
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Calcium was by far the most abundant element detected. Present at just over 2
moles per Kg of fibre, Calcium was highly insoluble, showirgigmificant reduction after
washing. As calcium carbonate (CgJd®a major component of papéfubbe & Gill, 2016)
the waste paper fraction of OMSW the most likely source of the high calcium levels. Ca
IS often reported as the most abundant metal in OM@#&rampouti et al, 2019 he other
metal species were present at significantly lower levels, in the millimole to micromole per
Kg range, and varied greatly in solubility. The most solubleispein descending order,
were Na {71.42%), K-68.96%), Ni-88.35%), Sb-31.50%), Zn-26.59%), Fe-22.38%),
while the concentrations of V, Mg, Cu, Mn, As, Co, U, Ba and Al varied by lesd@pan
and can be considered as remaining unchanged by wgshi

A number of metal species increased in concentration, including As (+83.93%), Cd
(+82.05%), Tl (+41.59%), Cr (+25.16%) and Pb (+13.7824)%2df the OMSW fibre was
lost after the three successive washes. This soluble fraction was accounted for when
calculating the percentage change and should have corrected for any resultant enrichment
in metals. Furthermore, Ag was not detected at all in the original fibre, but trace amounts
were found in the washed fibre samples. Overall this indicates that thalsare unevenly

distributed throughout the fibre.

2.3.5 Non-Structural Components: Extractives

The metal washing experiment demonstrated that OMSW fibre contained a large
fraction of soluble material (24%). Soxhlet extraction is a standard technigefasthe
removal of materials that are not chemically bound to the lignocellulose (i.estroictural
components), including a variety of inorganic and organic materials such as phenols,
aromatics, terpenes, waxes, oils and retnuctural carbohydrateg¢Sluiter et al, 2008b).
Soxhlet extraction involves rinsing biomass with water or ethanol under reflux in a Soxhlet
apparatus. A Soxhlet apparatus consists of a distillation arm, a central chamber in which
the biomass sample is held, and a condenser. T@a@tus is attached on top of a
distillation pot holding a solvent. When the solvent enters the vapour phase, it travels
upwards through the distillation arm into the central chamber where the cooler conditions
generated by the condenser cause the ligtoccondense. Over time the sample becomes
immersed in solvent and any soluble material is dissolved. Once the chamber is filled the
solvent automatically drains back down into the distillation pot. Consequently only soluble

components of the biomass aretexcted and concentrated in the distillation pot while any
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insoluble material remains in the chamber. The extraction cycle repeats several times an
hour until all extractable material has been solubilised. The Soxhlet apparatus is described
in greater detd in Figure 2.3section2.2.2.8.

Solubles in th®©MSW fibre \&re extracted, first with water and subsequently with
ethanol. Soxhlet extraction with water leads to solubilisation of components such as non
structural sugars, nitrogenous/proteinaceous material and inorganic compounds.
Extraction with ethanol solubilise®mponents such as waxes, oils or chloropf$luiter
et al, 2008) In total 17.10+2.78% of OMSW fibre was solubilised &yxhlet extraction,
with the water soluble and ethanol soluble fractions accounting for %2%2% and 7.95
+0.92 % of the total, respectively. Soxhlet extraction has also been demonstrated to
improve the accuracy of methods used for lignocellulose compositional analysis as it
removesmterfering compounds (Sluiter et al, 2008b). Lignocellulose compositional analysis
was therefore also carried out on the Soxhlet extracted OMSW fibre to evaluate any
influence of nomkstructural components on compositional methods. Oil and protein were
alsomeasured in the OMSW fibre (for details s2@.2.4and 2.2.2.5 because these are
non-structural components that can be used as a source of nutrients by microorganisms
during fermentations. The results of all analyses of OMSW fibre composition are ghmown
Table 2.5alongside the composition of Soxhlet extracted OMSW fibre. The concentration
of protein and oil are shown as a fraction of the ethanol and water extractable material,
respectively, as they would have been solubilised in these steps.

The compaitional profiles of the Soxhlet extracted and rextracted MSW fibre
were very similar. The levels of cellulose were closely comparable, with extracted fibre
containing 36.8%6.1%% cellulose on average compared to 3742173% measured in the
original fibre. Lignin content decreased slightly after extraction, from 1587 % to
11.28+0.33%, indicating that soluble phenolic compounds such as tannins could have been
contributing to the lignin concentrations measured in the original fibre. Ash conteist
also slightly lower, which may reflect the solubilisation of some organic compounds, but
this variability is not significant when accounting for the standard deviation (2l 247 %
ash in the original fibre versus 13.28.44 % in extracted fibre)A 29.4% decrease in
hemicellulose content was observed after Soxhlet extractibigure 2.§. The largest
reduction was in Eylucose abundance, which decreased by 57%. This glucose is likely

derived from starches as these are easily solubilised. Minoredses were also observed
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in the other sugars, which may have been hemicellidseved mono or disaccharides

which are more readily washed out than polysaccharides.

Table 2.5: Composition of OMSW fibre and Soxhlet extracted OMSW fibrt
Values reported as a percentage of the dry weight of OMSW fibre (%w/w).

Composition (% w/w)

Component . Soxhlet extracted
OMSW fibre OMSW fibre*
Cellulose 37.61 +2.73 36.85 +6.15
Hemicellulose 425 +0.14 3.00 +0.01
Lignin 15.80 +0.37 11.28 +0.33
Ash 14.74 +£1.47 13.23 +0.44
Metals 1.33 +0.26 -
Total extractives (water) 9.15 *2.62 -
Protein 3.23 +0.40 -
Other 5.92 nl/a -
Total Extractives (ethanol) 795 0.92 -
Qil 1.72 +0.92 -
Other 6.23 nla -
Total unaccounted mass: 9.17 nla 35.64 nl/a

164
B OMSW Fibre Soxhlet extracted OMSW fibre
14+
124 -

10+

Concentration (g/Kg)

Fuc Ara Rha Gal Glu Xyl Man GalA

Monosaccharide

Figure 2.6: Concentration of hemicellulosterived monosaccharides in OMSW fibre
and Soxhlet extracted OMSW fibre
Fuc = Fucose; Ara = Arabinose; Rha = Rhamnose; Gal = Galactose; Glu = Glucos
Xyl = Xylose; Man = Mannose; GalA = Galacturonic acid.
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2.3.6 Summative Composition

To give a clear overview of the total composition of OMSW fibre, a pie chart showing
the collated percentage composition data is provided Rigure 2.7 Hemicellulose
composition is shown separately to provide a summary of monosaccharide abundance.
Mass absure was achieved to 90.83% when all compositional analyses were combined.

Only 9.17% of total dry weight could not be accounted for.

Extractives 0il 2%
(ethanol) 8% )
Other extractives

6%

el I /////////
Other e6xut/oractlves / //

Metals 1%

Fuc 0.4%
GalA 2.4% Ara 6.4%
[ Rhal.4%

Hemicellulose 4%

Figure 2.7: Percentage composition of OMSW fibre
All data are averages of at least triplicate measurements.

Appendix Iprovides all compositional data inclusive of standard deviations.
Appendix llprovides a list of all metals and their respective concentrations and standar
deviations.

Glu =Glucose; Xyl = Xylose; Man = Mannose; Fuc = Fucose; Ara = Arabinose;
Rha = Rhamnose; Gal = Galactose; GalA = Galacturonic acid.

Values are given as a percentage of the dry weight of OMSW fibre (%w/w).
Extractives (water) = % w/w of natructural materid extractable by Soxhlet extraction wit

water; Extractives (ethanol) = % w/w of netmuctural material extractable by Soxhlet extractic
with ethanol; Protein and oil were measured by separate analyses but are water and el
soluble, respectively, andre therefore reported as part of the extractable fractions. 1
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2.4 Discussion

OMSW is significantly heterogeneous and variable in composition compared to other
lignocellulosic waste feedstocks. Agricultural and forestrpimducts are generally highly
homogeneous, compositionally consistent and inert, while the makeof MSW diffes
considerably on both geographical and temporal scales. The abundance and composition
of the organic fraction in particular are greatly influenced by prevailing ssmemomic
conditions and waste management systems (Kaza et al, 2018). Furthermore, Civiga/
into close contact with various inorganic wastes that may introduce toxic or inhibitory
elements and compounds, adding further unpredictability to its composition. Collectively
these factors make OMSW a challenging feedstock for empirical studyrenthat has
consequently been underexplored for bmanufacturing(Matsakas et al, 2017)

With the aim of tackling some of the challenges outlirdmbve, the OMSW fibre used
in this project was produced on a commercially proven autoclavetnpament system
with a predetermined mixture of MSW, constructed according to national statistics on
MSW composition in the UK. This novel approach enabledyetarh of material that was
representative of realorld OMSW as it would arise when homogenised at industrial
volumes. OMSW fibre produced in this way also has a reproducible lignocellulose
composition, as demonstrated by the consistent cellulose, hetoioske and lignin
fractions measured in three separately produced batches of OMSW fibigeire 2.5.
Despite the benefits in reproducibility gained from this approach, the constructed fibre was
still highly complex: ~41% was made up of #structural compnents, ash and other
material for which the composition is mostly indeterminableakble 2.5. Such a large
fraction of unknown material may make it challenging to disentangle the precise cause if
growth inhibition arises when fermentation experiments aaaried out.

Nevertheless, the compositional analysis revealed that the OMSW fibre contained a
large polysaccharide fraction of approximately 42% (3267 % cellulose, 4.30.1 %
hemicellulose) Table 2.2. Forestry and agricultural wastes generally @mt24;54%
cellulose, 1£38% hemicellulose and;81% LignirfGarrote et al, 1999; Klinke et al, 2001)
The cellulose fraction in the OMSW fibre used in this sfatlgwithin the upper range of
this, making it a potentially practicable fermentation feedstock. The fibre also contained
small proportions of oil (1.7%) and protein (3.2%) which could be aseultrients by

microorganisms in the fermentation steHowever the hemicellulose fraction is far below
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average of typicaagricultural residuegAdhikari et al, 2018; Singh & Bihari Satapathy,
2018)

Compared to other reports of OMSW composition in the literat(fgure 2.8 the
OMSW fibre used in this project had over teithe reported cellulose content, but
hemicellulose levels were still in the lower range. Ligeuels were also above average,
while the oil and protein levels measured in OMSW fibre were the lowest of any study
(Barampouti et al, 2019)nterestingly, he cellulose content wasimilar to levelseported
for other cities in the UK: 39.7% and 49% for Le§f¢nang et al, 2012nd Nottingham(Li
et al, 2012a) respetively. That said, OMSW from Newtown, UK, contained only 5.5%
cellulose, while the protein levels reported for this city were 25-8#nost double those
of the other UK regions (Barampouti et al, 2019). Significant regional differences in MSW
compositioncan exist even within the same country because of local variation in-socio
economic conditions and waste management practi@sampouti et al, 2019; Kaza et al,
2018) Compositional ariability is also evident across cities in ItdfygUre 2.8, Padova,
Treviso & Milan. This has important ramifications for the development of an integrated
MSW biorefinery as not all sources of OMSW will be viable for bioprocessing because the

polysaccharide fraction may be impracticable.
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Figure 2.8: Percentage composition of OMSW reported
for a range of cities and in this study
Figure by author, using data from Barampouti et al, (2019).
*Component not measured.
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Chapter 2: Compositional Analysis of Organic Municipal Solid Waste Fibre

Another critical feature of OMSW is its metal content, due to the potential of various
metal species for inhibiting or enhancing enzymatic hydrolysis and microbial fermentation
processes. Pd, Ti, Sn, Bo, Br, and W were not tested for in the OMSW fibtiee lother
metals reported to be most abundant OMSWmgrampouti et al (2019yere all detected
with similar relative abundancd éble 2.4. The most toxic metals for microorganisms are
non-essetial metals (i.e. metals with no established function in biological systems,
3SySNIrftte F2dzyR 4 fm >3Ik3I Ay (GKS Sy gdiN
biological systems even at extremely low leeklsmire et al, 2013; Tchounwet al, 2012;
Wood & Wang, 1983)Worryingly, a wide range of neassential metals were found in the
OMSW fibre, including Al, Sb, As, Cd, Cr, Co, Ni, As, Pb ldod&ter, the chemistry of
microbial metal toxicity is highly complex and dependent upon the msp&icies,its
ionisation state, synergistic interactions with other metals, the environnamonditions
(e.g. pH, redox potential) and the physiology of the fermentative microorgafism et al,
2013; Chandrangsu et al, 201Thus, the abundance of toxic metals in OMSW does not
immediately rule out the possibility of developing a working bioprocess. Furthermore,
metals with the greatest toxicity potentiatere not solubilised significantly after fibre was
subjected to extensive washing and may therefore not cause a problem during
fermentation. That said, metals could become mobilised under the conditions of enzymatic
hydrolysis (between 585°C and pH -8, depending on the enzyme cocktail used). The
behaviour of metals during hydrolysis is still unknown and will require further investigation.

A further consideration is that the maximum solid loading achievable for large scale
hydrolysis of lignocellulosidb2 Y I & & A a IkIisfeBeit et al, 20094 iMorienbach
& Nokes, 2012)therefore the final metal concentration in OMSW fibre hydrolysate will be
at least fivefold more dilute. The theoretical concentration of each metal that would be
released from OMSW fibre in a 2@&tal solids (T)ydrolysis was calculated éble 2.6.

This shows that after hydrolysis the majority of metals would fall below the minimum
inhibitory concentration (M.I.C.) of the model fermentative microorganigsuherichia coli,
even when the highest values reported by Wilson-Biemicafor industrially produced
OMSW fibreare applied. However, the calculated concentrations for Aluminium (Al) and
Iron (Fe) in hydrolysate of the constructed OMSW fibre used in this project would be up to
15-fold over the M.I.C. foE. coliand could therefore pantially have a negative effect on

microbial fitness in fermentation.
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Table 2.6: Theoretical concentration of metals in hydrolysate of OMSW fibre aftel
20%total solidshydrolysis.
(Data used with permission from Wilson Eitiemical Ltd.)

M.I.C = Minimum inhibitory concentration f&scherichia caliConcentrations of eacl
metal were calculated assuming that 100% of the metals measured in the dry OMSW fibre
be solubilised in a 20% w/v total solids loading hydrolysis. Values forriatl@SW fibre were
calculated using the highest recorded measurement of each metal in-rao8th period.
*Calculated using data for the highest recorded measurements of each metal.

Theoretical concentration in M.I.C E. colj

Metal _ OMSW fibrehydrolysate (mM) [mM] REIEEIEE
Industrial (max.)’ This project

Calcium - 213.08 n/a -
Aluminium - 33.38 2.0 (Nies, 1999)
Iron - 12.49 1.0 (Kalantari, 2008)
Magnesium - 8.89 n/a -
Potassium - 13.31 n/a -
Sodium - 11.50 n/a -
Zinc 1.54 0.49 2.0 (Beard et al, 1997)
Manganese - 0.15 1.0 (Nies, 1999)
Copper 2.46 0.066 1.0 (Nies, 1999)
Nickel 0.25 0.066 20.0 (Nies, 1999)
Chromium 0.33 0.022 1.0 (Nies, 1999)
Lead 0.15 0.0028 5.0 (Nies, 1999)
Vanadium - 0.0080 1.0 (Nies, 1999)
Antimony - 0.0021 5.0 (Nies, 1999)
Cobalt - 0.0019 1.0 (Majtan et al, 2011)
Arsenic 0.018 0.00024 3.0 (Silver et al, 1981)
Cadmium 0.004 0.000060 0.6 (Hossain et al, 201z

A major limitation of the OMSW fibre used for this project is that it cannot capture the
variability in metal levels observed on an industrial scale, which can fluctuate drastically,
even within the same regiofrigure 2.9elowshows metal levels in OMShlire measured
by Wilson BieChemical Ltd. over 32 months on an industrial Wilson System® at a single site
in the UK. While some elements such as Zn are consistent in abundance, others like Cu, F
As and Mo show occasional spikes and seasonal variabliital concentrations in the
constructed fibre were also at least 50% below the average concentration measured in the
industrial fibre. This is illustrated ihable 2.7below which compares the average and
maximum levels of metals measured in the induslyipfoduced Wilson Fibre® to the fibre

used in this project. This highlights the fact that any bioprocess developed around OMSW
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fibre will require a robust fermentative microorganism capable of tolerating fluctuations in

a wide range of potentially toxic @tal species.
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Figure 2.9: Abundance of metals in Wilson Fibre® produced on an
industrial Wilson System® over 32 months
Data used with permission from Wilson #hemical Ltd. Concentration of metals shown a
logio mg/Kg.

Overall the compositional analysis revealed that OMSW fibre has the potential to be a
practicable feedstock for bioprocessing. It contains a large cellulose fraction and some
nutrients such as oil and protein which may be beneficial to microorganismsgdurin
fermentation. The metal fraction poses a potential limitation as this could induce stress or
inhibition of fermentative microorganisms. However, many of the metals that have the
highest potential for microbial toxicity were also shown to be the leasilde| including
Al, Ag, As, Pb and Cr. Further work is needed to test how metals will behave after hydrolysis

and evaluate the extent to which they may affect microbial fermentation of OMSW fibre

hydrolysate.
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Table 2.7: Metal levels measured in indusl OMSW compared to metal

levels in OMSW used in this project.

Note ¢Selenium and Molybdenum were measured in the industrial OMSW but |
found in the constructed OMSW. Fluoride and Mercury were measured in th
industrial OMSW but not in the construct®edSW. For detailed methods s&2.2.6
+SD =Standard deviation of minimum triplicate measurements.

Zinc

Copper
Chromium
Nickel
Lead
Arsenic
Cadmium

4.810

1.707
1.273
0.629
0.404
0.044
0.008

+1.117

+2.119
+0.382
+0.231
+0.145
+0.022
+0.005

7.709

12.275
1.646
1.235
0.767
0.088
0.020

2.470

0.331
0.112
0.332
0.014
0.001
0.0030

+1.647

+0.063
+0.012
+0.246
+0.003
+0.001
+0.0001

*Data used with permission from Wilson Eitiemical Ltc
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Chapter 3:Evaluating Hydrolysis, Fermentability and Biogas
Production from OMSW Fibre

3.1 Introduction

Saccharification can be a significant barrier to the commercial viability of a
bioprocess, requiring high titres of costly enzymes and large volumes of water to achieve
efficient conversion of feedstock to sugd#hao et § 2012) OMSW is largely composed
of pre-processed lignocellulosic materials such as paper and card which are easier to
hydrolyse than raw plant material, but typically also contains compounds that may be
inhibitory to enzyme activity such as metals, aait carbonate (CaGy lignin and plastics.
Optimising hydrolysis methods is therefore critical to developing a viable biorefining
process around OMSW.

Several publications have investigated industrially relevant methods for enzymatic
hydrolysis of OMSWJensenet al. (2010)demonstrated that organic material in mixed
MSW couldbe solubilisedusing cellulases and thmorganic components isolated by
sieving. This technique is economical, rapid and effective, regutisolubilisationof 90%
of the organic fraction and is currently used to isolate and saccharify OMSW for biogas
production at the REnescience power plant in Norwich, Endldodozymes, 2016As part
of her PhD thesiBuri (2014)nvestigated methods for hydrolysing paper pulpaed from
MSW using a more traditional SSF approach. The OMSW paper pulp was produced by
Fiberight Ltd. on an industrial autoclave and washed to remove contaminants such as
plastic, metals or minerals. The most effective hydrolysis yields were achieiregithe
industrial enzyme cocktail Cellic CTec3 in a-$tame hydrolysis involving an intermediary
fermentation step withS. cerevisiat alleviate product inhibitionOver four days 68% of
available sugars were hydrolysed despite a relatively high&dsolid 2 y 6 Sy G 2 F X
final Dglucose concentration was 8% (w/w), which is just within the industrially viable
range(Puri et al, 2013)

Liet al. (2012a)also investigated saccharification of an OMSW fibre generated on
an industrial autoclave for 45 minutes at 165°C and 100 psi. The fibre was dried, milled to
varying particle sizes and hydrolysed. A 53% conversfithe cellulose and hemicellulose
to sugars was achieved using 60 g/L fibre with 90 mgichoderma reeseellulase. Based

on their saccharification yields the authors calculated that industrial titres of ethanol (152
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L per tonne of fibre) could poteially be produced, assuming efficient fermentation with
S. cerevisiae

Farmanbordar et al (2018kjied to improve hydrolysis yields from OMSW by
investigating different préreatment methods. OMSW was collected from an urban waste
compost plant and subjected to pteeatment with water or 0.5% w/w sulphuric acid at
140°C for 1 hour. Preeatment wascarried out in a 500 ml highressure reactor with a
total solids (TS) loading of 10% w/w using the commercial enzyme cocktail Cellic Ctec2. The
highest sugar yields were attained with dilute acid -fneated OMSW, which produced
21.33 g/L Bglucose and B5 g/L DBxylose. By comparison, liquid hot water greated
OMSW only yielded 14.07 g/L and 3.04 g/lyxose and Bylose, respectively. Untreated
OMSW had the poorest-Blucose yield, at 10 g/L, but a higheixidose yield (1.98 g/L)
than the dilute &id treated samples because dilute acid treatments tend to solubilises
hemicellulosg(Farmanbordar et al, 2018blretreatment is a critical factor in improving
biomass accessibility for enzymes so that efficient sugar yoeldde attained, however,
there is always a balance to be struck between the potential gains in hydrolysis efficiency
and the cost of the préreatment. Pretreatments often require expensive chemicals and
significant energy for heating and cooli@@nsson & Martin, 2016)n the context of MSW
valorisation, autoclaving is a promising technology because it acts bdtlelp separate
and pretreat OMSW in a single stépi et al, 2012a; Meng et al, 2019)

Industrially relevant saccharification ust be carried out at relatively high
O2yOSY iGNy GA2ya oxmp: G201t & aufideRrsugar yieldd 0 |
for viable fermentation(Larsen et al, 2008However, higher TS concentrations have an
inhibiting effect on substrate conversiomcreasing TS is not only technically challenging
due to limitations in rheology, but algproduces a drop in conversion efficiency, known as
the solids effect{Kristensen et al, 2009aYhe precise cause of this effect is still poorly
understood. Although increasing the enzyme concentration reduces enzyme inhibition and
can alleviate the effect to an extent, there is @amce that enzyme efficiency is also
influenced by the associated increase in viscosity which slows enzyme diffusion.
Furthermore, increasing diffusion by mechanical agitation only marginally improves yield
(Wang et al, 2011a)0ther factors contributing to enzyme inhibition include rgpecific
binding to lignin, which sequesters enzymes and causes them to loose functionality, and

inhibition by metalgBerlinet al, 2006)
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Nornionic surfactants such as polyethylene glycol (PEG) can improve enzyme
efficiencies by reducing unproductive enzyme adsorption to lignin or pla&argesson et
al, 2007) Although PEG did not improve saccharification in terms of vigcosiparticle
size distribution in the study by Jensen et al, (2011), work by Puri et al (2014) found that
addition of PEG improved enzyme activity on OMSW. At the same time, tween, a surfactant
which has been shown to potentiate enzymes in other studiésnot have a noticeable
effect. Due to the highly heterogeneous composition of OMSW and the irreproducibility of
material used in studies comparing effective hydrolysis methods across publications is
challenging.

In a followup to their cellulase ligefaction study, Jensen et al. (2011) sought to
increase hydrolysis yields by investigating how metals in waste water from MSW affect
enzyme activity. The wastewater from this process contained several known inhibitors of
cellulases (copper, mercury, leadjnc, iron, chromium) and stimulators (calcium,
magnesium, manganese), which could influence sugar yields. However, cellulase activity on
filter paper was not significantly affected upon addition of MSW wastewater, indicating
cellulases are relatively rotin the presence of MS\Werived metalgJensen et al, 2011)

That said, metals can be greatly inhibitory to fermentative microorganisaingen the
significant number of publications that have already investigated saccharification methods
for OMSW, the development of hydrolysmethods for OMSW fibre is not a major objective

of this thesis. Instead, this chapter focuses on producing an industrially relevant
hydrolysate that contains realistic levels of inhibitors and metals and will examine the fate

of metals during the hydrolys process.
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3.1.1 Aims of this Chapter

This chapter aims to investigate the saccharification potential of autoclave pre
treated OMSW fibre, evaluate OMSW fibre hydrolysate composition, assess its
fermentability and investigate the possibility of biogas production from hydrolysis waste
streams.Successful hydrolysis methods will be scalpdo produce a large volume of high
sugar OMSW fibre hydrolysate, which will be used to screen a collection of fermentative
microorganisms as part o€hapter 4 A methodological overview for this chapter is

provided inFigure 3.1

Key questions explored in this chapter include:

1 Can OMSW fibre produced through commercial autoclavetqg@ment be
converted to a viable hydrolysate using the commercial cellulase cocktail Cellic
Ctec3?

1 How do enzymatic hydrolysconditions influence the solubility of metals in the

OMSW fibre?

1 Does the OMSW fibre hydrolysate contain any inhibitory compounds typically

associated with lignocellulosic feedstocks?

1 Does the OMSW fibre hydrolysate contain sufficiemtrients to support microbial

growth?

1 Can the residual solid material left over after OMSW fibre hydrolysis be valorised

further by anaerobic digestion?
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A

Hydrolysis
OMSW Fibre 1
Nutrients
+ Cellic Ctec3 A
{Spectrophotometry}
RS Sugars

Residual Solids Hydrolysate (HPAEC)

Inhibitors
(UPLC-MS/GC-FID)

Anaerobic Metals
digestion assay (ICP-MS)

Figure 3.1:Methodological overview 6 experimentalaims andapproaches
investigated h Chapter 3

A: Enzymatic hydrolysis of OMSW fibre with commercial enzyme cocktail Cellic Ctec3
evaluated and methods developed for production of a large, homogeneous batch -@uligh
hydrolysatefor application irfurther experiments.

B: The hydrolysis liquidydrolysate) will besubjected to a compositional analysisyKeitrients
including sulphate, nitrogen and phosphati#! be measuredsing standardépectrophotometry
based assays. Sugars willdrealysedoy highpressure anion exchange chromatograpHPAEL
so that the hydrolysis yield can be calculated and sugar availability for fermentation detern
A range of commoimhibitors will be tested by ultraperformane liquid chromatography with
mass spectrometnlUPLE@MS) and gas chromatograph@aCFID.

C: Any un-hydrolysedmaterial left over after hydrolysiggsidual solid} will be evaluated for
biogas production in a labcale anaerobic digestion sep (@anaerobic digestion assay

D: Metals will be measured in both the residuals and hydrolysate to quantify how toxic sp
are solubilised through enzymatic hydrolysis and evaluate the potential effects on ferment:
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3.2 Materials andMethods

3.2.1 Determining Cellulase Activity as Filter Paper Units

Filter paper units (FPUs) are defined as the amaifieihzyme capable of releasing
2 mg of sugar from 50 mg of cellulose filter paper within one hour. FPUs are a standard unit
for quantifying cd#ulase activity and are used to determine enzyme loadings in
lignocellulosic hydrolysis experimentddney & Baker, 2008)l’he amount of FPUs per
millilitre of undiluted Cellic Ctec3 enzyme cocktail was determinadgua standardised
assay performed on an automated robotic platform (Tecan 200 Liquid Handling Robot). The
assay was carried out by the robot as follows: 50 mg paper discs (Whatman No-1, Cole
Parmer Instrument Company) were loaded into 96 well plates (dise per well). A
standard curve was generated by adding enzyme cocktail (unfiltered) at 0, 25, 50, 75 and
MnE:>Y RAfTdzZiSR 6A0K wp Ya &2RAdzy | OSGlGS
plate was incubated at 50°C for 2 hours and the sugar rett&®m each reaction was
guantified by an automated reducing sugar assay, as describ8Rii.1 (below) The
standard curve was used to calculate the FPUs/g that release 2 mg of sugar within one hour.
This value was used to calculate the volume of eregocktail to be added to hydrolysis

experiments described below.

3.2.2 Smaltscale hydrolysis

Preliminary trials of OMSW fibre hydrolysis were carried in 100 ml conical flasks at
10% total solids loading. A range of enzyme loadings were trialled, includ2fg 80, 40,
50, 60 and 80 FPU/g solids. The hydrolysis slurry was prepared by mixing 10 g of OMSV
fibre (equivalent to 3 g by dry mass or 10% total solids) with the required volume of Cellic
Ctec3 enzyme cocktail (Novozymes) to achieve the required F@dégntration and then
made up to 30 ml with sodium acetate buffer (200 mM, pH 4.5). Flasks were incubated in
an orbital shaker at 52%& and 250 rpm. Samples were taken at regular intervals over 72
hours and analysed for total reducing sugar content lumng sugar assay as described

in3.2.7.1

3.2.3 Largescale hydrolysis
A single batch of hydrolysate was produced from 6 kg of OMSW fibreedlice
contamination during hydrolysishé fibrewas resterilised by autoclaving at 120°C for 15

minutes in a labaatory grade autoclave. This was followed by incubation at room
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temperature for 16 hours and then another autoclave step under the same conditions. This
was done to eliminate any germinated microbial spores that could have contaminated the
hydrolysis. The wisture contentof the fibre was then reduced by manually squeezing
through a synthetic cloth. The final moisture content of the dewatered fibre was
determined as described i8.2.2.1. The fibre was then acidified to pH 5.0 by manually
massaging concentratl HSQ into the biomass.

Hydrolysis reactions were set up in 2 Litre conical flasks. The fibre was mixed with
water that was acidified to pH 5.0 withy&Q to give a final dry solid loading of 20% w/v.
The lignocellulosic enzyme cocktail Cellic Ctec3 (Novozymes) was added to a concentratior
of 10% w/w of total available polysaccharides. Flasks were incubated for 48 hours at 52.5°C
at 250 rpm and then the redting slurry was centrifuged (3500 x g, 5 min.) in centrifuge
pots (600 ml) to separate the hydrolysate liquid from the residuahydrolysed solids. All
components were weighed throughout the experiment to ensure mass balance. Hydrolysis
yields were caldlated as described i8.2.3.

The supernatants were pooled and homogenised, adjusted to pH 6.5 with
concentrated KOH and then the specific gravity of the liquid was measured ®Bidnaan
Specific Gravity Hydrometer (S50, 190mm, Range: 11080 SG)Hgure 3.). The liquid
hydrolysate was subjected to analysis for monosaccharides, metals and nutrients (sulphate,
nitrogen and phosphate) as outlined 2.5 The remaining whydrolysed solid material
was subjected to percentage moisture analysis, contpogl analysis (lignocellulose and
ash) and metal analysis as describe@.i.2.1, 2.2.2.2and 2.2.2.3.Hydrolysis liquid and

residual solids were frozen in separate 1 L freezer bags and saor2ad°C.

3.2.4 Hydrolysate sterilisation

A sterile hydrolysatewas produced as follows: hydrolysate was defrosted and
centrifuged (27,000 x g, 30 min.) in a Sorval Evolution RC centrifuge witb@L(Sorvall)
rotor to remove small insoluble particulates. The supernatant was filtered by vacuum
through glass micrdber filter paper (Watman GF/C) in a Buchner funnel and then passed
through a SteriCap Bottletop Filter Unit (0.22 pm PES membrane,’4ication area, 5
10L capacity, MereMiillipore) under aseptic laminar flow. The sterile hydrolysate was then

aliquoted into sterile tubes (50 ml) (Falcon) and stored2at’C.
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3.2.5 Calculating hydrolysis efficiency

Hydrolysis efficiency was calculated using the equation developd&disiensen et
al (2009b)for hydrolysis reactions with total solids loadings above B&uétion 3.). To
solve the equation the mass of the total reaction, total biomass and the insoluble solids left
over after hydrolysis were accurately determined. This is done byverghing 8 vessels
and substrates throughout the hydrolysis. Other variables that need to be known include
the concentration of monosaccharides and oligosaccharides (determined as described in

3.2.7.2 and the specific gravity (determined as describe8li6) ofthe hydrolysate liquid.

Equation 3.1Percentage yield for a higbolids hydrolysigKristensen et al, 2009b)

a a

b «My. g wi . 08 Ou wpdo < 00 B T
T T o ppa O 00 P
Mreaction mass of whole reaction (g)
Minsoluble mass of insoluble solids after hydrolysis (g)
SGy.phase specific gravity of aqueous phase (g/L)
Msubstrate total mass of substrate (g)
Feellulose fraction of cellulose in the substrate
DM initial dry solids contet (w/w)
[GI] monosaccharide concentration in hydrolysate (g/L)
[Cel oligosaccharide concentration in hydrolysate (g/L)

3.2.6 Determining Specific Gravity

The ratio between the densities of two substances or fluids in a constant volume is
called the specific gravity (SG), as describeBdnation 3.2 SG is determined using a
hydrometer Figure 3.2A0 ® ¢ KS K&@RNBYSGISNDRa FdzyOlAz2y!
Principle, which states thdtAny solid lighter than a fluid will, if placed in the fluid, be so far
immersed that the weight of the solid will be equal to the weight of the fluid displaced"
(Archimedes & Heath, 189AVhen the hydrometer is placed into a fluid that has a specific
gravity greater or lower than the fluid which i calibrated against, its buoyancy will
change. This difference can be read off the graduated scale of the hydrometer and thereby

the relative SG is measured.
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A Specific Gravity Hydrometer
Q Q O Q Q Q Q O \\]
D A o ) P ) 2% X )
A D RN SN N N N o
Air-filled
Lo bobdlobbon b b Lo chamber
Specific Gravity (SG) at 15.6°C
Graduated stem Weighted float

g I

Graduated cylinder

Hydrolysate

¢ SG reading
taken at
meniscus

Hydrometer

Detail

Figure 32: Measuring SpecifiGravity (Schematics by author).

A: Schematic of a hydrometer.

The hydrometer consists of a hollow glass tube that is sealed so as to prodaice .
filled chamber The chamber acts as a float to enable buoyancy when immersed in a fluic
float is weighted with aounterweightto ensure the hydrometer stays upright. Tdraduated
stemis fitted with a scale that is calibrated to the density of a reference fluid.

B: Schematic of how specific gravity measurement in OMSW fibre hydrolysate

Liquidhydrolysateis poured into graduated cylinderand allowed to equilibrate to the
standard temperature to which the hydrometer is calibrated. iymrometeris then carefuit
lowered into the hydrolysatand allowed to float freely. Thepecific gravityis read off the
graduated stemby aligning the scale with thmeniscusat eye level.
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Equation 3.2: Definition of Specific Gravity (SG)

| kvt b

oF ag P>

SG Specific Gravity of the fluid or substance
density of the fluid or substance, [kg?]n

substance

density of water at a standard temperaturé((), [kg/n?]

water

The SG of the OMSW fibre hydrolysate was measured usiSgeaific Gravity
Hydrometer (Brannan S50, 190mm), with a range of 1-2D080, calibrated to the density
of distilled water at the standard temperature of 15.6°C (60°F). To measure the specific
gravity of the OMSW fibre hydrolysate, 250 ml of hydrolysiaied was defrosted, poured
into a 250 ml graduated cylinder and allowed to warm up to ~15.6°C (~10 minutes, also
sufficient time to remove any air bubblesjhe hydrometer was carefully dropped into the
hydrolysate and the specific gravity reading wasetabased on the level of the bottom of
the meniscus, as illustrated in the diagrantigure 3.2B. The specific gravity reading was

used to calculate the percentage hydrolysis yield using the equation descri3e2i5n

3.2.7 Hydrolysate analysis

3.2.7.1 Reducingsugars

Reducing sugars were measured using an automated robotic platform (Tecan 200
Liguid Handling Robot) using the hititroughput 3methyl2-benzothiazolinonehydrazone
(MBTH) assay developed Bpmez et al.(2010) Briefly, a 96 well plate (1.2 ml, VWR) was
set up with liquid samples {ldted in 25 mM sodium acetate buffer (pH 4.5)) alongside a
series of standards containing2®0 nmol B3t dzO2a4S Ay T1p >f aAff A
t/w LXIFTGS GKS | dzi2al YL SNJ LALISGGSR 1tp >f
b0 pn >ftSydl ¢lnd®Bak IY¥IkYE a. ¢l > ndr YIkYSE
oxidising reagent (0.5% FeMBQ),> n®p: {dzf FI YAO F OAR I yR 7
water. Plates were incubated at 60°C for 20 minutes in a PCR machine and then left to cool
and develomt RT for 24 hours. Samples were quantified by measuring absorbance at 620
nm. Absorbance readings were plotted for the standards and sugar concentrations of the

samples were then calculated based on the line of best fit equation. Two replicate plates

were prepared for each iteration of the assay.
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3.2.7.2 Monosaccharides and oligosaccharides

The concentrations of monosaccharides and oligosaccharides in the hydrolysate
were quantified by higiperformance anion exchange chromatography (HPAEC) as follows:
The sterile filtered hydrolysate described B2.2 was serially diluted (1:1500 for
monosacharide analysis and 1:200 for oligosaccharide analysis) inQVIHHO and then
200 pl was filtered through a 0.45 um filter into tapered HPAEC vials (Dionex). Samples
were analysed by HPAES an ICS000 PAD system with an electrochemical gold
electrodeusing a CarboPac PA20 analytical column (3x150 mm, Dionex) and guard column
(3x30 mm, Dionex). Identification and quantification of monosaccharides and
oligosaccharides was carried out by comparing retention times and integrated peak areas
of the sampledo equimolar standard mixtures analysed during the same run under the
same conditionsThe monosaccharide standard mixture containedudose, karabinose,
L-rhamnose, Bgalactose, Bylucose, Exylose, Bmannose, Bgalacturonic acid and-
glucuronic acid. The oligosaccharide standard mixture contaigéccose, cellobiose,

cellotriose, cellotetraose, cellopentaose and cellohexaose.

3.2.7.3 Metals

Metal levels in the hydrolysate and the residual solids left over after hydrolysis were
analysedn triplicate by ICRMS as described i2.2.2.6 Note that the residual solids were
dried and ground to powder with a mortar and pestle before digestion. The digestion step

was not required for the aqueous hydrolysate samples as the metals were alreatijesol

3.2.7.4 Marker inhibitors

Inhibitory compounds commonly found in lignocellulosic hydrolysates were analysed
in the OMSW fibre hydrolysate. Furfurakh§droxymethylfurfural (8HMF), vanillin and
levulinic acid were measured by ultperformance liquid chromagraphy (UPLC) with
mass spectrometric detection (MS). Samples were chromatographically separated on a
Waters Acquity-Class System with VanGuard qmaumn with C18 frit (Waters) and a BEH
I my O2fdzYy oOMAnEH®M YYI MOdT wtYuEh a?gradieBtNE 0
(min/%B = 0/16, 2.5/16, 2.8/100, 2.9/100, 3.3/16, 4/16) of solvent A (5% MeOH, 0.1% acetic
I OARO yR a2t @gSyd . o6nom: FOSGAO FOAR Ay
of 0.5 ml/min at 45°C. MS was carried out on a ThermduEa Triple Quad with HESI
positive ion source and single reaction monitoring (SRM) with one transition for each

compound (compound, precursam/z/productm/z: levulinic acid, 99.12/71.22; HMF,
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109.09/81.15; furfural, 97.12/69.22; vanillii53.05/93.11). Data was analysed with
Thermo Xcalibur 4.0.27.10 software.

A range of orgnic acids, including acetic, butyric, formic, heptanoic, hexanoic,
iIsobutyric isovaleric, 4nethylvaleric, propionic and valeric acid were measured in the
OMSW fibe hydrolysate by gas chromatography (GC) with flanmézation detection (FID).
OMSW fibre hydrolysate was prepared for analysis in triplicate by acidifying 1 ml with 7.5
pl concentrated orthophosphoric acid (Sigikdrich) and run on the GEID in paralle
alongside a volatile free acid standard (CRM46975, Sijdrach). The GEID set up
consisted of @&Nukol column (30 m x 0.25 mm, 1.D 0.25 pm (24107)) with a helium carrier
(30 psi) and liquid injection. Detectors and injectors were operated at 200h¢peFature
was increased from 7#550°C (10°C/min), 15800°C (20°C/min) and held for 10 minutes.

3.2.7.5 Nutrients

Essential nutrients (nitrogen, phosphate and sulphate) were analysed using
commercial testing kits that rely on enzymatic or chemical reactions wello by
guantification by spectrophotometry.

Phosphate and sulphate were quantified using standard Haige Kits designed
for water quality testing, in conjunction with a Hathnge HT200S High Temperature
Thermostat (used to heat samples according toynz¥ I O dZNBE N & Ay & (i NYz
Lange DR3900 Spectrophotometer (for automatic test quantification). Total Phosphate and
orthophosphate were measured by Hathnge LCK350 Phosphate Kit (detection range:
60-60 mg/L PG and 220 mg/L P@P),based on the phosphomolybdenum blue assay in
which phosphate reacts with Mdunder acidic conditions to produce a blue product that
is colorimetrically quantified. Sulphate was measured by Hatige LCK153 Sulphate Kit
(detection range: 450 mg/L S@), based on the reaction of barium chloride ions with
sulphate to produce insoluble barium sulphate which can be quantified as a change in
turbidity.

Nitrogenous compounds were quantified using enzymatic assay kits by Megazyme.
First Ammonia, Urea andArginine (! NA0O 6SNB YSI adz2NBR | 002N
instructions by tArginine/Urea/Ammonia Kit (KARGE), then primary amino nitrogen
(PAN) was measured by Primary Amino Nitrogen K#AKOPA) according to
YIydzFI O dzZNB N a Ay haih\kiigOvérd e dokalowl&eitogttofabyeabtNE

Available Nitrogen (YAN), defined as the total concentration of nitrogen in a fermentation
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GKFG Aa | OO0SaaA o fS&char@mydedKcBrevisidBNsisSchllEkated, frén &

total ammonia, urea,argnine and PAN, as shownHkguation 3.3

Equation 3.3: Calculating Yeast Available Nitrogen (YAN)

WO U pPTTT VOO0

Total YANYANa) is calculated as mg aftrogen per Litre (mg/L) and the values
of each nitrogenous compound (ammonia, uregrg) are given in g/L. PAN is given in
mg/L. Note that each ammonium ion contributes one nitrogen atom (14.01 g/mol), each
urea ion contributes two, and each-dtginine contributes three. However, only two
nitrogen atoms are counted for-&rginine because its primary amino group is already

accounted for as part adhe PAN (measured separately).

3.2.8 Anaerobic Digestion Assays
3.2.8.1 Smaltscale Anaerobic Digestion Assay

To investigate the biogas production potential of residual material from OMSW
fibre hydrolysis a smaticale anaerobic digestion assay was set up as showigume 3.3
Glass serum bottles (100 ml) were set up in triplicate with either low (20 g) or(4@yb)
loadings of residual material from OMSW fibre hydrolysis. As a positive control three
bottles were set up with 15 g of OMSW fibre. As a negative control three bottles were set
up without any biomass added. Each sample was inoculated with 40 glgkeqldigestate)
from an active industrial anaerobic digester operated by Yorkshire Water Ltd. All samples
were sealed with rubber bungs and vortexed thoroughly before being connected to the
smallscale anaerobic digestion apparatésgure 3.3. Samples wee allowed to degas over
the first 5 days to eliminate intrinsic gasséfethane levels wer¢hen recorded ovetthe

next41 days, with measurements taken every day for 20 days then ev8rgd/s.

94



Chapter 3: Evaluating Hydrolysis, Fermentability and Biogas Production from OMSW Fibre

Sealed tip =———>
CH,
Silicon tube
— Inverted
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— pipette (25 ml)
Needle E
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bottle —
\/ \_/ \f— Water

Liquid trap CO, Scrubber
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Figure 3.3: Schematic of the smaitale anaerobic digestion apparatus
(Schematic by author, experimental design developed by James F. Robson
(University of York) as part of his PhD thesis).

Biomasss combined with sludge from an anaerobic digester glass serum bottle. Th
bottle is sealed with a rubber bung to prevent gas exchangesandred on an orbital shake
that agitates the sampleThe rubber bungf the serum bottlés pierced with a needle attache
to asilicon ibe Any gas produced by the anaerobic digestion culture can only escape thi
the needleBiogasfirst passeghrough theliquid trap (catchesmoisture& particulates), then
through theCQ scrubber(2M NaOH eliminates CQ & H) so that onlynethane(CH) remains
The Chlbubbles up throughmainverted25 miserological pipettethat is sealedat the tipand
placedin a tube of waterWater in the pipette iglisplacedby biogasand the volume of gas ir
the headspace can be read off the scalamce 20 cfof headspace had been displaced ti
serological pipette is reset by refilling with water.
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3.2.9 Automated Biomethane Potential Assay

A custom automated anaerobic digestion system weed to determine the
biomethane potential of OMSW fibre and residual solids from OMSW fibre hydrolysis. The
system consisted of eleven glass nbioreactors Figure 3.4A). Each minreactor was
fitted with impellers attached to powered stirring rods deed to a gas tight reactor lid
with two sampling ports gasout and feedin/sampleout (Figure 3.4B). The full mini
bioreactor setup is shown and described igure 3.5Left Total gas and percentage

methane were measured continuously in real timedascribed irFigure 3.5Right

Figure3.4: Anaerobic Digestion Minbioreactor Assembly
(Images courtesy of James F. Robson, University of York)

A: Mini-bioreactor.
(1) Gasoutlet port; a) Sampling port (feeth, sampleout); 2b) Sampling/feeding tube3J
Impeller (detail irB); (3) Glass vessel O);

B: Mini-bioreactor stirring mechanism:
(1) Bioreactor lid (gas sealed); (2) Powered stirring r8dngpeller.
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o
r.e
R e e~ e . W

Figure3.5: Automated LabScaleAnaerobic DigestiorBystem
(Image courtesy of James F. Robson\lsity of York) who developdtis system as part of
his PhD thesis).

Left: Bottom- Temperature controlled water bath containing 11 rdidreactors (as depicted il
Figure 3.4. Set ta35°CTop- Thebioreactor tops are attached to a powered pulley system wk
is connected to a single motor. Gas outlets from each-bimeactor are attached to gas
impermeable dicon-basedtubesthat lead to gasthe detectionapparatusesiight).

Right: Top- Gas outlets from the bioreactor system are connected to an array of infrarec
methane sensors (Dynament, certified mining gra&00% detection range). The IR sens
emit an analogue signal recorded by an Ardutomputing platform runningustom software
that converts this signal to a methane percentagettom- A tipping bucket mechanismith
temperature and pressure competisa enables totalgas yield to be recordezbntinuouslyin
real time atstandard temperature and pressure

3.2.9.1 Setup, Sampling and Feeding

OMSW fibre and residual material from MSW fibre hydrolysis were defrosted and
dewatered by manual squeezing through synthetic cloth. Moisture contentamatysed
as described previouslp.@.2.1). OMSW fibre and hydrolysis residuals were prepared as
suspensions of 1.25% wi/v, respectively. Each suspension was blended in a food blender fol
10 minutes to homogenise the biomass and make the material smaligindo pass
through the 3 mm diameter tube (f=x) used to feed the mirbioreactors. Suspensions

were stored in 1 litre Duran bottles at 4°C for the duration of the experiment.
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At regular intervals 50 ml of digestate was rAomasively sampled from each
digester with a 60 ml capacity syringe (BD Plastipak) with attached tube. Each sample was
transferred to Falcon tubes and the pH was measured with pH strips (Fisher Brand). After
each sampling the reactors were fed with 50 ml of either the OMSW fibre siduals
suspension. The two negative control reactors were also sampled and fed with 50 ml water.
Sampling was carried out over 43 days at the same time of day. Sampling intervals were
every 7 days (days 0, 7, 14, 21 and 28), then every 3 days (days&8id 34) and finally
every 2 days (days 39, 41 and 42).

A 1 ml aliquot of each sample was transferred to a dried;vpeehed Eppendorf
tube (1.5 ml) and spun down. The supernatant was discarded, and the pellet was weighed
to calculate total dry solids.d®aining sample material was frozen -20°C for use in
further analyses as described3r2.9.2.3and3.2.9.2.4.

3.2.9.2 Chemical Oxygen Demand

A 15 ml aliquot of each digestate sample was centrifuged at 3,500 xg for 20 minutes
and the supernatants sepated from the pellets. Chemical oxygen demand (COD) of the
supernatants was measured using a Hach Lange COD Kit (LCK514) with a detection rang
of 1002000 mg/L @ OO2 NRAY 3 (2 YI ydzZFlI OGdzZNBENR& Ayal
adding 2 ml of supernant to the test vials provided in the kit. Vials were mixed and
transferred to a Haclhange HT200S High Temperature Thermostat (used to heat samples
F OO2NRAY3I (2 YIydzZFlI OGdzNBEBNRA Ay adNHzZOGA2Yy &
a HachLange DR3®¥DSpectrophotometer to quantify the COD.

3.2.9.3 Microbial Community Characterisation

The microbial communities in AD reactors fed with fibre or residuals were
characterised using phylogenetic 16S rRNA amplicon sequencing. Digestate from the final
sampék point of two reactors was analysed from each condition (fed with OMSW fibre or
fed with residuals). DNA was extracted from each sample and tivd v8gion of 16s rRNA
was amplified with commonly used v3v4 primékdindworth et al, 2013)ith a Quickl6s
bD{ [AONINE tNBLI YAU oO0®wneY2 wSaS!| s&iedcing OO0 2
was carried out via lllumina MiSeq 2 x 300 bp by the genomics facility at Leeds University.
The bioinformatics pipeline was performed according to Qeantitative Insights Into
Microbial Ecology QIIIME bioinformatics platform (Caporaso et al, 2010default

parameters and primers were trimmed using a DARBARware packagéCallahan et al,
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2016)using acut length of 25 bp. Reads were clustered into operational taxanomic units
(OTUs)using the UCLUSTalgorithm based on a 97% sequence identity threshold.
Taxanomic annotation of OTUs was performed using the Green@ea&saintis et al, 2006)
rRNA database.
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3.3 Results

3.3.1 Hydrolysis of OMSW fibre

Smaliscale hydrolysis experiments were initially used to assess the amenability of
autoclave pretreated OMSW fibre to hydrolysis with Cellic Ctec3. Optimal conditions for
Cellic Ctec3 are 5055°C and a pH between 4.5.5, therefore the mean conditian(pH
5.0 and 52.5°C) were chosen. OMSW fibre was added at a medium solids loading (10% wA
TS) with enzyme concentrations ranging from medium to high8®@PUs/g). These
conditions led to a polysaccharide conversion of betweer8@®%, with higher enzyme
loadings releasing more sugafdure 3.6. The most rapid hydrolysis occurred within in
the first 12 hours for all enzyme loadings, followed by a more gradual rate of sugar release

up to 72 hours when the reaction was stopped.
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Figure 36: Preliminary trial of OMSW fibre hydrolysis using a range
enzyme loadings

It is typical for enzymatic hydrolysis of lignocellulose to initially progress at a rapid
rate and then slow into a plateau phase, often ending with incomplete Hysi®oof the
substrate(Arantes & Saddler, 2011)his phenomenon can be overcome by dosing more
enzyme, but the relationship between enzyme loading and sugar release efficiency is
generally mn-linear, especially at higher enzyme loadings. For examplagure 3.6he
60 and 80 FPUs/g enzyme loadings had similar sugar yields for the first 30 hours and the
final polysaccharide conversion for the 80 FPUs/g reactions was only about 10% greater

compared to the 60 FPU/g reactions. Similarly, the sugar release was very similar for the
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30 and 40 FPU/g loadings. The large error bars between replicates and inconsistent sugat
release observed between the enzyme loadings may also be due to mixingidinstthat

are inherent to smalscale laboratory hydrolysis saps (Neubauer et al, 2013)it was
concluded that autoclave preatment was sufficiently harsh to make the lignocellulose

in the OMSW fibre accessible to hydrolysis by Cellic Ctec3 and consequently no further pre
treatments would be necessary to produce a hydrolysate with enough sugar for
fermentation experiments.

Next, a largescale hydrolysis process was developed for OMSW fibre at the
industrially relevant solids loading of 20%. An excess concentration ofcimenercial
enzyme cocktail Cellic Ctec3 (10% enzyme by weight of total available polysaccharide) wa:s
used to ensure the enzymes would liberate enough sugars to sustain microbial
fermentations and the final hydrolysate would contain industrially realisticceatrations
of inhibitors and metals. The hydrolysis methodology used for preliminary experiments
involved acidifying the biomass with glacial acetic acid and then buffering the slurry with
200 mM sodium acetate buffer (se8.2.2). Acetate is very inhitry to facultative
anaerobegKoh et al, 1992)or examle, E. colis completely inhibited by 425 mM acetate
(Zaldivar & Ingram, 1999) To produce a hydrolysate more suitable for fermentation
applications glacial acetic acid was exchanged for concentrai@@H+SQwas manually
massaged into the fibre until the pH dropped to 5.0 and then a slury pvapared using
distilled water adjusted to pH 5.0 withe&Q (for full method see.2.3). Although no buffer
was employed, the combination of the acidified fibre and water maintained the pH
effectively until the end of hydrolysis without adding compouirdsbitory to fermentative
microbes.

The hydrolysis slurry was distributed across eight 2 litre conical flasks as shown in
Figure 3.7A.To facilitate mixing in the absence of an impeller, shake flasks were only filled
to ~25% of capacity and agitated mgiop throughout hydrolysis at 250 rpm in an orbital
shaker. Due to the high viscosity of the 20% TS slurry, thepselid not produce any
agitation at first. However, after-8 hours as the enzymes began to break down some of
the polysaccharides, adequeatagitation was achieved. Within 48 hours a liquefied
hydrolysate was producedrigure 3.7B). After hydrolysis all uhydrolysable solids were
separated by centrifugation from the liquid fraction. The two fractions are shown in the

image inFigure 3.7C
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Figure 3.7Imagesof the key stages in the largecale hydrolysis of OMSW fibre
(Images by author)

A. Image ofthe large-scale hydrolysis set up: Eight 2L conical flasks were set up with
MSW fibre (20%ry weight by volume)Cellic CtecBL0% weight by weight of availabl
polysaccharidesgnd 400 mlliquid.

B. Appearance of the hydrolysate slugfter 48 hoursof hydolysis.

C. Hydrolysis liquid andesidualsolids aftercentrifugal separation
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The final concentration of monosaccharides in the liquid fraction was 781133
g/L (7.8% wiv). Bjlucose, Exylose and Bnannose were the most abundant sugars overall,
present at concentrations of 54.64.31, 17.54+1.10and 4.25-0.61g/L, respectivsl, and
making up 98% of the total sugars in the OMSW fibre hydrolysdtedse, karabinose, L
rhamnose and Eyalactose were also detected in small quantitiegggre 3.8. The total
hydrolysis yield was calculated as 75.29%, equivalent to 61.19% Gfldeaellulose and
about 59% of available hemicellulose. The final sugar concentration attained in the OMSW
fibre hydrolysate was 7.8% w/v, which is just below the minimum sugar concentration
needed for a hydrolysate to be economically viable for bioethén LINE RdzOU A 2 Y
(Chen & Liu, 201Y)Nodoubt hydrolysis yields could be improved by using a dedicated
hydrolysis vessel with powered mixing capabilities. Nevertheless, the hydrolysate was
deemed to contain enough sugars to be practicable for assessing the suitability of OMSW

fibre for fermentdion.

A 0.39%
0.48%

Sugars (g/L) SD

Gl 5469 +1.31

=Xyl 1754 +1.10

mMan 495  +0.61

m Fuc 0.41 +0.32

HAra 0.37 0.27

69.92% = Rha 0.31 +0.30

= Gal 0.56 *0.38

Total 78.13 +1.93

CAABY RFYOSY INF GA2Y YFR2EI100RINOR
YSIFAdzZNBR Ay Ke@RNRfealraGdS 2F haf:
+S[> standard deviation of triplicate measurements
Colours irA correspond to the colours marked for each sugd.in
Glu =D-Glucose; Xyl B-XyloseMan =D-Mannose; Fuc EFucose;
Ara =L-Arabinose; Rha ERhamnose; Gal l=Galactose.

A: Total percentage abundance ofionosaccharidesn OMSW fibréaydrolysate.
B: Goncentration ofmonosaccharides in OMSW filimgdrolysatein g/L.
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It should also be noted that there are some caveats involved in calculating hydrolysis
yields for solids loadings above 5% that must be considered when developing scalable
hydrolysis methodsHydrolysis is carried out using water as the primary solvent,alsu
sugars are solubilised from the insoluble lignocellulosic fraction the density of the liquid
increases. This change in density can be accounted for in calculations by measuring the
specific gravity (SG) of the final hydrolysate. SG is defined aatibéetween the densities
of two substances, where one substance is used as a reference substance (in this case the
density of distilled water at 15.6°C) and the volume of the two substances is equivalent.

C2NJ KERNRfe&aAra NBIFIOGAZ2ya ogAUGK t2g az2faA
scale experiments, the differences in specific gravity of the different components are so
minor that they can be considered equal and are disregarded when calculatinglysis
yields. However, a&ristensen et al (20094)ave demonstrated, as the solids loadings
increase over 5% this no longer holds true and knowing the specific gravity of the final
hydrolysate becomes critical for accurate calculation of hydrolysis yiela.standard
methodfor calculating hydrolysis yield is used, for example the standard equation used by
the National Renewable Energy Laboratories (NREL), the hydrolysis yields are up to 36%
greater(Kristensen et al, 2009bpue to the industrial nature of this project and the high
solids loading employed, | chogo apply the more comprehensive hydrolysis yield

equation put forward by Kristensen et &duation 3.} for calculating hydrolysis yields.

3.3.1.1 Inhibitor and metal content

The OMSW fibre hydrolysate was analysed for potential fermentatibibitors,
including metals and common inhibitory compounds, to assess any potential toxicity to
fermentative microbes and evaluate the degree of metal solubilisation caused by hydrolysis
(Table 3.3. A wide range of organic acids were detected in therdlygate, including
levulinic, acetic, propionic, butyric and hexanoic acid. The most abundant acids were
levulinic and acetic acid at 29.60.37mM and 5.77£0.09mM, respectively. The other
organic acids were present at <0.3 mM. The inhibitory aldehydasillin, 5
hydroxymethylfurfural (8SHMF) and furfural were also measured, but only vanillin was
detected at 2.1G:0.10mM.

All metals originally detected in the OMSW fibhapter 2, Table 2)4were also
found in the hydrolysate, except cadmium whiclasvabsent in the hydrolysate. Again,

calcium was the most abundant element at 119.20 mM. Other metals present in the mM
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range were highly soluble species including potassium, sodium and magnesium. All other
metal species were present at relatively low leva = Ay (GKS >a (2 ya
understand how inhibitory compounds and metals might affect microbial fermentation, the
levels measured in the OMSW fibre hydrolysate were compared to the minimum inhibitory
concentrations (M.1.C) reported in the litetae for the model fermentative microorganism
Escherichia coliThese are given ifable 3.lalongside their respective references.

The concentration of all inhibitory compounds and potentially toxic metals were
below the M.I.C reported foE. coli No stidies reporting magnesium or calcium inhibition
in E. coliwere found in the literaturealthough evidence suggests that high cation levels
can disrupt intracellular pH, thereby increasing sensitivity to organic §édsnecke &

Gill, 2005) Sodium and potassium are physiologically important cations prelseint > a
levels in the hydrolysate, but evidence suggests growth inhibition requires concentrations
around 1 M(Wu et al, 2014) The inhibitory effects of many metals are highly dependent
on pH, redox and microbial physiology, therefore the potential effects on fermentative
microorganisms are difficult to predict. Based on the M.I.C values preseniethlm 3.1,

the most potentally problematic species are iron and aluminium, as their concentrations
are closest to the M.I.C. and therefore could potentially affect microbial fitness.

To gain a better understanding of how metals are solubilised during enzymatic
hydrolysis, the metl levels in the residual solids were analysed and compared to the
concentrations in the hydrolysaté&igure 3.9. For comparison, the metal levels originally
measured in the OMSW fibre (describedinapter 2, Table 2)Avere used to calculate the
concentation of metals that would theoretically be released in a 20% TS hydrolysis,
assuming 100% solubilisatiof® & 3 dzZNB . dntbEstingl§, 2x@dpdSa@ highly water
soluble species (potassium and sodium), most metals in the system were retained in the
residual solids fractionQ A 3 dzZNBE o d@pEd WNBEIAtRHzZF X A Figuke8.9,f A |j
WK& RNRf &YAIRISS QlzL) XXok: 2F GKS G20Ft YSdrt O

Overall, the theoretically calculated metal levels were lower than the total metal
levels measuredn the hydrolysate liquid and residual solids combined. This is possibly
because a much greater volume of OMSW fibre was homogenised to make the hydrolysate
compared to the 50 g used for IGMIS analysis, highlighting the limitations of
representative smple taking in compositional analysis. It also indicates that metals are
heterogeneously distributed within the OMSW fibre. Some metals were absent in the

hydrolysate and the OMSW fibre but were detected in the residual material, including
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selenium, arse)

Iy R

GKIFffAdzYo |1 26SOSNE (KSasS ¢S\

The hydrolysate contained approximatelyfddd more metals by dry weight than the

OMSW fibre, thus less abundant metal species were probably more easily detected by ICP

MS.

Table 3.1 Organic acids, aldehydes amdetals measured in OMSW fibre hydrolysat
and the minimum inhibitory concentrationM.I.C) of each analyte fothe model

fermentative microorganisnmEscherichia coli

+SD = standard deviation of triplicate analysest a/not detected; n/a = not applicable

oYa® p{5 wYaé
Il OARA
Levulinic 29.64 +0.37 345 (Zaldivar & Ingram, 1999)
Acetic 5.77 +0.09 416 (Zaldivar & Ingram, 1999)
Propionic 0.24 +0.08 570 (Chun et al, 2014)
Butyric 0.11 +0.0027 460 (Chun et al, 2014)
Hexanoic 0.11 +0.02 12 (Hou et al, 2017)
| f RSK&@RSa
Vanillin 2.10 +0.10 10 (Zaldivar et al, 1999)
5-HMF n/d 32 (Zaldivar et al, 1999)
Furfural n/d 36 (Zaldivar et al, 1999)
aSitl t a
Calcium 119.20 +0.00003: n/a -
Sodium 15.26 +0.00014 910 (Wu et al, 2014)
Potassium 7.67 +0.00003( 1,100 (Wu et al, 2014)
Magnesium 3.65 +0.00099 n/a -
Iron 0.70 +0.00002¢ 1 (Kalantari, 2008)
Aluminium 0.58 +0.00014 2 (Nies, 1999)
Zinc 0.12 +0.00002( 2 (Beard et al, 1997)
Manganese 0.050 +0.00005¢ 1 (Nies, 1999)
Nickel 0.0061  +0.00009( 20 (Nies, 1999)
Chromium 0.0011  +0.00013 1 (Nies, 1999)
Copper 0.00082 +0.00031 1 (Nies, 1999)
Antimony 0.00078 +0.00005: 5 (Nies, 1999)
Vanadium 0.00072 +0.00015 1 (Nies, 1999)
Cobalt 0.00055 +0.00019 1 (Majtan et al, 2011)
Molybdenum  0.00019 +0.00035 >10 (Stewart & Macgregor, 1982
Lead 0.000049 +0.00003: 5 (Nies, 1999)
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3.3.1.2 Nutrient analysis

To get a full picture of thautrient profile of OMSW fibre hydrolysate key nutrients
required for microbial growth were measured, including phosphate, sulphate and various
nitrogen sourcesTable 3.2. Phosphate was measured as orthophosphate (a measure of
free PQ*in the sample) ad total phosphorus (also called orthophosphate as phosphorus
(PQ-P) because all phosphorus must be converted tol&ibre it can be quantified). The
hydrolysate contained 0.4#40.003mM of phosphorus, of which only 0.10.001mM was
orthophosphate. Sulphate was present in the highest abundance overall, at #5.2%
mM. A typical method for measuring availability of microbially accessible nitrogen in
industrial fermentations is to calculate Yeast Available Nitrogen (YAN)3&eé.H
(Boudreau et al, 2018} AN combines measures of ammonia, ureaginine and primary
amino nitrogen (nitrogen derived from peptides and amino acids) to calctitegaotal
O2yOSYUGNY GA2Yy 2F YyAGNRISY &2 dzNIs&ckharoryces O
cerevisiag in a typical fermentation. Total YAN in the hydrolysate was 4854 mM,
primarily comprising ammonia (2.20.09mM), with some primary aminoitmogen (PAN)
(0.32 £0.01 mM) and low levels of -Arginine (0.03+0.01 mM). Urea levels were
insignificant. Overall, the level of microbially accessible nitrogen and phosphate measured
in the OMSW fibre hydrolysate was at least 50% below the levels thaldvibe used in a
typical defined medium foE. coli For example, MOPS minimal medium contains 10 mM
ammonia and 0.4 mM PhosphafBleidhardt etal, 1974) The hydrolysate may therefore

require supplementation with nutrients to be viable for fermentation.

Table 32: Levels phosphorus, orthophosphate, sulphate, nitrogenous compound
and calculated yeast available nitrogen (YANYOMSW fibe hydrolysae
*For details on methods and calculating YANZ2€7.5

Of which: Ammonia (Nh) 2.27 +0.09

L-Arginine 0.03 +0.01

Primary Amino Nitrogen (PAN) 0.32 +0.01
Total Phosphorus (P£P) 0.440 +0.003
Orthophosphate (PG) 0.11 +0.001

Sulphate (S&) 15.24 +1.21
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3.3.2 Methane production from residuatolids of OMSW fibre hydrolysis

A total of 2.25 kg (by dry weight) of OMSW fibre was used for large scale hydrolysis,
of which 1.63 kg or 72.5% (by dry weight) was recovered. This residual material had a
moisture content of 58.90.3%, which constituted ta~2.3 Litres of liquid hydrolysate that
could not be recovered after centrifugal separation. Furthermore, based on the hydrolysis
yields calculated in sectiol.3.1, it was estimated that 14.7% cellulose and 1.6%
hemicellulose remained in the residual igigl fraction. The relatively large fraction of
polysaccharides and soluble sugars retained in this waste stream indicated it could
potentially be used as a feedstock for anaerobic digestion (AD). The biomethane potential

(BMP) of the residual solids wastlefore assessed through two fsgale AD experiments.

3.3.2.1 Smaltscale anaerobic digestion assay

Using a small labcale AD apparatus (detailed 3r2.8.1), methane production was
measured over 46 days with a high (20% TS) and low (13adB)y of residuals and an
8% TS loading of OMSW fibfegure 3.1). OMSW fibre was used as a positive control
because it has been widely demonstrated to be a good AD feedéfgekyi et al, 2018)To
control for any lingering activity of the microbial community, the methane production of
the inoculum (sludge from an industrial AD plant) was also measured.

For the first five days the samples edunidited, rapidly releasing inherent gasses. The
methane levels were therefore scaled to zero from day 5. Once the reactors equilibrated,
very little gas production was observed from the samples for two weeks. However, the
negative control steadily releasedethane throughout the duration of the experiment as
the sludge still contained 2.5% solids for the microbial community to degrade. After a total
of ~20 days the samples began producing methane in bursts with high variability between
replicates. This igkkly due to gasses becoming trapped because of the high solids content
of the samples. However, the averaged data indicates that overall the residual material had
a greater biomethane yield than the OMSW fibre. The samples containing residual material
produced a total of 131.3:79.3 biomethane for the high solids loadingigure 3.10,
WNEB a A R d2rahddl21&@RA5mIKIbi@methane for the low solids loadingigure 3.10,
WNBE & A Rd20fza 200 20éddp YR HdH (GAYSa YRENSThd K I
samples containing OMSW fibre produced the least methane overall 228.2ml total,

or 9.6% less than the control.
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=== Control

200 - Residuals (low)
| —&—Residuals (high)
Fibre

5 10 15 20 25 30 35 40 45

CAAB YodxWidet | GADBS 0A2YSUKFIYS @ASER FNE
KeRNRfeéaAra NBaAARdzZ £ YIFGSNAL
CH: = methane (ml)Residuals (low)= 20 g residual material (13% TBgsiduals (high¥ 40 g
residual material (20% T$)bre (positive control= 15 g OMSW fibre (8% TSantrol= 40 g
digestate only(2.5% TS);

Three assays were set up per feedstock. 40 g of digestate sludge was added t
sample. Measurement of methane production was started at day 5 to account for initial se
degassing. Error bars show standard deviation of triplicdtes detils se€3.2.8.1

AD of OMSW at high solids (>10% TS) has been demonstrated to be more efficient
and economical than at low solids, but powered mixing is necessary to achieve sufficient
agitation(Rivard et al, 1993)t was not pssible to get consistent methane yield data over
the short duration of this AD experiment, probably due to the inadequate agitation
achieved by the smadicale anaerobic digestion apparatus with the high solids loadings.
Nevertheless, the residual materishowed good methane production potential and was
therefore trialled at much lower (1.25%) solids loading using an automatesdcklle AD

apparatus.
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3.3.2.2 Automated labscale anaerobic digestion assay

To more accurately assess the BMP of OMSW figdrdiysis residuals an AD
reactor feeding experiment was carried out with an automateddable AD apparatus that
measured biogas and methane yield in real time (outline8l2:8.1). The AD reactors were
fed at regular intervals over 43 days with 50 milao1.25% wi/v suspension containing
residuals or OMSW fibre. Volumetrically equivalent samples were removed before each
feeding and analysed for total solids and COD.

The total solids content was similar for all reactors (+3§/L) and relatively stable
over the course of the experiment, with a slight decreasing trend for the filre (R49)
and residuals samples 4R 0.34), while the negative control stayed relatively stable
throughout (R = 0.05) Figure 3.1). This indicated that the microbial conumities were
efficiently utilising the carbon source after each feeding and the feedstock was not

accumulating over time.

Residuals Fibre Neg. control
Linear (Residuals) Linear (Fibre) Linear (Neg. control)
R2 = 0.3365 R2=0.4871 R2 =0.0533
30
25
<
2 20 | [
5 [ i T 4
S 15 1 " [ | LYo
0p] £ ' | g ] . ST
s 10 L - il 1
o
-
0
0 7 14 21 28 35 42
Days

CAAB Yo®wmimi a2f ARa O2y(iSyd 2F RAISAGL
YR NBaARdz fa
Total dry solid were measured at regular intervals over 43 days in digestate san
from AD reactors fed with OMSW fibrigbfe), residuals solids from OMSW fibre hydroly
(Residualg or water Neg. contro). Error bars show standard deviation toiplicates for Fibre
and Residuals and duplicates for Neg. control.
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This is supported further by the COD daffeg(re 3.12 The COD of the feedstock
suspensions was 46,73316mg/L Qfor the residuals and 1,1968mg/L Qfor thefibre,
therefore the COD of the digestate would have increased over time if the AD community
was not active. However, COD levels fluctuated in the range 683280ng/L Qbut did not
increase, demonstrating that the AD community was efficiently utiligimg carbon
introduced at each feeding and the feedstock was not causing dysbiosis. There was no
significant change in COD for residuals and fibre samples over the course of the experiment
(R =0.19 and 0.09, respectively) whereas COD decreased in théveegantrol samples

(R =0.72), which were being starved of carbon over the course of the experiment.

Residuals Fibre Control
Linear (Residuals ) Linear (Fibre) Linear (Control)
R?=0.1853 R2=0.0951 R2=0.7213
500
@ 400 r T . P~
< r i I ; O anndl
2 300 ¢ : - s
E I 1 TN ¢
S 200 -
O
100
O I T T T T T T
0 7 14 21 28 35 42
Days

CAAL Yoos¥WA Ot 2E&3Sy RSYFIYR 2F RA3S

ha{2 FAONB YR NBaARdz f a

Chemical oxygen deman@OD, mg/L £ was measured at regular intervals over -

days in digestate samples from AD reactors fed with OMSW fitlme), residuals solids fron

OMSW fibre hydrolysisésidualg or water (Neg. contro). Error bars show standard deviatio
of triplicates for Fibre and Residuals and duplicates for Neg. control.

The total biogas yield and proportion of methane produced by each reactor was
measured in real time over 43 days as detaile®.i18.2.Note that three reactors were
trialled with each feedstock, but one fibffied reactor became faulty over the course of the
experiment making biogas measurements inaccurate. Biogas and methane data from this

reactor were therefore disregarded in all anagresented ifrigure 3.13
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(A) Total gas (ml)(B)total methane (ml) and@ percentage methane (%) produced over 1€
hours by AD reactors fed with OMSW fibgeeén), residuals from OMSW fibre hydrolys
(orange) or water (ed). Feeding days demarcated by vertigaty lines First feeding at ~350 t
and final feeding at ~1350 h (43 days). Residuals = averages of three AD reactors.
averages of two AD rectors. Control = averages of two AD reactors fed with water only.
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There was no significant difference in the total biogas ymioduced from the
residuals compared to the fibreFigure 3.13A). Reactors fed with fibre and residuals
produced a total of 1,532 ml and 1,753 ml of biogas, respectively. Although total biogas
production was nearly identical for most of the experimeng firoportion of methane was
significantly greater throughout for reactors fed with residuals, which produced 831 ml of
methane (47.4% of total biogas), while fikfexl reactors only produced 593 ml of methane
(38.7% of total biogasJ{gure 3.13B).

The ate of methane production rapidly increased after each feeding (demarcated
by grey lines), but in reactors fed with residuals the high methane production was sustained
for about 100 hours before dropping ofFigure 3.13 = WYw 9 awhik dalfibreied
reactors there was a small spike in methane production after feeding followed by a second,
larger peak that rapidly declinedFigure 3.13 >  WClhppmaBt®, biogas production
remained relatively stable once feedings increased in frequency (afé® &Y, indicating
that the microbial communities could cope with more frequent nutrient and carbon source
influx and still maintain efficient methane production. After feeding was stopped (after
1350 h) the methane levels declined in all reactors, althduighgas production continued
(Figure 3.13A and C, 14001600 H.

The 33.4% greater methane yield attained from residuals could indicate that the
microbial community present in these reactors was more efficient at methane production
or that the feedstockvas more easily converted to methane. To get a better understanding
of the microbial community composition DNA was extracted from the final digestate
samples and subjected to 16s rRNA sequencing. Between 197,697 and 250,036 reads wer:
matched to 308 OTUSequencing depth was sufficient to draw conclusions of taxonomic
abundance as a stable measure of the Shannon Ing&ich quantifies species richness
and evennessyas observed above 2,500 readgopendix Il).

Species identified by phylogenetic amplicamalysis were grouped by their
taxonomic affiliations at the phylum level to get an overview of the microbial community
structure Figure 3.14. Surprisingly, community composition was highly similar in reactors
fed with residuals and reactors fed wittM3W fibre. The most abundant taxonomic groups
were Bacteria of the phyl&acteroidetes, Firmicuteamnd Chloroflexi The Spirochaetag
Proteobacterieand Archaea in the phyluiBuryarchaeotgfor a comprehensive taxonomic
table with all annotations sedpperdix IV). These results are consistent with previous

studies, which showed thatFirmicutes, Bacteroidetes, Proteobacteria, Chloroflexi,
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SpirochaeteandActinobacteriaare the dominant phyla found in industrial biogas reactors
digesting municipal solid ankbuid wastes and are generalfssociated with a healthy

methanogenic communityGuo et al, 2015; Sundberg et al, 2013)

100% Other (unknown)

Archaea, Euryarchaeota
920% m Bacteria, Acidobacteria
m Bacteria, Actinobacteria
m Bacteria, Armatimonadetes
80%

W Bacteria, Atribacteria
H E B = ’

W Bacteria, Bacteroidetes

Q 70% m Bacteria, Caldiserica
S Bacteria, Chloroflexi
o . .
5 60% Bacteria, Cloacimonetes
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“é . W Bacteria, Firmicutes
e 20% B Bacteria, Hydrogenedentes
% B Bacteria, Lentisphaerae
= 40% Bacteria, Microgenomates
m Bacteria, NA
30% Bacteria, Nitrospirae
Bacteria, Omnitrophica
W Bacteria, Parcubacteria
20% .
m Bacteria, Planctomycetes
H Bacteria, Proteobacteria
10% m Bacteria, Spirochaetae
H Bacteria, Synergistetes
0% Bacteria, Verruomicrobia
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The 16s rRNA amplicon profiles were assigned taxonomy in Greengenes (DeSan
(2006)) and then grouped by Phylum to provide an overview of the taxonomic abundance
the digestate. A comprehensive table of all taxonomic annotations is providgpendix 1V
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3.4 Discussion

A primary objective of this project was to produce a large, consistent volume of
OMSW fibre hydrolysate for substrateiented screening of microbial species in
subsequent work. Method development was therefore focused on producing a hydrolysate
with enoudh sugars for fermentation and industrially realistic levels of inhibitors and
metals. Although hydrolysis optimisation was outside the scope of this project, some
observations were made while developing the hydrolysis methodology that would be
pertinent to future bioprocess development for OMSW fibre.

Maintaining the pH of the slurry was a major challenge in preliminary experiments
the OMSW fibre demonstrated a strong buffering capacity which caused the pH to rise to
~6.5 over the course of hydrolysisatling to inefficient and inconsistent saccharification
between samples and thus significant variability between replicates. Calcium originating
from CaCe@paper filler was present at high levels in the feedstock (~2 mol per Kg) and its
alkalising qualitis probably greatly contributed to the high buffering capacity. GaCO
dissolution not only elevates pH beyond the optimal range for cellulases, but cellulases
have also been shown to preferentially bind to CaQhe presence of hardwood pulp
(Chen et al, 2012)

Previous studies with waste paper showed that removal of GakBCacid washing
significantly improved hydrolysisfficiency (Wang et al, 2011b)However, the cost of
adding large volums of acid and water to solubilise Ca€6uld be expensive at industrial
scales. It is also important to consider that unlike waste paper, OMSW fibre contains high
levels of toxic metals that could become solubilised into the wash water and would require
specialised disposal, incurring additional costs. Furthermore, wofRUny, 2014pn MSW
derived paper pulp found that washing out Ca®@h neutral detergent or E5Q had no
effect on hydrolysis yields, whereas the addition of polyethylene glycol EIB0)
improved enzyme activity and availability, affording a 40% reduction in Cellic Ctec3 loading.
The hydrolysis protocol developed for this project involved manual massaging of
concentrated HSQ into the biomass until the optimal pH was reached, theretvoiding
the need for a washing step. This method was very latio@nsive on a lab scale but could
have potential on an industrial scale as bioreactors can maintain pHlmeimonitoring
and automatic dosing of acid while the biomass is agitatedhEuwork will be needed to
evaluate the viability of this approach in conjunction with hydrolysis enhancers such as PEG

6000.
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This chapter was largely focused on characterising the lignocellulosic hydrolysate
produced from OMSW fibre and evaluating pstential for fermentation. Lignocellulosic
hydrolysates are known to contain close to one hundred compounds, many of which inhibit
microbial growth(Fenske et al, 1998; Heer & Sauer, 2008; Klinke et al, 2D0#) to its
heterogeneous nature, OMSW is likely to contain even more diverse chemicals that would
not be found in agricultural feedstocks. There are currently no published studies that report
concentrations of common lignocellulosierived inhibitors in OMSW hydrolysate. Two
studies by Farmbordar et £018a; 2018bjeported totd phenolics and tannins in dilute
acid and organosolv pregeated OMSW but did not provide details of specific compounds,
while Ghanavati et al (2015gported levels of 8HMF and furfural in sulphuric acid pre
treated OMSW hydrolysate that had undergone detfioation by ovediming. This is the
first time a comprehensive analysis of key fermentation inhibitors has been carried out on
an enzymatic hydrolysate of OMSW.

The absence of furfural and®MF in the OMSW fibre hydrolysa®3.1.1, Table 3.1
is promisng as these inhibitors are the most prevalent source of toxa#gendent growth
inhibition in lignocellulosic hydrolysates, especially when present in combingioreida
et al, 2009; Feldman et al, 2015; Heer & Sauer, 20@Bh)ough unusual, an absence of
furfural and 5HMF has been reported for a range of feedstocks andtig&ments, for
example wet oxised wheat straw (Klinke et al, 2003xcid steam prdreated willow
(Jonsson et al, 1998and dilute acid préreated poplar, switchgrass and corn stover
(Fenske et al, 1998 owever, as levulinate is a breakdown product - ¢1/dF the presence
of 29.64 mM levulinatén the hydrolysate indicates that sonseHMF was pgsentbut was
degraded Typically some residual®MF would be expected the sample, and its absence
is peculiar Unfortunately, it was not possible to measure formic acid to determine if
furfural degradation also occurred, but very little would be expected as there is very little
hemicellulose in the OMSW fibre. Similarlye tow level of organic acids in the hydrolysate
is unsurprising as these aatsoderived from hemicellulosé&im, 2018)

A notable finding from the hydrolysate analysis was that most metals from the OMSW
fibre were retained in the residual solids fraction and only about a third of the total
concentration of each metawas solubilised Higure 3.9. On an industrial scale this
phenomenon could buffer the fluctuation of metals and reduce some of the risk of metal
toxicity in fermentations. The fact that the final concentrations of metals and inhibitors

measured in the hgrolysate were all below the MICs reported tér colis also promising
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(Table 3.32. That said, comparing M.1.C.s is only useful as a general assessment of OMSW
fibre fermentability as these values are highly dependent upon the strains and conditions
usedand can vary greatly between studies. As discussé&thapter 2 predicting how toxic
different metal species will be to microorganism under fermentation conditions is
challenging because metal toxicity is so dependent on environmental conditions and
microbial physiology. Furthermore, although a wide range of marker inhibitors was
measured, it is possible that other, less common inhibitory compounds could be present.
The hydrolysate may also require nutrient supplementation to enable effective growth as
YAN and phosphate levels were suboptim&hble 3.2. Overall, to holistically evaluate the
fermentability of OMSW fibre hydrolysate further assessment with growth and
fermentation assays is necessary.

It was calculated that the metal concentration in thesidual solids fraction was six
times greater (by dry weight) than in the OMSW fibre. Disposing of this hazardous waste
would require offsite transportation which incurs further operational costs. The fact that
methane production from hydrolysis residualas greater than from OMSW fibr&igure
3.13) demonstrates that AD may be a viable option for furthersitie valorisation of
hydrolysis waste and potentially also metal immobilisation. The metal levels in the residual
solids fraction did not inhibit thedevelopment of a robust methanogenic community
(Figure 3.13, however in an industrial reactor toxicity could occur over time as metals
accumulate in the digestate. Other studies have shown that anaerobic digestion can
reduce the bioavailability of meta{®onget al, 2013)and that metals can be immobilised
further if necessary by subjecting the digestate to compostiSgith, 2009) These
possibilities should be investigated for OMSW fibre biorefinery waste streams.

Both AD reactors fed th OMSW fibre and residuals produced almost identical
microbial communities containing phyla closely associated with methanogeregisd
3.14). The reactors fed with residual material produced more methane than those fed with
OMSW fibre as the carbon the residuals was probably more easily and rapidly accessible
to the microbial community. As a fgroduct of saccharification, the residuals contained
hydrolysed monosaccharides, cellobiose, partially degraded cellulose and also spent
enzymes which couldave provided nitrogen. The timydrolysed OMSW fibre on the other
hand contained more recalcitrant polysaccharides that would require degradation before
they could be used for methanogenesis and, based on the compositional analysis, only

minor amounts oprotein. This would explain why the reactors fed with residuals produced
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more methane yields for a longer duration while a slower methanogenesis rate was
observed from fibrfed communities Figure 3.130). The sudden spike in methane
production observedn fibre-fed reactors after each feeding indicates a small amount of
easily accessible carbon was present in the fibre but was quickly used up before the
cellulose could be hydrolysed. A recent study by Mahmoodi ef2él]8a)also trialled
anaerobic digestion of residual solids from hydrolysis of dilute acidrpeged OMSW but

found that the unhydrolysed OMSW produced greater methane yields thanrésiduals.

This is likely because 96% saccharification was achieved from the OMSW after dilute acid
pre-treatment, so almost no sugars were left in the residuals. On an industrial scale the
residuals waste stream may need to be combined with the spelid ead fermentation

residues to ensure adequate carbon and nutrients for effective AD.
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Hydrolysate Fermentation

4.1 Introduction
The compositional profile of OMSW fibre hydrolysate presentéthapter 4showed

that a wide range of toxic metals and inhibitors are present in OMSW fibre that may
negatively inpact fermentation efficiency and productivity. Past studies have primarily
dealt with the inherent complexity and toxicity of OMSW by relying on the intrinsic
robustness of mixed microbial communities or-adtures. This approach has been
successfully uskto produce biogagAnyaoku & Baroutian, 2018; Lavagnolo et al, 2018;
Razavi et al, 2019; Yuan et al, 20Zhang et al, 2012hydrogen(Lay et al, 1999; Shah et
al, 2016; Sharma & Melkania, 2018; Zhen et al, 28a8)acidgAielloMazzarri et al, 2006;
McCaskey et al, 1994)om a variety of OMSW sources. The few bioproducts that have
been produced from OMSW through monoculture fermentations include ethanol,
cellulases and TAG, as well as solventogenic fermentation productiiacdiutanol,
ethanol, butyric acid and acetic acid).

A few studies have demonstrated ethanol fermentation from OMSW produced by
autoclave pretreatment usingS. cerevisiag¢Ballesteros et al, 2010; Puri et al, 2013)
Ballesteros et al (201Qjsed autoclave prreated OMSW in a fed batch SSF process with
S. cerevisiaat 20% TS and attained yields of 30 g/L ethanol (3% wi/v) over 96 hours,
equivalent to 60% fomaximum theoretical yield. The authors calculated that 160 L of
ethanol could be produced per tonne of OMSW via this process. SinHariyet al (2013)
caried out a twastage fermentation of OMSW pulp in with an intermediate fermentation
step usingS. cerevisia€eThis approach increased glucan conversion by 9% and produced a
total ethanol yield of 5.5% w/v over the entiday (144 h) SSF process. Ovetiadise
studies suggest that SSF is a promising route for converting autoclayeegared OMSW
to ethanol.

Efficient ethanol production by SHF has also been demonstrated with OMSW
obtained from a landfill siteMucor indicusa highly inhibitor tolerant fagus, produced
~0.8% ethanol from OMSW hydrothermally fireated at 160°C for up to 60 minutes in a
lab-scale, autoclaike procesgMahmoodi et al, 2018b)n a related studyMahmoodi et
al, 2018a)dilute acid pretreated OMSW was fermented with the same fungus and ~1.9%
ethanol was attained after 72 h. These yields are significantly lower than those achieved by

Ballasteros et al, (2010) and Puri et al, (2013) Bitkergiaise likely becaus#. indicuss
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not an established industrial strain. However, its high inhibitor tolerance makes it an
intriguing species for OMSW biorefining and it could be improved further by selection and
adaptive evolution for industrial appligans.

Butanol has also been produced from OMSW sampled from an MSW composting
plant with Clostridium acetobutylicumAlthoughC. acetobutylicunwas initially inhibited
by tannins in the OMSW hydrolysate, tannin extraction with ethanol alleviated irgmbiti
and enabled production of 83.9 g butanol (71 g gasoline equivalents) and 20.8 g ethanol
(13 g gasoline equivalents) per kgSW. The platform chemicals acetone (36.6 g/kg),
acetic acid (14.6 g/kg) and butyric acid (41.8 g/kg) were also prodif@@thanbordar et
al, 2018b) In a followup study, butanol was produced to even higher levels after the
OMSW was detoxified with organosolv greatment, yielding 102.4 g/kg butanol (85.3 g
gasoline equivalents), 13.14 g/kg ethan®l g gasoline equivalents) and also 40.16 g/kg
acetone, 19.72 g/kg acetic acid, and 47.21 g/kg butyric @@admanbordar et al, 2018a)
These results are promising as butanol and other ABE fermentation products are valuable
fuels and platform chemicals, however, the economicaroadditional detoxification step
must be assessed by life cycle and technoeconomic analysis.

Abdhulla et al, (2016) explored the production of cellulases from MSW fibre isolated
through industrialscale autoclaving by solstate fermentation with theilamentous fungi
Aspergillus nigeand Trichoderma reesiiCrude enzymes isolated from reeseproduced
the best results, with a cellulase activity of 26.10 FPU/g at 30°C. The enzymes were
evaluated for their ability to hydrolyse MSW and released 2407 ®vailable glucose. By
comparison the commercial enzyme control, Cellic Ctec2, released 32.8% of available
glucose over the same timeframe. This study showed that OMSW could potentially be used
as a renewable, lowost feedstock for producing celluloigtenzymes that could be used
in other biorefinery processes.

Finally, TAG was produced with the oleaginous ye@syptococcus aeriussing
OMSW from a commercial compost plant greated with sulphuric acid. The yeast initially
grew poorly on the hydrgkate due to the presence of metals and the inhibitosslF
and furfural, therefore the feedstock was detoxified by oligring. This process also
reduce the nitrogen content, which was beneficial for improving TAG yields. The highest
yields attained were8.19 g/L FAs, primarily between C4£€:18, equivalent to 39.6 g of
TAG per Kg of OMS{&hanavati et al, 2015Yhis study is the only example of microbial
lipid production from OMSW.
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The heterogeneous nature of OMSW is the main feature that may preclude its viability as
abiorefining feedstock. As demonstrated in many of the studies outlined above, there are
a number of unknown components present in OMSW that can be inhibitory to
microorganisms, such as tannins, metals and chemical inhibitors. Furthermore, the
diversity ofsources from which OMSW is acquired for empirical studies, along with the
inherent heterogeneity and variability of the feedstock, preclude the possibility of drawing
conclusions about which species would be the best choice for developing an OMSW fibre
biorefining platform. As such, this chapter examines the fermentation potential of eight
different biotechnologically useful microorganisms using a substwéatnted screening
approach and presents several robust species with desirable characteristia®dfucmpg

renewable fuels and chemicals from OMSW.
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4.1.1 Aims of the Chapter

The primary aim of this chapter is to identify industrially useful microorganisms that
are intrinsically well suited to growth on OMSW fibre hydrolysate and then optimise the
best performing species for biomanufacturing. First, OMSW fibre hydrolysate
fermentability will be holistically assessed through growth assays with the model
fermentative microorganisniEscherichia colo evaluate hydrolysate toxicity and nutrient
limitation. Next, a collection of eight biotechnologically useful microorganisms areseskes
for their ability to grow on OMSW fibre hydrolysate and produce bioproducts. The most
promising species will be further characterised and developed for industrial fermentation

applications.

Key questions explored in this chapter include:

1 Can OMSW fibre hydrolysate support the growth of the model fermentative

microorganisnEscherichia cAli

1 Do nutrient deficiencies or substrate inhibition limit the growthEofcolion
OMSW fibre hydrolysaf?

1 Can OMSW fibre hydrolysate support the growth of other industrially valuable

microorganisms?

1 Can the most promising fermentative species be improved further for OMSW fibre

bioprocessing?
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4.2 Materials and Methods

4.2.1 Microorganisms, Chemicals and M&

All microorganisms used in this study, their respective culture conditions, routine
culture media and fermentation products of interest are listedTiable 4.1 Note that
facultative anaerobes were always praltured aerobically but grown microaerobicaily

fermentations assays.

Table 4.1: Microorganisms, media and culture conditions used in this study.
*Rich medium used for routine culture maintenance, see details in text below;
T= Optimum growth temperaturé@); TAG = Triacylglycerol,

Maintenance Product of

Species Strain T €C) Conditions Medium®* interest
Clostridium _ DSM14923 30  Anaerobic RCM Butanol
saccharoperbutylacetonicun
Escherichia coli LWO06 37 Aeroblc/ : LB Ethanol
Microaerobic

Geobacillus DSM2542 55 | Aerobic TSB Ethanol

thermoglucosidasius Microaerobic

Pseudomonas putida NCIMB8249 30 Aerobic LB n/a

Rhodococcus opacus MITXM61 30 Aerobic LB TAG

Saccharomyces cerevisiae ATCC20006. 30 A erobic/ . YPD Ethanol
Microaerobic

. Aerobic/

Schizosaccharomyces pomt JB953 32 ) . YES Ethanol
Microaerobic

Zymomonas mobilis DSM424 30 Aerob|c{ RM Ethanol

Anaerobic

Reinforced Clostridial Medium (RCM), LiBertani (LB) medium and Tryptic Soy
broth (TSB) were purchased from Thermo Scientific (Oxoid). Rich Mediunt¢Rtdined
(per Litre) Bglucose (20 g), Yeast extract (10 g) and K2ZHPO4 (2 g). Yeast extract Peptone
Dextrose (YPD) contained (per LitreylDcose (20 g), Yeast extract (5 g) and Bacto peptone
(10 g). Yeast extract with supplements (YES) contained (pej Wieast extract (5 g),
D-glucose (30 g) andupplements 225 mg adenine, histidine, leucine, uracil and lysine

hydrochloride) All components were pur@sed from Sigmaldrich.
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Microorganisms were stored in their respective maintenance medium witlegdyc
(25%) at80°C. Stock cultures were streaked onto 15% agar plates of their respective media
to produce colonies. Plates were stored &C4or no more than 2 weeks. Note that coli
[2nc 61 & FEglea ANRBGY 6AGK wmnnE eclWI6twas Y LJ
grown on MOPS minimal medium, a defined medueweloped by Niedhardt et 1974)
The medium was prepared using the concentrations listedable 4.2 Dglucose was

added as a carbon source at 5% wi/v.

Table 4.2: Composition of MOPS minimal medium
Based on recipe byeidhardt et al (1974)
Supplemented with carbon source as needed.

Concentration
Component
(mM)
KHPQ 0.50
NH,CI 10.0
MgCh 0.523
K.SQ 0.276
FeS®@ 0.010
Cad 5 x10*
NaCl 50.0
MOPS 40.0
Tricine 4.0
(N H1)6(MO7)24 3x10°
H:BG 4x 10
Ccod 3x 106
CusSQ@ 10°
MnCb 8 x1C°
ZnSQ@ 10°

4.2.2 Seed Cultures

Seed cultures of each species were always prepared in triplicate on their respective
maintenance media and grown up under the conditions liste@ldble 4.1 Each replicate
was grown up from a single colony taken from a fresh agar plate. To aerobicalie ¢l
coli, G. thermoglucosidasius, P. putida, R. opanakS. cerevisiaa loop of cells from a
single colony was inoculated to 20 ml of rich medium in sterile tubes (50 ml, Falcon) and
incubated with shaking at 200 rpm. Cultures®&accharoperbutylacetonicum, Z. mobilis
and (where specifiedE. coliwere prepared in an anaerobic chamber and cultured
according to the Hungate Metho(Hungate, 1969)A loop of cells from a single colony

grown on agar plates was suspended in sterile, anaerobic@#iO and transferred by
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syringe to 100 ml serum Iites containing 20 ml of anaerobic maintenance medium
supplemented with Resazurin indicator (1 mg/L) (Skgitaich). Note that forC.
saccharoperbutylacetonicurhO0 pl of defrosted glycerol stock was used as inoculum

instead of plated colonies. Serum bles were incubted with agitation at 100 rpm.

4.2.3 Nutrient Growth Assays witte. coli
4.2.3.1 Assays with Chemical Nutrients

Sterile OMSW fibre hydrolysate (describecCimapter 3, 3.2.pwas supplemented
with essential nutrients (phosphorus#PQ), sulphur (HSQ) and nitrogen (NECb)) to
determine which nutrients, if any, were limiting microbial growth. In all experiments 9 ml
of OMSW fibre hydrolysate was buffered with MOPS (40 mM) and supplemented with
different nutrient sources to a final volume of 10 ml.tNents were always supplemented
at the following concentrations, either individually or in combination: 0.5 mMRQ, 0.3
mM HSQ, 10 mM NHCb. Control cultures were set up in parallel and are described in the
relevant figure legends.

Nutrient-supplenented hydrolysates were transferred to sterile conical flasks (100
ml) with foam bungs and inoculated with. coliLWO06 from seed cultures. Seed cultures
(set up as described #.2.2) were harvested in migxponential phase, washed twice in
Milli-Q HROand resuspended in 1ml of Mit) RO to give a final optical density at 600 nm
(ODyog) of 0.4. 250 pl of this suspension was transferred to a culture flask with 10 ml culture
medium to give a starting QB of 0.01. Cultures were grown aerobically ové& Hours
with aeration at 160 rpm. In some instances, MOPS minimal medium (r€alge 4.2 was
used as a control medium. 100 pul of culture medium was sampled at regular intervals for
spectrophotometric measurement of optical density at 600 nm ddgDAIll experiments
were carried out in biological triplicate with a single negative control flask for each
condition. Media from negative control flasks was used to blank the spectrophotometer.

All samples contained 100 pg/ml Ampicillin.

4.2.3.2 Assays withNutritional Adjuncts

Hydrolysate growth assays were carried out as described abo¥2.i8.2but, instead
of supplementing the OMSW fibre hydrolysate with chemical nutrients, the hydrolysate
was mixed with complex nutrients in the form vitarrenriched yeast extract (VYE) (Sigma
Aldrich) or Corn Steep Liquor (CSL) (British Aqua Feeds). CSLEawereYespectively

prepared as 25% w/v stock solutions in MRIiHO and dissolved with heating in a 60°C
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water bath before sterile filtration through a 0.22 um syringe filter (Millex®). 9 ml of OMSW
fibre hydrolysate was buffered with 40 mM MOPS anditeapplemented with CSL or VYE

to a final concentration of 1% v/v and made up a final volume of 10 m| with@HO.

4.2.4 Fermentations

4.2.4.1Fermentation Medium

Fermentation medium was prepared the same way for each fermentation: 9.4 mi
of sterile OMSWfibre hydrolysate (prepared as described @hapter 3, 3.2.) was
supplemented with 1% v/v sterile VYE and 40 mM MOPS buffer to give a final volume of 10
ml. For aerobic and microaerobic fermentations the medium was transferred to sterile
conicalflasks (100 ml). For anaerobic fermentations the medium was prepared in sterile
wide-mouth conical flasks (250 ml) with foam bungs and allowed to deoxygenate in an
anaerobic chamber for four days. Cysteld€l was then added to scavenge any residual
oxygen Serum bottles (100 ml) were deoxygenated in the anaerobic chambers for one
week, sealed with rubber stoppers and criffgps and autoclaved. 10 ml of fermentation
medium was aliquoted into the sterile anaerobic serum bottles by syringe. Fermentation

mediumwaspreK S G SR (G2 SIOK &ALISOASEAQ 2LIAYIFT 0

4.2.4.2Fermentation Assays

Fermentations were set up with each species in triplicate using 10 ml fermentation
medium (described i.2.4.7). Two negative controls (fermentation meda only, no
inoculum) were also prepared for each incubation temperature. For microaerobic
fermentations withS. cerevisiae, G. thermoglucosidasindE. colcultures were grown in
conical flasks (100 ml) sealed with eway airlocks, depicted iRigure4.1. Airlocks were
cleaned with 70% propag-ol and filled with sterile water before insertion under sterile
laminar flow. For aerobic fermentations wiR. opacusnd P. putidaconical flasks with
sterile foam bungs were used to promote aeration. ForcHirianaerobic fermentations
with Z. mobilisand C. saccharoperbutylacetonicucaltures were grown in serum bottles

(100 ml) prepared under anaerobic conditions as describednt.1
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Figure 4.1:
Microaerobic fermentation setup
(Image byAuthor).
Airlock— |

=\

A 100 ml conical flask containing 1

*a;jﬁ \“ ml fermentation mediumis fitted with a
M) plastic airlockto simulate the microaerobic
A7 j conditions of a batch fermentationThe

~ 4 airlock is inserted through a rubber bung ai
| then gerilised with 70% propag-ol under
sterile laminar flow. The rubber bung is us
to tightly seal the flask, scany gasses
produced during fermentation can onl
escape through the airlock. The airlock
filled with sterile water to prevent incursio
of oxygen and contamimnts from the
environment.

Seed cultures of each species were set up as describé®if Cells from seed
cultures were harvested in miexponential phase and washed twice in MQliHO before
re-suspending in 1 ml dermentation medium. The rsuspended cells were added back
to each flask to give a starting @2 ¥ n®np ® / dzf GdzZNBa gSNBE A
optimal temperature (sed@able 4.} with shaking at 160 rpm. 30 was sampled from
fermentations and negave controls at regular intervals over 48 hours, or 72 hoursor
opacusandP. putida A maximum of 10Ql of sample was diluted in M# HO and used
for ODyoo measurement. The remaining 2@Dwas stored in Safeock Microtubes (0.5 ml,
Eppendorf) at-20°C for use in further analyses. The final pH of each sample was also
recorded at the end of each fermentation using pH strips (Fisherbrand) and the final cell
dry weight (CDW) was determinedttvthe remaining culture as described4t2.6.3

The dry cell material frorR. opacusultures was used to analyse fatty acid content
and total TAG levels as described4ig.6.6.Fermentation samples were later defrosted,
spundown (3,500 x g, 5minyamdn  >f gl & dza SR { 2glucogdahd®bd S i
xylose (as described in4.2.6.10 ® ! FdzNI KSNJ ™M~ >C. 27
saccharoperbutylacetonicum, E. qpRTGnduced),S. cerevisiae, S. pomaad Z. mobilis
fermentations were subjected to acetonethanol and butanol analysis as described in

4.2.6.2
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4.2.4.3 TAG Production Time Courses

Fermentation time courses were carried out wkh opacuso better characterise
TAG production over time. Aerobic fermentations were set up in triplicate as described in
4.2.4.2 but this time with 40 ml fermentation medium in 250 ml conical flasks. Seed
cultures were prepared as described 2.2, grown to midexponential phase and
inoculated to the fermentation medium at an @of 0.05. Samples were incubated at
30°C with shaking at 250 rpm instead of 160 rpm to ensure enough aeration in the greater
culture volume. Fermentations samples were taken over ¥sdand stored in dry, pre
weighed 2 ml tubes (Eppendorf). 2 ml of medium was taken for time points at 0, 24, 48
hours, and 1 ml of medium taken for time points at 72, 96, 120 and 144 hours. Samples
were defrosted and spun down (3,400 x g, 10 min) and thgernatants were taken into
separate tubes. Pellets were dried and used to measure CDW at each time point as
described in4.2.6.3 Supernatants were used to measureglDcose and Bxylose as
described iMd.2.6.1and YAN levels as previously describe@hapter 3, 3.2.7.5Dry cell
material from CDW measurement was used for fatty acid analysis as outlink&.616

below.

4.2.5 Light Microscopy

Rhodococcus opaculls sampled over the course of fermentation (methods
outlined in4.2.4.2 were imaged usinglayht microscope. Cells from time points 24, 48 and
TH 6SNBE RSTFNRAGSR FyR 3ISyidte NBAaAdALISYRS
transferred to a glass microscope slide and mixed with 10 ul of@HO. The suspension
was mixed, spread evenly across th@tom two-thirds of the glass slide using the side of
a pipette tip, and then fixed with a Bunsen Burner flame. Fixed cells were stained using a
Gram staining kit (Remel) and left to dry at room temperature. Slides were examined under
the light microscop at 100x magnification with oil immersion (no cover slip). At least three
images were taken of each sample. Images were cropped and edited in Microsoft Office
Power Point. Scale bars were calculated for each image based on the standard dimensions

of4164E omHn LIAEStf & LISNIAYF3IAS YR ndaHmMM >Y
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4.2.6 Biochemical Analytical Methods and Calculations

4.2.6.1Glucose and Xylose

Frozen fermentation time course samples were thawed and centrifuged (4000 x g,
5 minutes). 10 pl of supernatant waserially diluted with dbO (1:1500 dilution for
hydrolysates and fermentation time points 0, 12, 24, and 48; 1:1000 dilution for samples
from all subsequent time points). Diluted samples were analysed bygaghrmance
anion exchange chromatography (HRAEon an IG3000 PAD system with an
electrochemical gold electrode using a Dionex CarboPac PA20 analytical column (3x15C
mm) and guard column (3x30 mm). Identification and quantification of the major sugars in
the hydrolysate (Bylucose and Bxylose) wagarried out by comparing retention times and
integrated peak areas of the samples to an equimolar standard mixtureghfié®@se and

D-xylose during the same run under the same conditions.

4.2.6.2Ethanol, Butanol and Acetone

Ethanol, acetone and butanol e measured over as follows: 10 pl of each
fermentation timecourse sample was transferred to 2ml cridgp flat-bottom GC vials
and mixed with 500 ul of 1M NacCl containing 0.0004% prdpahas an internal standard.
Standards of ethanol, acetone and botd were prepared at concentrations between 0.1
4.0% vlv, respectively. All samples were analysed oAgilent 6890 Gas Chromatograph
(GC) fitted with a Gerstel Mulgurpose 2 (MPS2) autosampheith SPME pink fibre (23
Gauge, 65um, PDMS/DVB, SUPELGKe) to a LECO Pegasus IV Time of Flight (TOF) Mass
Spectrometer (MS)The GC was fitted with a glass injector liner (Ultra Intert, Straight 0.75
mm ID 5pk, Restek) Rxi5Sil Column with Integra guard (Restek) and was operated with ar
initial temperature of70°C (2.5 min. hold) then ramped at 65°C/min. to 200°C and held for
1 minute before cooling at 70°C/min. to 70°C (1 min. hold). The MS mass range-8G& 10
with an electron energy 6f70V. The autosampler was run for 10 minutes, including cooling
time (I-minute extraction, 0.1 minute desorb and 7 minutes fibre bakeout). Results were
guantified against the propanol internal standard and standard curves. Results were
converted from %v/v to g/L using the density of ethanol (0.789 §)ciutanol (0.810
g/cm?®) or acetone (0.784 g/c) as described iBquation 4.1
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Equation 4.1: Converting from %v/v to g/L

N Opfp T T
o7 T pTTT
Where:
AgiL = concentration of the analyte in g/L
Ao = percentage of analyte measured by-8IS (acetone, butanol a@thanol)
D = density of analyte (g/cf)

4.2.6.3Final Cell Dry Weight

At the end of fermentation 1 ml of each fermentation culture and negative control
fermentation was transferred to dry, preeighed Microtubes (1.5 ml, Eppendorf). Samples
were centrifuged (4,000 x g, 5 minutes) and washed twice isQdtd remove any soluble
material. The pellets were frozen a20°C and then lyophilised in a freeze dryer (Heto
PowerDry LL3000). The final weight of the samples was subtracted from the initial tube
weight to calculate the final mass of cell dry weight (CDW) per ml of fermentation broth.
The final masses of the negative control fermentations were used to calculate the mass of
insoluble solids (precipitate) formed in the fermentation medium after 1%& \addition.
The weight of precipitate was averaged for each pair of negative controls and subtracted
from the final CDW of each associated fermentation to correct for the mass added by the
precipitate. Note that folR. opacuMITXM61 the entire remainingulture volume was
transferred to dry, preweighed 15 ml conical tubes (Falcon), recorded and then subjected
to centrifugation, washing, drying and weighing as described above. Tl dpacusells

were also used for fatty acid profiling as described.R.6.6

4.2.6.4Calculating Fermentation igld Parameters

To quantitatively evaluate the fermentation efficiency of each species key yield
parameters were calculated for each fermentation, including the percentage of total
fermentable sugars consumeder the course of fermentatiorEquation 4.2, the product
to substrate ratio (i.e. specific yieldtquation 4.3, the total product yield expressed as a
percentage of the theoretical maximurgquation 4.4 and the overall productivity in g/L.h

1 (i.e. pocess productivity)Equation 4.5.
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Equation 4.2: Percentage of total fermentable sugars catabolised

VaoOdwa O06 Gwa
Oa 6 vwa

pTT

y{ol + 3h

Where:

n { dzak NBE=Change in sugar concentration after fermentation as a percentage of the total
available Dglucose and Bylose (equivalent to the percentage of total fermentable
sugars used). Sugars not fermented by the microorganism are disregarded.

Glu = Concentratin of Dglucose at the start of the fermentation (g/L).

Xyl = Concentration of Rylose at the start of the fermentation (g/L).

Glu = Concentration of {3lucose at the time of maximum product concentration (g/L)
Xyl = Concentration db-xylose at the time of maximum product concentration (g/L)

Equation 4.3: The product to substrate ratio

0
D oOWwa 000 wwa

[

Where:

P/S = TheProduct toQubstrate ratio, also known as specific yield

Pnax = The maximum concentration of product (g/L)

Glu = Concentration of glucose at the start of the fermentation (g/L)

Xyl = Concentration of Rylose at the start of the fermentation (g/L)

Glu  =Concentration of Eylucose at the time of maximum product concentration (g/L)
Xyt = Concentration of Rylose at the time of maximum product concentration (g/L)

Equation 4.4:Percentage yield(product yield attained by fermentation, given as a
percentage of the theoretical maximum yield from sugars)

Where:

% Theoretical Yield = The product yield as a percentage of the theoretically calculated
maximum yield for that fermentation product.

P/S = TheProduct toSubstrate ratio (determined frorequation 4.3

Ymax = The maximum theoretical yield, determined from the literature.
(Ymaxethanol = 0.511; ¥ Triacylglycerol = 0.316)
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Equation 4.5: Fermentation productivity

oo ®odk «fmsl < o

Where:

Productivity = The amount of product produced per litre of fermentation medium per hour, also
known as process productivity, (g/£)h

Prax = The maximum concentration of product (g/L)

Trnax = Time taken to produce the maximum concentration of produgt)( h

Equation 4.6 Yield per tonne

ooeaw | |7

Where:

Yield =The amount oproduct that could be produced from one tonne of OMSW fibre,
based on observesligarconversion efficienciegKg/t)

S =Total substrate (i.e. sugarayailable in the feedstock (g/Kg)

PIS = TheProduct toQubstrate ratio(g/g) (determined fronEquation 4.3

4.2.6.5Calculating the Carbon to Nitrogen Ratio

The carbon to nitrogen ratio of the fermentation medium (OMSW fibre hydrolysate
supplemented with 1% VYE) was determined usindg=tdpgation 4.6 The equation assumes
that the major sugars in the hydrolysate-lucose and Bxylose) contain 40.001 % carbon
atoms in the total mass and that all nitrogen in YAN (determined as descriligtubjoter

3, 3.2.7.5 is accessible tde fermentative microorganism.

Equation 4.6: Calculating the carbon to nitrogen ratio of fermentation media

Yo Qwi i PO
WO U0 0

FJ

Where:

C/N = Carbon to Nitrogen Ratio

Sugarsta = Total concentration of microbially accessible sugars (g/L)
YAN = Total concentration of yeast available nitrogen (M)

%C = Percentage of carbon atoms in the sugar molecules
Mhitrogen = Molar mass of nitrogen (14.00643 g/mol)
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4.2.6.6Fatty Acid Profiling and Triacylglycerol Quantification

Fatty acid (FA) compositiasf triacylglycerols extracted frofR. opacusITXM61
was determined by taking-50 mg of lyophilised (i.e. freeziied) cels into 2 ml screw cap
GC vialsrad adding 10 pl of 25 mg/ml Heneicosanoic acid (21:0) internal standard (part no.
H5149, Sigma)The samples were then transmethylated to fatty acid methyl esters
(FAMES) by adding 500 pl 1N Methanolic HCIl and 200 pl Hexane and heating at 85°C for 2
hours. The samples were cooled to RT, mixed with 250 pl 0.9% KCI| and 600 pl Hexane
vortexed and leftto rest for 5 minutes to allow for phase separation. Next, 100 pl of the
upper (hexane) layer was transferred to a tapered GC vial with ecapplid. 100ul of
hexane was prepared as a negative control and two vials witl B@ternal standard (37
Component FAMES mix, Certified Reference Material, Supelco). All samples were analyse
on a Thermo Trace GC Ultra-6ID (Gas Chromatograph with Flame lonisation Detector)
with an SGE BPX70 column (10M x 0.1 mm, part no. 054BRFA levels measured in
each sample were converted to mg of FA per mg of sample descriltggliation 4.7 The
mg/mg FA levels were summed for each time point and the grams of TAG per litre of

fermentation broth were calculated as describedsquation 4.8

Equation 4.7: Converting GEAMES peak areas to milligrams of fatty acid per sample

culmnm pm

T 40—ty A H YGan o0

Where:

FAampie= mg of fatty acid per mg of sample used inF?MIES analysis
Asample= Peak area of the fatty acid methyl ester (my.s

Astandara= Peak are of the C21:00 internal standard (mMV.s

250,000 = The nanograms (ng) of internal standard added to each sample
Sample = Mass of lyophilised cells used for analysis (mg)

134



Chapter 4: Identifying Microorg#&ms for Optimal OMSW Fibre Hydrolysate Fermentation

Equation 4.8: Concentration of TAG per litre of fermentation medium
1 =107 06 60

Where:

TAG = mass of triacylglycerol (TAG) per litre of fermentation medium, g/L

B "00 = summation of each fatty acid in the sample, calculateignation 4.7

CDW = concentration of cells per litre of fermentation medium (cell dry weight), in mg/ml

4.2.6.7Calculating the Cetane Number

To evaluate the ignition and combustibilipptential TAGderived FAs the cetane
number (CN) was calculated using equations developed by Klopfendi@d?) for a
mixture of neat FAMES. The CN is a dimensionless number used to measure the quality of
a fuel in terms of igion and combustibility. The CN is scaled relative to cetane (n
hexadecane, fgHz4) which is a completely straight (saturated) hydrocarbon (i.e. ignites
easily under compression) and has thus been assigned a CN of 100. The CN of biodies
usually falls btween 35 and 65. A cetane index (CMas calculated for each individual
FAME usindequation 4.9and then the CN for the total FAME mixture extracted frBm

opacuswas calculated usingquation 4.10

Equation 4.9: Calculating the cetane index for eadkMiE

|=J L %Ll P& Q®
Where:
CN = The cetane number index of the FAME, dimensionless.
n; = The number of carbon bonds in the FAME molecule (betwe2d)s
db = The number of double bonds in the FAME molecule, dependensatpoation
58.1 = The cetane index for the shortest FAME within the scope of the equation (C8:00)
2.8 = Cetane index increment when the FAME chain is increased by two carbon atoms
15.9 = Cetane index increment when a double bond is present withirAlki€ Ffnolecule
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Equation 4.10: Calculating the cetane number for a FAME mixture

Fd 060
Where:
CN = The cetane number for the total mixture of FAMES, dimensionless.
CN = The cetane index of an individual FAME, calculatedBgtiation 4.9
W, = The mass percentage of an individual FAME within the FAME mixture, %w/w

4.2.7 Molecular Biology

4.2.7.1 Plasmids

Plasmid pTiC1, used throughout this work, was developed by Nakashima and
Tamura(2004a)as an inducible shuttle vector for cloning and protein expressida icoli
and Rhodococcuspecies Figure 42). pTipQC1 is 8,384 base pairs (bp) in length and
contains ampicillin and chloramphenicol resistance genes for selectida. icoliand
Rhodococcus sppespectively. To ensure maintenance and replicatid®haodococcuthe
RepABegion is requiredRepABcontains a putative origin of replication and codes for two
NELX AOIFGA2Y AYAGALFGAZ2Y LINRPGSAYy&ad ¢tgp@isSEL!
suspected based on homology to Rep proteins of ColE2 plasmids (Nakashima and Tamure
2004b).

ExpSaaAizy |0 GKS Ydzf GALIX S Of2yAy3 aAras
of thiostrepton, a cyclic oligopeptide antibiotic. Transcription is regulated by the formation
of a complex between thiostrepton and the constitutively expressed regulator Tipiis
complex greatly increasing the affinity of RNA polymerase fortigh® promoter(Ripa).
Thiostrepton resistance is conferred by tte gene ThioR from Streptomyces azureus
(Nakashima & Tamar 2004b) The MCS contains anfbrmylmethionine start codon
(ATG), two hexdistidine sequences for-@nd/or Nterminal protein tagging and a range
of unique cut sites for restriction clonindldel, EcoRI, SnaBl, Notl, BamHI, Hindlll,a3glll
Xhol) Upstream of the MCS is the ribosome binding site (RBS) LG10, derived from gene 1(
of T7 bacteriophagéNakashima & Tamura, 2004&jgure 4.2MCS detali).

136



Chapter 4: Identifying Microorg#&ms for Optimal OMSW Fibre Hydrolysate Fermentation

Ms ] %
[ HR-F <_| HrR-R

D Start l_/\ HexaHis Tag
|~ HexaHis Tag

Figure 42: Map of plasmid pTipQC1 with closaup of MCS
(Image generated by author using BenchlinfprmaticsPlatform)

Plasmid pTigQC1 is an,884 bpRhodococcus E. colishuttle vector designed for
thiostreptortinducible protein expression by Nakashima and Tamura (004

P-tipA: Thiostreptoninducible promotertipA; RBS Ribosome Binding SittMCS Multiple
Cloning Site T-thcA: Terminator thcA ColE1 Replication origin folE. coli AmpR Bla for
ampicillin resistancetipAL Transcriptional regulator of thiostrepton inducible transcriptic
from Ripa; PthCA Constitutive promoter of the aldehyde dehydrogenase genRhodococcus
erythropolis used br constitutiveexpression ofipAL, ChIR:Chloramphenicol resistance gen
from R erythropolis ThioR Thiostrepton resistance gen&epA& RepB Region required for
autonomous replication irRhodococcus spfMCS detail (top):-35 & -10: ShineDalgarno
sequenceStart Transcription Start codp HexaHis TagHexahistidine sequencedRF& HR
R Homologous regions selected forfasion cloning, as detailed4n2.7.5below.
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4.2.7.2 Primers, PCR and Sequengin
Primers used for DNA sequence amplification by PCR and/or sequencing throughout
this project are listed, along with their specific applicationTable 4.3 PCR was always
carried out in a SimpliAmp Thermal Cycler using Phusion High Fidelity PCR Kib(Ther
Fisher Scientific). PCR reaction components are giv&ahie 4.4and the PCR protocol,
oFraSR 2y Yl ydzFl OG dzZNETDI&45 A yali NHzOGA2yas A&
Sequencing of PCR products and plasmids was always carried out using a custorr

sequencing service praled by Eurofins Genomicét{ps://www.eurofinsgenomics.e)l

using the Light Run Tube Barcode service. This servicedigsgsxychain sequencing, a

modified version of Sanger sequencing that generates hightguabds of ~502000 bp.

Table 4.3: PCR primers used throughout this project and their respective applications.
T = primer pair melting temperature (optimised for PCR conditions list€dhile 4.5and 4.6.
F/R =Forward orReverse strand primer.

Primer Sequence o
name F/IR 6 PO O Tm Application
MCst F  CATGGTATATCTCCTTCTTAAAGTT Linearisation of vector
60 pTipQC1 from target
MCSr R GAGCATCACCATCACCATC MCS
60976118 f F TCCGTGTTTGTGCAGGTTTC PCR amplification anc
62 linearization of
66046625 r R GTTGTTCACTCTTCTGCTGGC construct ACABTE
SegFWD F  GCGTGGACGGCGTCTAGAAATAA i Sequencing across
SegRVS R TAAAAGGAGATATACCATGGCCAC! pTipQC1 MCS

Table4.4: PCR reaction components
*Adjust volume of kD to account for volume of template added.

+2f dzY S L@sdidng
Component

0>f 0
Nuclease free D 37.5
5x Phusion HF Buffer 10.0
10 mM dNTPs 1.0
10 uM Forward Primer stock 0.5
10 uM Reverse Primer stock 0.5
Phusion Polymerase 0.5
Template DNA At least 20 ng per reaction*
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Table4.5: PCR protocol
*SeeTable 4.4for details.
**At least 30 seconds per 1 kbp of DNA to be amplified.

Step Temperature (°C) Duration (min:sec) Cycles
Initial denaturation 98 10:00 X1
Denaturation 98 00:30
Annealing Primer pair dependent* 00:10 X3542
Extension 72 Template dependent**
Final extension 72 00:10 X1
Hold 4 K K

4.2.7.3 Agarose Gel Electrophoresis

Agarose gel electrophoresis was carried out to visualise DNA products from PCR
reactions. Agarose gels were prepared by dissolving 1% agarose in 0 BaratesEDTA
(TBE) buffer (recipe detailed rable 4.6 by microwaving. Ethidium bromide was then
adRSR 02 | TFAYLf O2yOSYyUuN) GA2Y 2F nodp >
electrophoresis gel cast (BiRad) fitted with a 12vell comb and allowed to set at room
temperature. The gel was submerged into a horizontal electrophoresis cell (MiniSub Cell
CT, BieRad) filled with 0.5 x TBE. PCR samples were mixed with 6 x purple gel loading dye
(New England Biolabs) and loaded into the wells by pipetting. At least one well was always
f2FRSR gA0GK mn >t 2F 5b! [ RRSNJ BsPok 1ikbS N
Plus GeneRuler (Thermo Scientific)). Gels were run -4080V until the lowest marker
band progressed ~80% of the way down the gel. Gels were visualised and photographed
ona UV gel doc (UVITEC Essential). Sizes of DNA bands were quaatifitttiae standard
bands of the DNA ladder.

Table4.6: 10x TrisBorate-EDTA Buffer Recipe
Working concentration = 0.5x

Component Quantity Concentration (M)
Tris 121.1g 1.00
Boric Acid 61.8¢ 1.00
EDTA (disodium salt) 7.4 g 0.02
Distilled HO tollL -
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4.2.7.4 Synthetic DNA Design and Synthesis

The protein sequence of Aegtyl Carrier Protein Thioesterase BTE (referred to
throughout this work as AGBTE)NICBI accession no. Q41635.1, showRigure 4.3 was
codon optimised forRhodococcus opacussing JCat (Java Codon Adaptation Tool), an
online codon adaptation tool developed by Grote et (@005) The DNA sequence was
adapted to the codon usage &hodococcus jositHAL (GC content = 66.98%) which was

the closest related species available for codon optimisation in the JCat database.

MATTSLASAFCSMKAVMLARDGRGMKPRSSDLQLRAGNAPTSLBMINGTK
FSYTESLKRLPDWSMLFAVITTIFSARBKEWKPKPKLPQLLDDHF 100
GLHGLVFRRTFAIRSYEVGPDRSTSILAVMNHMQEATLNHAKSVGRASDG
FGTTLEMSKRDLMWVVRRTHVAVERYPTWGDTVEVECWIGASGINGMRRD
FLVRDCKTGEILTRCTSLSVLMNTRTRRLSTIPDEVRGEIGPAFIDIEYAV
KDDEIKKLQKLNDSTADYIQGGLTPRWNDLDVNQHVNNLKYVAWBORETVP
DSIFESHHISSFTLEYRRECTRDSVLRSLTTVSGGSSEAGLVCDHBEQLE
GGSEVLRARTEWRPKLTDSFRGISVIPAEPRV 382

Figure 43: Published proteinsequenceof Acytacyl Carrier Protein Thioesterase BT
from Umbellularia californica
Length: 382 amino acid§jolecular mass: 42.92 kDa
GenBank accession number: Q41635.1

To enable fusion cloning of ABHE into expression plasmid pTy&1, the codon
optimised sequence was modified to contain two sequences flanking the target insertion
site in the MCS. Theomologous sequences were placed at the start and end of the gene
as shown in irfFigure 4.4and then synthesised using the Fisher Scientific GeneArt Gene
Synthesis servic&isher Scientific assembled the sequence from synthetic oligonucleotides
and/or PQ products and inserted it into a pMXQ plasmid with Kanamycin resistance. The
final construct was verified by sequencing and certified with 100% sequence identity by
Fisher Scientific.

To isolate and amplify the construct DNA the plasmid was handleaf@ding to
YIydzZFI OGdzZNBNRa AyadNHzOGA2ya a F2tft26aY I
in the appropriate volume of MilQ HO and incubated for 1 hour at RT. The liquid was
gently pipetted up and down to resuspend the DNA and thenddwaple was stored at
20°C). The construct was isolated from the pRI& plasmid by PCR using primers 6097
6118 fand66046625 1 as detailed irt.2.7.2 The amplified construct was confirmed by
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DNA gel electrophoresis as described4i@.7.3and then cloed into the target vector

(pTipQC1) as outlined i4.2.7.5below.

GTTTAACTRAGAAGGAGATATAOWGGCCACCACCTCCCTCGCCHAC
GCCTTCTGCTCCATGAAGGCCGTCATGCTCGCCCGCGACGGAOGCGGCAT
GAAGCCCCGCTCCTCCGACCTCCAGCTCCGCGCCGGCAACGTHILCCACCT
CCCTCAAGATGATCAACGGBRAGTTCTCCTACACCGAGTCCCTCNAG
CGCCTCCCCGACTGGTCCATGCTCTTCGCCGTCATCACCACCAITTTCTC
CGCCGCCGAGAAGCAGTGGACCAACCTCGAGTGGAAGCCCABBICCCAAGC
TCCCCCAGCTCCTCGACGACCACTTCGGCCTCCACGGCCTCGERITTCCGC
CGCACCTTCGCCATCCGCTCCTACGAGGTCGGCCCCGACCGEIaCACCTC
CATCCTCGCCGTCATGAACCACATGCAGGAGGCCACCCTCAALIDACGCCA
AGTCCGTCGGCATCCTCGGCGACGGCTTCGGCACCACCCTCGBABATGTCC
AAGCGCGACCTCATGTGGGTCGTCCGCCGCACCCACGTCGCGBRICGAGCG
CTACCCCACCTGGGGCGACACCGTCGAGGTCGAGTGCTGGABAGGCGCCT
CCGGCAACAACGGCATGCGCCGCGACTTCCTCGTCCGCGACHBGLTAAGACC
GGCGAGATCCTCACCCGCTGCACCTCCCTCTCCGTCCTCATGRIICACCCG
CACCCGCCGCCTCTCCACCATCCCCGACGEGGTBABATCGGCTL0
CCGCCTTCATCGACAACGTCGCCGTCAAGGACGACGAGATCAZIBAAGCTC
CAGAAGCTCAACGACTCCACCGCCGACTACATCCAGGGCGGM®SUCACCCC
CCGCTGGAACGACCTCGACGTCAACCAGCACGTCAACAACCTERAGTACG
TCGCCTGGGTCTTCGAGACCGTCCCCGACTCCATCTTCGAGTEGRICACCAC
ATCTCCTCCTTCACGAGTACCGCCGCGAGTGCACCCGCGACTIOOGT
CCTCCGCTCCCTCACCACCGTCTCCGGCGGCTCCTCCGAGGUOHMIGCCTCG
TCTGCGACCACCTCCTCCAGCTCGAGGGCGGCTCCGAGGTCATATGCGCC
CGCACCGAGTGGCGCCCCAAGCTCACCGACTCCTTCCGCGGEAETTCCGT
CATCCCCGCCGAGCCCCGEAGUBTCACCATCACCATC 1191

Figure 44. DNA sequeoe synthesised using GeneABynthesis Service
Total £quence length =191 bp.
Grey = Codon optimised DNA sequenca®fltacyl carrier protein Thioesterase BREPBTE
from Umbellularia californica
Blue = Homologous sequencestaffget cloning site ithe pTipQC1 MCS, to enable fusion
cloning as described i2.7.5below.

4.2.7.5 In-Fusion Cloning

In-Fusion cloning is a rapid, efficient and directional cloning method in which a PCR
fragment containing the gene of interest is enzymatically fused with a target site in a DNA
vector. Unlike traditional restriction enzyrraediate cloning, I#usion clomg does not
require restriction or ligation enzymes. Although the precise mechanism of action is
proprietary, the basic methodology and principle is describeigure 4.5 Fusion cloning
works rapidly and seamlessly so long as there is2015p homolog between the ends of

the PCR product and the target site.
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[ | C
Gene
Quick-Fusion Cloning
37°C, 30 min

A 1 PCR
.
Gene + homologous
vector ends \

/ Transformation
Clone Screening

Linearisation
B (digestion/PCR)

Figure 45: Overview of Quickusion Cloning Protocol
(Schematic by author based on BioTool &tep Cloning Kit Manual)

A: The gene of interest is amplified by RERg genespecific primers with a ~15 bp overhat
homologous to the target cloning site of the vector. This produces a linear insert with ~1&
directional homology to the target cloning site on either end.

B: The vector is linearised by PCR onietgdin enzyme digestioat the target cloning site.

C Linearised vector and insert amixedat a 2:1 (insert:vector) molar rati;n a tube and
combined withthe components of the Quidkusion Cloning Kit. Thaxture is then incubated a
37°C for 30 nmis so the components can react.

D: High efficiency competent cells are transformdidectly with the QuickFusion reaction
mixture.

E Clones are screened by plasmid purificafidiowed bysequencing or PCR amplification
the target cloningsiteto confirm successful integration of the insert

In-Fusion cloning was carried out using a €Btep Quickrusion Cloning Kit
0. A2¢22f03 | OO0O2NRAY3I G2 Yl ydzZFlI OG dzZNBENDa
synthesised (detailed i4.2.7.4), the construct was designed to already contain ends with
homologyto the target cloning site. This eliminated the need for PCR amplification with
overhang primers as describedkilgure 4.5A. Instead the insert was prepared from the

synthesised construct. Vector pT@C1 (described i#.2.7.1) was linearised by PCRngi
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primers MCS_f and MCS_r (detailedti@.7.2. The Quickusion reaction was set up in a
G201t @2tdzyS 2F mn >f GgAGK F HYM Y2t N NI
Fusion Buffer and then made up to volume with nuclease frg@. A\ negtive control
reaction was also set up without the addition of Fusion Enzyme. After 30 minutes
AyOdml GA2Yy G oTtc/ w >f 2F NBI OUE gojlas YAE
described id.2.7.6below. At least three successful clones were grownnup ml LB with
ampicillin (100 ug/ml) and plasmids were purified as describeddrv.7below. Presence

of the insert was confirmed by sequencing as outlined.ih7.2

4.2.7.6 Transformation by Heat Shock

Transformation of plasmids intcE. coli SoloPack® Gold Competent Cells
O{ 0N GF3SYyS0v 6SNB OF NNASR 2dzi | OO2NRAyYy 3 {
cellsstoredaty nc/ 6SNB RSTFNRAUSR BYngwasSadded tanthe> €
cef & YR AyOdzol SR 2y A0S FT2NJ I FdzNIKSNJ o.
gl 0SSN gla FTRRSR (2 2yS (dzoS 2F 02YLISGSy
provided plasmid (pUC18 with ampicillin resistance) was added to oreedtibompetent
cells. The competent cells were heat shocked for 60 seconds exactly in a water bath pre
KSFGSR (G2 SEIFIOGE& nuc/ @ LYYSRHedtdd HBBCWaF i S|
added and tubes were incubated horizontally at 37°C with siga&tr200 rpm for 1 hour.
¢tKS SYGANB O2yiGSyia 2F SIOK (dzoS o6uHnn >f
gAOGK wvMnn >3kYf FYLAOATEAYIZ NBaLISOGADSTt &c

colonies were checked the following day.

4.2.7.7 PurifyingPlasmids fronE. coli

Cultures ofE. colicarrying the plasmid of interest were grown up overnight ih(b
Y 2F [. 6AGK ! YLIAROAtEAY omnn >3IkYEOod t
AaAYALINBLI YAG o6t NRPYS3I O | OO02 NReAcgndentiatbn of | Y ©
purified plasmids was quantified using a NanoDrop Microvolume Spectrophotometer
OCKSNXY2CAAKSNLO® ¢2 LINRPRAzZOS LX FAYAR |0 XM
R. opacugdetailed in4.2.7.8below), cultures oE. colcarryirg the plasmid of interest were
ANRBGY dzLJ 2@OSNJ Hn K2dzNB AY dunn YE [ . GAi
purified from the full culture volume using a Plasmid Maxi Kit (QUIAGEN) according to the

low-copy number plasmid purification protocol prded by the manufacturer. When the
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concentration of purified plasmid was too low samples were concentrated using a Savant
DNA120 SpeelWac Concentrator. Plasmids were verified by sequencing as described in
and/or by PCR amplification of the MCS as desdrihd.2.7.2

4.2.7.8 Rhodococcus opacuBompetent Cell Production

CompetentRhodococcus opacdHTXM61 cells were produced using the protocol
reported by Kurosawa et g)2013) R. opacusvas grown overnight on 10 ml LB. 0.5 ml of
the overnight culture was transferred to a 250 ml conical flask with 100 ml MB + 1.5%
glycine (recipelable 4.7. The culture was grownpuat 30°C with shaking at 250 rpm for
~16 hours (to an Qday of ~0.25). The culture was transferred to two 50 ml Falcon tubes
and centrifuged (3,500 xg, 10 min). Cell pellets were washed twice in 15 ml of EPB1 (20 mM
4-(2-hydroxyethyl)1-piperazineethanesulfonic acid (HEP®&®B) 5% glycerol, adjusted pH
to 7.2 with KOH and filter sterilised) and EPB2 (5 mM HEPES with 15% glycerol, adjust tc
pH 7.2 with KOH and filter sterilised). The final cell pellet was resuspém@esiml of EPB2
YR mnn >t FfAljd20a 6SNB GNFyaFSNNBR (2

frozen in liquid nitrogen and stored &80°C.

Table 4.7: Recipe for MB + 1.5% glycine

Component  Concentration (g/L)

Yeast extract 5.0
Bacto Tryptone 15.0
Bacto Soytone 5.0
NaCl 5.0
Glycine 15.0

4.2.7.9 Transformation by Electroporation

Plasmids were transformed t@hodococcus opachdlTXM61 by electroporation
according to the protocol reported by Shao et@995) CompetentR. opacuMITXM61
cells (prepared as described 4n2.7.8)were slowly defrosted on ice and then mixed with
20 >f 2F KAIKEe& 02y OSy (N} (SR Litleastir ARI BBl
YSSRSRO® !'a | yS3IlILGuA@dS O2yGNBE w >f 27
competent cells. All cells, including the negative control, were transferred to 2 mm
electroporation cuvettes (Molecular BioProducts, cat. #5520) and electat@drin an
St SOUGNRLIZ2ZNIG2N) 6. A2wlcR DSyS tdzZ aSNvod 9f S

nnon mo
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LYYSRAIFIGSt@ I FGSNI St SOUNRLIR2NIGAZ2Y- OS¢
warmed LB (30°C) and transferred to 2 ml Eppendorf tubes. Cells weneeredofor 3
hours by horizontal incubation in a 30°C incubator with shaking at 400 rpm. After
AyOdzm |l GA2y OStfa ¢SNB 3ISyidfe alldzy R24y 0O«
GKS SYGANB @2ftdzyS ¢l a LI I 4GSR 2chldramphenicol: 3 I |
b24S GKIFIG RdzS G2 GKS 1101 2F | adaaidlofsS
control cells were plated onto a LB plate without selection antibiotic (to check competent
OStt GAFLOAfAGEULO I yR (KSanmed selesfidnylae. Mplates> f
were incubated at 30°C for a maximum of 5 days. Where electroporation was successful

colonies appeared within-3 days.

4.2.7.10 Purifying Plasmids fronR. opacus

To confirm plasmid identity irR. opacusat least three tranfrmants were
respectively grown up over ~48 hours in a 500 ml shake flask containing 200 ml LB with
OKf 2N} YLIKSYyAO2f odon >3IkYf0 F2NJ aStSOlAzy
was added to reduce membrane integrity and facilitate cell disruptiuring plasmid
purification. Plasmids were purified from the full culture volume using a Plasmid Maxi Kit
(QUIAGEN) according to the l@opy number plasmid purification protocol provided by
the manufacturer. If the concentration of purified plasmid weeow the requirement for
sequencing samples were concentrated using a Savant DNA120-8aedtbncentrator.
Plasmids were verified by sequencing and/or by PCR amplification of the MCS as describec

in4.2.7.2

4.2.8 Recombinant Gene Expressio

4.2.8.1 SDSPAGE

R. opacusgarrying pTipQC1ACPBTEwvas grown up in triplicate on 10 ml LB with
20 pg/ml chloramphenicol at 30°C with shaking at 250 rpm. After 16 hours cultures were
AYRdAzZOSR ¢6AGK ™M >3kYf GKA2a0NBLIG2Y YR Ay
control a clture of R. opacugarrying pTigQC1 (empty vector) was grown in parallel,
induced with thiostrepton and treated like samples as described below. For the final 2
K2dzNE 2F INRSGK pn >3AkYE FYLAOAtEAY 6l a |
celllysis. Cells were spun down (3,000 x g, 10 min), washed once in phospfffseed
saline (PBS) (Sigraddrich) resuspended in 5 ml PBS and sonicated for a total of 15 min (3

seconds on, 7 seconds off, output 3.5).
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Sonicated cultures were centrifuged® nn E 33X p YAYO0 FYR n
was taken into an Eppendorf tube. The pellet was washed once and resuspended in 5 ml
t.{ FYR GKSY nn >t gla dGFr1Sy Aydaz2 Iy 9L
and pellet (insoluble protein) samgle 6 SNB YAESR 6AGK wmn- >f
YSNDOF LW 2SGKIFIy2f b mnn >f O0ONRBY2LIKSy2f 0f dz
Sodium dodecyl sulphate polyacrylamide gel electrophoresis-PRQE) was then carried
out as follows: SDBAGE gels werprepared according tdable 4.8and set up in a Mini
PROTEAN Tetra Vertical Electrophoresis cebBioR0 @ wn >t 2F S| OK
2y 02 GKS 3ISt |t 2y 3186kDaipkoteip ladedr (TRefimo Fishé&)Smddnn S
for approximately 1 hou The gel was stained for 6 hours in Coomassie blue and then de

stained overnight in a mixture of 10% acetic acid, 50% methanol and 40% H

Table4.8: Recipe for preparation of SBIBAGE resolving and stacking gel
Note: 10% APS to be prepafegsh every time. TEMED induces polymerisation ar
should be added last.

0, 7 0 T
Component 12% resolving gel 4% stacking gel

(ml) (ml)

30% wi/v acrylamide 4.00 0.65
1.5M Tris pH 6.8 2.50 -

0.5 M Tris pH 6.8 - 1.25
10% SDS 0.10 0.05
Milli-Q H20 3.40 3.05
10% APS 0.10 0.05
TEMED 0.01 0.005

4.2.8.2 Expression TimeCourse
R. opacugPRCIACPBTEGNG R, opacud PQCwere grown in a TAG timeourse growth

assay as described #2430 ¢KA& GAYS K2gSOSNI Odzf G dzNEB:
thiostrepton after 48 hours in order to evaluate any changes in CDW, TAG production or
FA profile in response to plasmid expression. Samples were taken every 24 hours for 6 days
Pellets were used to sasure CDW at each time point as described.16.3and for total

TAG quantification and fatty acid profile analysis as outlinetd2r6.6
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4.3 Result

4.3.1 Evaluation of OMSW Fibre Hydrolysate Fermentability

Initial experiments demonstrated thd. colicould not be cultured under aerobic
conditions on pure OMSW fibre hydrolysate. Growth limitation could have been caused by
a variety of factors, including insufficient nutrients, nutrient inaccessibility, ntetatity
and/or the presence of unknown organic compounds. To assess the degree to which these
factors were affecting growth a series of growth assays were carried out. OMSW fibre
hydrolysate was supplemented with a source of nitrogen, sulphate or phospbeaher
individually or in combination, and inoculated wih colLWO06. Oy was measured over
48 hours as a proxy for growth. Positive control cultures included cells grown on MOPS
minimal medium with 5% w/v Iglucose and cells grown on OMSW fibrgdiolysate
supplemented with all components of MOPS minimal medium (except a carbon source) to
the same final concentration (for detailed methods <e2.3.2.

The first series of assay$ifure 4.6A) showed that OMSW hydrolysate
supplemented with all chaical components necessary for growth (i.e. MOPS minimal
medium) enabledE. colto reach an ORoof ~5.5 Figure 4.6/ = WI 8 RNRf @ a) G S
Cells grown on the positive control medium (MOPS minimal medium + -f¥cbse)
produced ~40% less bioma@&sigure 4.8 ~ Wa Ay ® Y S R)Ypandno growth3 £ dz
occurred on neat hydrolysateFigure 4.6 = W| & RNER f 2This indicatad yhatl G 0
growth on neat hydrolysate was primarily constrained by nutrient limitation rather than
substrate inhibition.

Growth of E. colion the OMSW fibre hydrolysate was investigated further by
supplementing with a source of sulphate>8Q), ammonium (NECI) and phosphate
(KekHPQ) at the same concentrations used in MOPS defined meditigule 4.6B). In this
series of assgs cells grew to a slightly lower @boverall, likely due to variations in seed
cultures or a difference in the shaker model used. However, when compared to the positive
control, the results showed that growth was not significantly increased by theiaddf
phosphate or sulphateFfgure 4.6 = Wl @ RNRf @&l S % Infcddtkast,WI &
ammonium supplementation led to growth comparable with the MOPS minimal medium
positive control Figure 4.6. = WI & R NZE, &lthaigh it &d nbt rebt@argwth to the
level of hydrolysate supplemented with all components of MOPS minimal medHiguré
46-. > WYl @ RNERf & a b).dtSvastconautled ¢that brie RidnGbre nutrients were

limiting growth, therefore another series of assays were carried out inchvihe
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hydrolysate was supplemented with sulphate, ammonium and phosphate combinatorically
(Figure 4.60).

Supplementation with both ammonium and phosphakégure 4.6 = Wl & RNER f
b 3 led tQgrowth equivalent to the hydrolysate with minimal meaiwand hydrolysate
supplemented with all three nutrients (sulphate, ammonium and phosphate). Overall this
demonstrated that the OMSW fibre hydrolysate was primarily limited in nitrogen, with a
secondary deficiency in phosphate but no significant limitaiiorsulphate. Nutritional
supplements employed in industrial fermentations are typically derived from waste
products from other industries, such as corn steep liquor, yeast autolysate or casein
hydrolysate, because they are abundant and low dgstmpen, 2014)Two industrially
relevant nutrient supplerants were therefore trialled with OMSW fibre hydrolysate: Corn
steep liquor (CSL) (a4pyoduct of corn wetmilling) (Liggett & Koffler1948)and vitamin
enriched yeast extract (VYE) (a substitute for yeast autolysatepadulyct of the brewing
industryYKerby & Vriesekoop, 2017)Jnfortunately, addition of 1% CSL led to immediate
and irreversible precipitation of the hydrolysate which made s9Dneasurements
impossible. Addition of 1% VYE only produced minimal precipitate formation, therefore this
was trialled as an industrial nutrient adjunct.

Nutrients were measured in hydrolysate supplemented with 1% VYE as described
in Chapter 3 (3.2.7.5and are shown irmable 4.%longside the nutrient levels measured in
neat OMSW fibre (originally presented @hapter 3, Table 3)4 Addition of 1% VYE
increased the microbially available nitrogen (shown as YAN) and total phosphorus
approximately 1€fold, while sulphate levels stayed similar, with a slight decrease due to
the dilution effect from VYE addition. Whén colwas grown on OMSW fibre hydrolysate
supplemented with 1% VYE cells entered exponential phase more rapidiyd€ 4.6D,

W]l @ RNER f &\YH anfl préducetzalmost twice as much biomass as cells cultured on
hydrolysate supplemented with phosphate and ammonildfiggre 4.65 = Wl @ RNR f &
b 39). tQ
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Table4.9: Levels of phosphorus, orthophosphate, sulphate, nitrogenous compoun
and calculated yeast available nitrogen (YANYOMSW fibre hydrolysag and OMSW
fibre hydrolysate supplemented with 1% vitamienriched yeast extract (VYE).

*For details on methods and calculating YANGhapter 33.2.7.5

Concentration (mM)

Nutrient Neat Hydrolysate Hydrolysate +1% VYE
mM +SD mM +SD
Yeast Available Nitrogen (YAN)? 4.85 +0.14 46.63 +4.06
Of which: Ammonia (NB) 2.27 +0.09 3.48 +0.10
L-Arginine 0.03 +0.01 0.82 +0.03
Primary Amino Nitrogen (PAN) 0.32 +0.01 5.28 +0.51
Phosphate (P@as phosphorus) 0.44 +0.003 3.83 +0.17
Orthophosphate (PG) 0.11 +0.001 0.63 +0.01
Sulphate (S&¥) 15.24 +1.21 14.85 +0.52

E. coliattained a final OB of ~8.0 on hydrolysate with 1% VYE, which contains
approximately 7% wi/v fglucose and Bxylose (the major metabolically accessible sugars
for E. colj. This level of biomass production is proportional to cultures grown on MOPS
minimal medium containing 5%-glucose, which entered stationary phase at ansoDf
~5.5Figure 45 = Wa Ay ® Y SR.d¢isklsomfeateBthadabeaietae growth of
E. colion the standard rich medium LB, which usually culminates at ago®@D ~7.0
(Sezonov et al, 2007)n fact, the high level of growth observed with VYE could only be
recapitulated by culturingE. colion hydrolysate supplemented with an excess of
ammonium and phosphate (20 mM MEb and 1 mM KHPQ, respectively)Kigure 4.5D,

Wl eRNRfeal 6§55 B. However these @diE &iShited (laQonger lag phase
compared to cells grown with VYE. This was surprising as ammonia is the preferred nitrogen
source ofE. coliand amino acids (the primary nitrogen source in VYE) are lesed
efficiently so slower growth would be expectéd/ang et al, 2016)

Overall, the model fermentative microorganidi coldemonstrated efficient and
unrestricted growth on nutriensupplemented OMSW fibre hydrolysate. The biomass
levelsattained were commensurate with the available sugars and no notable substrate
inhibition from metals or inhibitors was evident. Furthermore, VYE was shown to have
potential as an industrially relevant adjunct for supplementing microbially accessible

nitrogen and phosphate in OMSW fibre hydrolysate fermentations.
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4.3.2 Time-Course Kinetics of Eight Species Grown on OMSW Fibre Hydrelysat
Eight biotechnologically useful microorganisms were screened in a series of

fermentation assays with OMSW fibre hydrolysate to identify species that are intrinsically

well suited for biofuel or chemical production from this complex feedstock. Growth ¢f eac

species was characterised on 10 ml of OMSW fibre hydrolysate supplemented with 1% VYE

under optimal growth conditions (for strains and conditions $eble 4.). Samples were

taken at regular intervals over the course of the fermentation for a maximti#2dours

and used to determine Qfgb, sugar consumption and product accumulation. This data was

plotted for each species, providing an overview of the fermentation dynamics with respect

to growth, product synthesis and carbon utilisatidgrermentation kinetics are presented

below for each species in alphabetical order.

4.3.2.1Clostridiumsaccharoperbutylacetonicum

Clostridium saccharoperbutylacetonicid®M14923 (also M) is a Granpositive,
spore forming, strictly anaerobic solventogerbacterium that produces-hutanol, an
industrially valuable fuel and chemical, through the acetone, butanol and ethanol (ABE)
fermentation pathway(Noguchi et al, 2013)The ABE fermentation process is biphasic,
involving an initial acidogenic phase whier@acetate and butyrate are synthesised from
sugars until the pH drops to around 4.5, at which point metabolism shifts more toward
solventogenesis where organic acids areassimilated and fermented to butanol and
ethanol(Buehler & Mesbah, 2016}. saccharoperbutylacetonicumclosely related to the
well-studied solventoge Clostridium acetobutylicur@dang et al, 2012)nd is of industrial
interest because, unlik€. acetobutylicumit can ferment both Eglucose and Bylose
simultaneously without carbon catabolite repression (CGRYuchi et al, 2013)

C. saccharoperbutylacetonicugrew very poorly on OMSW fibre hydrolysate
(Figure 4.7. Only 4% of available-gducose was used and no significant change-xylDse
levels were detected. The cells had a ~12 hour lag phase andealyed a maximum
ODyoo Of 1.72+0.65 Furthermore, no ethanol, acetone or butanol were detected in the
fermentation medium at any time point analysed. The final pH of the cultures was around
5.05.5, indicating that acidogenesis was interrupted. Overallappears that some
component of the OMSW fibre hydrolysate was significantly inhibitory Go

saccharoperbutylacetonicum
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Figure 47: Fermentationkinetics ofClostridium saccharoperbutylacetonicugrown
on OMSW fibrenydrolysate

C. saccharoperbutylacetonicwvas grown anaerobically in 100 ml serum bottles on
ml OMSW fibre hydrolysate supplemented with 1% VYE and 40 mM MOPS buffer. Stagtin
was 0.05. Samples were taken over 48 hours. For detaik.2€e2. Acaumulation of products
(ethanol, butanoland acetonejnd consumption ob-3 t dzO 2GSand®-pylose ( Xy) are
plotted on the primary “éxisin g/L. Optical density at 600 nm (secondary Y axis) was usec
proxy forbiomass production.

4.3.2.1 Escherichia col

E.coli,the model organism of bacteriology, is of interest for biorefining applications
because it is an established industrial microorganism, highly amenable to genetic
manipulation and capable of using a wide range of lignocelldulieseyed sugars, including
D-glucose, tarabinose and Bxylose (Huffer et al, 2012)E. coliis a Grarmmegative
facultative anaerobe that can produce ethanol in small quantities along with acetate,
lactate and formate & mixedacid fermentation(Valle et al, 2015)The strain used
throughout this projectE. colLWO06, was engéaered to more efficiently produce ethanol
via an IPTé@nducible EntneiDourdoroff (ED) pathway (detailed ih.2.4, Figure 1.8

derived fromZymomonas mobili@Voodruff et al, 2013)
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In preliminary nutrient supplementation assays with OMSW fibre hydrolysate (see
4.3.1) LWO6 grew to a high Qf3 of ~8.0. However, these experiments were conducted
under aerobic onditions without induction of the heterologous ethanol pathway. In the
fermentation shown inFigure 4.8 E. coliwas grown micreaerobically to simulate batch
conditions and ethanol production was induced with IPTG. Surprisingly, LWO06 attained
even higherbiomass levels than in previous assays, reaching ao©D18.1+1.6 D
glucose was depleted within 24 hours and used preferentially owerl@se, as is typical of
the sugar utilisation hierarchy ifE. coliand most other hexose and pentose sugar
fermenters (Aidelberg et g12014) The highest ethanol yield was attained after 24 hours,
at 10.9+0.5g/L of ethanol (34:2 % of maximum theoretical yield), coinciding with glucose

depletion and entry into stationary phase.
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Figure 48: Fermentationkinetics ofEscherichia cotjrown on OMSW fibre
hydrolysate

E. colwas grown micreaerobically in 100 ml shake flasks with airlocks on 10 ml ON
fibre hydrolysate supplemented with 1% VYE, 40 mM MOPS buffer and 1 mM IPTG to
ethanolproduction. Starting Odgowas 0.05. Samples were taken over 48 hours. For detail:
4.2.4.2 Acamulation of products (ethanol, butanalnd acetoneand consumption db-glucose
0 fBlu) andD-xylose ( Xy) are plotted on the primary-axisin g/L. Optical density at 600 nn
(secondary Y axis) was used as@xy forbiomass production.
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4.3.2.2 Geobacillus thermoglucosidasius

Geobacillus thermoglucosidasius a thermophilic, endosposforming, Gram
positive facultative anaerobe that prodas ethanol as part of a mixextid fermentation
(Zeigler, 2014)Thermahilic bacteria are useful for bioprocessing as fermentations at high
temperatures reduce cooling costs, increase biomass conversion efficiency and ethanol
recovery and reduce the potential of contaminatiffurner et al, 2007) Previous studies
have shown thaG. thermoglucosidasiusn be engineeed (Cripps et al, 2009nd evolved
(Zhou et al, 2016p produce greater ethanol yields, however, the strain used in this project

is the type strain DSM2542 which has not been genetically modified.
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Figure 49: Fermentationkinetics ofGeobacillus thermoglucosidasiggown on
OMSW fibre hydrolysate

G. thermoglucosidasiwsas grown micreaerobically in 100 ml shake flasks with airloc
on 10 ml OMSW fibre hydrolysate supplemented with 1% VYE and 40 mM MOPS buffer.
ODyoo was 0.05. Samples were taken over 48 hours. For detaild.2ek2. Acamulation of
products éthanol, butanoland acetonejnd consumption ob-3 £ dzO 2GE)Snd®-rylose (
Xy) are plotted on the primary-axisin g/L. Optical density at 600 nm (secondary Y axis) \
used as g@roxy forbiomass production.
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Within the first 15 hours of fermentation on OMSW fibre hydrolysadte
thermoglucosidasiusapidly grew to an Oo of 4.55+0.38while metabolising Bylucose
and Dxylose simultaneouslyF{gure 4.9. Growth then stopped abruptly despite 61% of
sugars remaning in the medium. Furthermore, no ethanol was detected in the medium at
any time point analysed. During mixedid fermentation ethanol is produced along with
acetate, lactate and formatéZhou et al, 2016)therefore high ethanol yields were not
expected. However, the complete absence of ethanol in conjunction with the premature
growth cessation indicates thainhibition was caused byome component of the

hydrolysate

4.3.2.3 Pseudomonas putid

Pseudomonas putidia a Grarmegative aerobe known for its v&atile metabolism
and extensive resistance to xenobiotics and lignocellulosic inhibf@etda et al, 2016;
Loeschcke & Thies, 2019)his species was chosen for this project as the extent of the
toxicity of OMSW fibre was initially unknown. Although the strain used in this project,
NCIMB 8249, does not produce enustrially useful product, previous wo(kikel & de
Lorenzo, 2014has shown thatP. putich can be metabolically engineered to produce
ethanol and has a greater ethanol tolerance tharcoliP. putidahas also been engineered
to co-utilise cellobiose, Blucose and Bylosed 5 @2 njt { 9 RS [ 2NByl 23

P. putidaattained a final OBy of 13.6+0.10on OMSW fibre hydrolysate but only
managed to use 68.8% of the availablaylDcose Figure 4.10. Growth was somewhat
biphasic,slowing after 12 hours to what could be a brief lag or possibly a detoxification
phase and then increasing again after 36 hours. Stationary phase was reached at 48 hours
around the same time glucose metabolism stopped. Premature growth cessation indicates
that something in the hydrolysate was inhibitory to the cells. One of the major limitations
for P. putidaas a biomanufacturing chassis is that it is very neutrophilic and does not
possess all acid stress response pathways present in other Enteroba@elda et al,
2016)The final pH of the fermentation medium was measurearmiund 3.0 for all three

replicate cultures, indicating that growth may have been inhibited by autoacidification.
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Figure 410: Fermentationkinetics ofPseudomonas putidgrown on OMSW fibre
hydrolysate

P. putidawas grown aerobically in 100 ml shake flasks on 10 ml OMSW fibre hydro!
supplemented with 1% VYE and 40 mM MOPS buffer. Startipg @3 0.05. Samples wer
taken over 72 hours. For details se8.4.2.Consumption oD-3 f dzO 2GiSand®dylose (

Xy) are plotted on the primary-axisin g/L. Optical density at 600 N0, SECONdary Y axis
was used as proxy forbiomass productioriNote this strain does not metabolise-kRylose.

4.3.2.4 Rhodococcus opasu

Rhodococcus opacus an aerobic, Graspositive, soHdwelling Actinomycete
Uniquely for a bacterium,R. opacuscan produce and intracellularly aamulate
triacylglycerol (TAGJom a wide range of carbon sourcéslvarez et al, 1996A detailed
overview of TAG biosynthesis is giveppendix IX TAG can be used as a precursor for
the production of biodisel, aviation fuel, plasticsurfactants and polymer The highest
reported volume of TAG accumulation by Rnopacustrain is 76% of CDW after growth
on gluconatgWaltermann et al, 2000R. opacuMITXM61, used throughout this project,
gl a S@2tdziAz2ylNAfte SYyaaAySSNBR o6& ! yikK2ye
of Technology (MIT) to eatilise Dxylose with Bglucose(Kurosawa et al, 2014)he
industrial potential ofR. opacudgor biorefining $ well established and it has been grown

with high productivity on numerous industrially useful substrates, including glycerol
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(Kuosawa et al, 2015@nd hydrolysates of corn stover, wheat straw and hardwood pulp

(Kurosawa et al, 2015a; Kwawa et al, 2013; Kurosawa et al, 2014)
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Figure 411: Fermentationkinetics ofRhodococcus opacugownon OMSW fibre
hydrolysate

R. opacusvas grown aerobically in 100 ml shake flasks on 10 ml OMSW fibre hydrol
supplemented with 1% VYE and 40 mM MOPS buffer. Startipg @3 0.05. Samples wer
taken over 72 hours. For details sde2.4.2. Acaumulation of triacylglycerol (TAGand

congimption ofD-3 f dzO 2GI)Sand®-pylose ( Xy) are plotted on the primary-axisin g/L
Optical density at 600 nnOxo00, SECONdary Y axis) was used gaaexy forbiomass production.

R. opacuMITXM61 grew exceptionally well on OMSW fibre hydrolysate, attaining
a high Ol of 110.91+3.58(Figure 4.1). Growth started after a ~XRour lag phase and
D-glucose and Bxylose were concurrently depleted over 60 hours. Biomass production
stopped after 54 hours although sugars were not yet depleted. This was not due to
substrate inhibition however, because tteationary phase cells continued to use the
remaining Bglucose and Bylose. INR. opacu3AG synthesis typically occurs at the end
of exponential phase and in early stationary phase when nutrients are limiting but carbon
source is still abundant. Aftang high TAG yield therefore requires a carefully balanced
carbon to nitrogen (C/N) ratio to ensure there is a high cell density at stationary phase but
also sufficient residual carbon to store as T@Avarez et al, 2013; Kurosawa et al, 2010)

The addition of 1% VYE to OMSW fibre hydrolysate provided an C/N ratio of 44 (for
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calculations sed.2.5.3, enabling a TAG yield of 152.1g/L after 72 hours, equivalent to
48.91 +1.42 % of CDW or 725 % of theoretical yield (note that TAG could only be
guantified at the end of fermentation as at least 5 mg of cells were required fdfAES,

see4.2.5.4). It was concluded from these results tiatopacuss well adapted for eftient
and robust growth on OMSW fibre hydrolysate.

4.3.2.5 Saccharomyces cerevigia

Saccharomyces cerevisisghe model organism fomdustrial biotechnologyand
has been studied extensively for lignocellulosic biorefining applicationsS i N2 @8.6 = |
cerevisiaeis also one of the few microorganisms that has been used to ferment
hydrolysates of OMS\{Ballesteros et al, 2010; Puri et al, 2013})rain ATCC 200062 (also
NRELD5SA) & 3ISYySGAOFEfe RSNAGSaRdwadNBeor thisoRjedt G | N
because it has repeatedly been shown to robustly ferment lignocellulosic feedstocks
(Nguyen et al, 2017; Spindler et al, 1989)
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Figure 412: Fermentationkinetics ofSaccharomyces cerevisigeown on OMSW
fibre hydrolysate

S. cerevisiagvas grown micreaerobically in 100 ml shake flasks with airlocks on 1C
OMSW fibre hydrolysate supplemented with 1% VYE and 40 mM MOPS buffer. Stagdin
was 0.05. Samples were taken over 48 hours. For detai.28&ke2. Acaumulation ofethanol
and consumption ob-3 £ dzO 2Gi)Sand®d-pylose ( Xy) are plotted on the primary-axisin

g/L. Optical density at 600 nnOQoo, Secondary Y axis) was used apraxy forbiomass
production.Note this strain does not metabolise-kylose.
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S.cerevisiaeATCC 20062 grew efficiently on OMSW fibre hydrolysate, depleting
most of the Dglucose within 12 hours=(gure 4.12 Maximum biomass and ethanol yields
were attained after 24 hours upon-glucose depletion. Ethanol yield was 18.0 +1.3 g/L,
equding to 70+£2% of maximum theoretical yiel&. cerevisiakad the highest productivity
of any organism trialled in this project, producing ethanol at G:8B@3g/L.h* over 24
hours without any notable product or substrate inhibition. This strain could therefore have
very good potential for OMSW fibre bioprocessing, although its efficiency was limited by

the inability to ferment Bxylose.

4.3.2.6 Schizosaccharomyces pombe

Thefission yeasSchizosaccharomyces pomba model organism used extensively
in molecular genetic studies, big understudied as a bioethanol producer despite fiet
that it was originally isolated from palm wir{elayles & Nurse, 1992)This yeast shares
many industrially useful characteristics wigh cerevisigeincluding tolerance to osmotic
stress and ethanol, flocculability, generally redgd as safe (GRAS) status and genetic
tractability. S. pombe)B953 is a wild strain isolated in Austréliaffares, 2018; Jeffares et
al, 2015)that produced the highest ethanol titre in a preliminary plate reader screen of
eightS. pombesolates grown with OMSW fibre hydrolysate for 24 hours (@ggendix V
for details).

Figure 4.13hows that in the shake flask fermentation as§aypombelB953 grew
on OMSW fibre hydrolysate relatively efficiently, using all availakiguBose within 24
hours and producing 1481.9g/L of ethanol, or 537 % of the theoretical maximum with
a productivity over 24 hours of 0.330.04g/L.h*. A decrease in Rylose levels was also
measured althougl$. pombes not reported to ferment Exylose. This strain may however
be capable of Exylose uptake for xylitol production, as has been reported for sgpeasts
(Jeffries & Kurtzman, 1994pverall,S. pombegrew wellon OMSW fibre hydrolysate,
without showing any obvious signs of substrate or product inhibition. However, only half
the theoretically possible ethanol titre was produced because most carbon was allocated
to biomass production. This could potentially bepnoved through further optimisation of

the fermentation conditions.
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Figure 413: Fermentationkinetics ofSchizosaccharomyces pomgeown on OMSW
fibre hydrolysate

S. pombewas grown micreaerobically in 100 ml shake flasks with airlocks on 10
OMSW fibre hydrolysate supplemented with 1% VYE and 40 mM MOPS buffer. Stagdin
was 0.05. Samples were taken over 48 hours. For detai4.2&le2. Acaumulation ofethanol

and consumption ob-3 f dzO 2G)Sand®-pylose ( Xy) are plotted on the primary-axisin

g/L. Optical density at 600 nnOQoo, Secondary Y axis) was used apraxy forbiomass
production.Note this straincanmetabolisebut nat ferment D-xylose.

4.3.2.7 Zymomonas mobi$

Zymomonas mobiligs a Grarmegative, facultatively aerobic species that is
extensively studied for bioethanol production due to its high ethanol tolerance, volumetric
productivity and rapid glucose uptake raf¥ang et al, 2016%. mobilisis one of few
anaerobes that can catabolise glucose via the Erbaurdoroff (ED) pathway (detailed in
1.2.4, Figure 1.8, which is typically found in strict aerobgwings & De Lay, 197The ED
pathway forms the core of. mobilisnetabolism and is its only available route for carbon
catabolism. Anaerobic fermentation via the ED pathywegduces just 1 mol of ATP per mol
of glucose, consequentlZ. mobilishas the lowest molar growth yield of any known
microorganism and must maintain a high level of metabolic flux to guarantee enough
energy for survival. To achieve this, ethanologenizyenes are expressed to 50% of soluble
cell protein and sugars are imported via hgdlocity facilitated diffusion, resulting in

highly direct and efficient ethanol productiofConway, 1992) Despite its overall
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effectiveness,Z. mobilisis limited for bioprocessing applications because it exclusively
ferments Dglucose, Efructose and sucrosgrang et al, 2016)

Z. mobilis subsp. mobildSM424 (also ZM1) is a wsludied strain originally
isolated from a fermentation of Pulque, a traditional Mexican alcoholic beverage made
from sap of the Agave planAgave amecana (Pappas et al, 2011Puring growth on
OMSW fibre hydrolysate,. mobilidDSM 424 rapidly used all availablgidcose within 24
hours and produced 17.%0.03g/L ethanol, equivalent to a productivity of 0.28.01
g/L.ht (Figure 4.14. On the wholeZ. mobilisappears to be a promising species for
bioethanol production from OMSW fibre hydrolysate, but as @tlterevisiaghe inability

to utilise Dxylose limits the efficacy of this strain for fermentation of lignocellulosic

biomass.
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Figure 414: Fermentationkinetics ofZymomonas mobiligrown on OMSW fibre
hydrolysate

Z. mobiliswas grown anaerobically in 100 ml serum bottles on 10 ml OMSW
hydrolysate supplemented with 1% VYE and 40 mM MOPS buffer. Startirgn@® 0.05.
Samples were taken over 48 hours. For detailsised.2. Acaumulation of products (ethanol
butanol,and acetonejand consumption d>-3 £ dzO RG&)BndB-xylose ( Xy) are plotted on
the primary Yaxisin g/L. Optical density at 600 nmesondary Y axis) was used agraxy for
biomass productiorNote this strain does not metabolise-Bylose.
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4.3.3 Evaluating Relative Fermentation Efficienbgtween Species

All eight species trialled on OMSW fibre hydrolysate varied greatly in their
fermentation kinetics and relative efficiencies. Each species exhibited unique carbon
consumption, growth and product synthesis dynamics. To provide an overview of the
fermentation dynamics and compare each species relative performance, the time course
fermentations are presented side by side Rigure 4.15 Furthermore, to compare the
species more quantitatively, key yield parameters were calculated for each fermentation.
These vlues are summarised ifiable 4.10jncluding the total percentage of fermentable
sugars consumed by each species over the course of fermentation, the final dry weight of
cell biomass recovered per litre of fermentation broth, the gram per gram ratio afymio
to sugar consumed, the maximum product yield (in g/L and as a percentage of the
theoretical maximum yield) and the overall productivity in gA. Additionally, the amount
of product that could be produced from one tonne of OMSW fifkg/t) was calalated
and a maximum theoretical yield per tonnewas estimatedassuming complete sugar
conversion during hydrolysis.

To evaluate the performance of the species relative to one another the
fermentation kinetics were compared in conjunction with the caltedayield parameters,
thereby enabling the most promising candidates to be identified. The poorest performing
strains utilised less than 50% of the sugars metabolically available to them and did not
produce the product of interest. This includ€d sacchamperbutylacetonicunfFigure 4.15
P andG. thermoglucosidasiu§&igure 4.150). Both these microorganisms were sensitive
to some component of the hydrolysate that did not significantly affect the other species,
making them less desirable candidates for lggiion in an OMSW fibre bioprocess.

Species that performed moderately well incluBe putida(Figure 4.15G), E. coli
(Figure 4.1%D) and S. pombgFigure 4.15B). These species used most or all the sugars
metabolically available to them but primarily allocated carbon to biomass producEon.
pombe and E. colionly produced ethanol to 5%7 % and 34+2 % of the theoretical
maximum, respectively, therefore most tife catabolised carbon was directed toward
growth (Table 4.10. Their performance could likely be improved by further optimising
culture conditions to promote fermentative metabolism. In the case Rof putida
autoacidification could be prevented by usiagstronger buffer or pH control system,
however, significant genetic engineering would be necessary to develop this species into a

platform for OMSW fibre bioprocessing.
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Figure 4.15 Fermentation kinetics of eight different microorganisms
grown on OMSW fibre hydrolysate.

(A) Saccharomyces cerevistagB) Schizosaccharomyces portibe
(O Geobacillus thermoglucosidastygD) Escherichia cil; () Zymomonas mobilis
(P Clostridium saccharoperbutylacetonicliniG) Pseudomonas putidaand
(H) Rhodococcus opacls

Culture conditions* Micro-aerobic(shake flasks with airlocks
*Anaerobidserum bottley; °Aerobic(shake flask with foam bungs)

Accumulation of products (ethanol, butanol, acetone or triacylglycerol (TAG))
consumption oD-3 f dzO 2 & P-xydogel ) areyplRted on the primary-axis. Optical density
at 600 nm (secondary Y axis) was used asoxy forbiomass production. Afipecies were
inoculated to a starting Odgyof 0.05.Each species was grown on 10 ml OMSW fibre hydroly
supplemented with 1% VYE and 40 mM MOPS buffer. Startiggv@I3 always 0.09\ote that
TAGyield could only beneasured athe end offermentation (ge4.2.4.2for details).
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The species that showed the most promise for production of biofuels and chemicals
from OMSW fibre wer&. cerevisia@-igure 4.15A), Z. mobiligFigure 4.15F) andR. opacus
(Figure 4.15H). S. cerevisiaand Z. mobilisachieved comparable ethanol yields (9%
vs. 7915 %of theoretical yield, respectively), productivities (0.#8.01and 0.74+0.06
g/L.hY) and product to substrate (P/S) ratios (0.26.01 and 0.36+0.03 g/g) when
accounting for the standard deviatolInterestingly, despite this parity, the final CDWZof
mobiliswas 46% lower tha®. cerevisia€Table 4.10. The high volumetric productivity of
this bacterium relative t&. cerevisiais well establishe@Bucholz et al, 198&nd is further
supported by these resultdt was calculated thatper tonne of OMSW fibrerocessed
under the conditions trialled in this workbout 90 Kg of @banolcould be producedvith
S. cerevisiaand 87 Kg of ethanol witZ. mobilisIf allavailable celluloseould be isolated
from OMSW fibre through hydrolysis, these yields could rise to 139 and 136 Kgit,
respectively(Table 4.10.

Although both ethanologens attained very high yields, neither could ferment D
xylose, thus limiting their overall productivity. By comparidgenppacusccessed both the
D-glucose and Bxylose in the hydrolysate and produced 1521 g/L TAG, the highest
yield of product relative to the theoretical maximum attained by any species trialled in this
study. At the same time howeveR. opacusnly had a productivity of 0.240.02g/L.h?,
the lowest overall Table 4.10. This was due to a lag phase of aboRithburs bringing the
total fermentation time to 72 hoursHigure 4.18H). Despiteits high product yield R.
opacuswould only produce 76 Kg of TAG per tonne of OMSW fibre, significantly less than
the amount of ethanol produced b¥. mobilisand S. cereviae. Even under perfect
hydrolysis conditions TAG yield would only increase to 91 Kagfvever, a discussed in
the introduction, TAG biosynthesis is metabolically and physiologically very different from
ethanol fermentation.TAG also has a different matkvalue as it competes primarily with
palm oil for biodiesel production.lt is therefore difficult to make direct comparisons
between ethanologenic and oleaginosigecies

It shouldalsobe noted thatthe calculationspresented inTable 4.10are only broad
estimates of fermentation performanc&hey exclusivelyaccounted for the major carbon
sources Bylucose and Bxyloseand discounthe contributions to product yield fromtber
less abundant sugars or carbon sources not measured in the congmadiinalysis. For
example, Bmannose, the third most abundant sugar in OMSW fibre hydrolysate (5.46%

w/v) can also be fermented biR. opacugHolder et al, 2011) an8&. cerevisiaélLi et al,
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2015) but notZ. mobilis These yield calculations should therefore be treatath caution

as they do not account for all carbon available in the system and may therefore be
overestimates.Overall however, robust growth and near theoretical yields were core
features ofE. coli, Z. mobilsndR. opacusmaking all three excellemandidate strains for

further development in an OMSW fibiteased bioprocess.

4.3.4 Characterising OMSW Fibre Hydrolysate FermentatiorRbyopacs

R. opacuMITXM61 was chosen as the primary candidate strain to be developed
further for application in an OMSW fibre biorefinery because of its ability to efficiently and
concurrently use Bylucose and Bxylose and produce nedheoretical yields of TAG from
OMSWfibre hydrolysate. The fact that there are no prior publications investigating the
usefulness oR. opacusor OMSW bioprocessing also make it an interesting microorganism
to study. As such, the physiology and TAG production kinetkRsapacugrown onOMSW
fibre hydrolysate were investigated in greater detail.

GCFIDcan be used to measure the total yield of TAG but also enables the individual
fatty acids (FAs) that make up the TAG molecules to be identified and quantified. This is
important becausedtty acid length has a significant impact on their application. Long
chain fatty acids (LCFAs, between2ll3carbon atoms in length) are optimal for biodiesel
production, while mediurrchain fatty acids (MCSASs, betweel® carbons in length) are
more useflifor producing aviation fuel (i.e. kerosene) and for deriving ingredients used in
cosmeticsdimene5 A 1 S | £ X Hn mIATist pfRUERAS défected B.O | f
opacuscells grown on OMSW fibre hydrolysate for 72 hours is givéalie 4.11 The most
abundant FAs were Palmitic (C16:0Heptadecanoic (C17:0), €li6-Heptadecenoic
(C17:1R7) and Ci®-Octadecenoic (C18:1rc), whichis consistent with previous analyses
of FA composition iRR. opacugAlvarez & Steinbtichel, 2002)

To evaluate the viability of FAs derived frénopacusor biodiesel production the
cetane number (CN) was calculated as described2r6.7 The CN is used as a measure of
the combustion and ignition potential of a biodiesel relative to cetandgradecane), a
straight chain hydrocarbon with very high itghility (Giakoumis, 2013)To determine the
CN of a mixture of FAMEs a cetane index;)(@N\calculated for each individual FAME.
According to EU specifications, a biodiesel must have a minimum CN of 51 with a minimum
CNof 46 (CEN, 2009)The CNor each individual FAME extracted frdRi opacuss listed
in Table 4.11.
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Table4.11: Fatty acid composition profe of Rhodococcus opacthdI TXM-61
growth on OMSW fibre hydrolysatdor 72 hours and the calculated
cetane index of each fatty acid
Yields are given as the percentage (w/w) of total fatty affaswith standard deviation
(xSD) of triplicate measuremen@mmon names are given wiesavailable.

C:D 4.ipid number, expressed as the numbeCabon atomsto Double bond.
CN= Cetanandex,measures theombustibility and ignitability of individual FAMEs
CN = Cetane number, measures the combustibility and ignitability of biodiesel mixt

FA C.D % +SD CN
/ I LINKA O I mnYn ndorgna 60.9
' yRSO& Ot A O /[ MmMYn nong n ¢ 62.3
[ I dzZNR& O /| MHY N nongna 63.7
¢NARSOe Ot A O /| moYn norgna 65.1
a@NARAailAo [ mnYn HPNp N & 66.5
a@Nx a2t SAO I MOYMO PO ndrpnd 50.6
t Sydl RSOFYy2A0 [/ mpYn p®cpnd 67.9
| marJSy dl RSOSy 24 mpYmMopO ndrpnd 52.0
tFft YAGAO /[ mcYn HYy CpMa 69.3
| @L123ISAO /| MCYMOTO drpnd 53.4
| SLIWGFRSOFY2A0 [/ mTYn MncEcpnda 70.7
| e SLIGIF RSOSYy 20 mTYMOMAIModpnda 54.8
{G4SFNRO /I My Yn pPrp < 72.1
¢ NImgh2O G RSOSY2A/ MmyYmMo 0 mdcpn ¢ 56.2
/| ’gh OGF RSOSY2A0/ MmyYmMo pv My cdpmda 56.2
/| mamm OGF RSOSYy2AU MmyYMOMMLndrpnd 56.2
ol NIy NImyil F RSO/ My YHO Srndrpna 40.3
PO A a@ RRdw | RSOF R/ My YHO DXZrn®drpna 40.3
ef Ay2ft SAO /| MyYoocZI(m®Prgp < 24.4
{GSFNAR2YAO I MmyYnocZcn®rpnda 8.5
I NJ OKARAO [ HNYn ndrpna 74.9
D2YR2AO0 | HAYMOMMLA®rp < 59.0
| e® A O2aSy2A0 /HAYMOMOLNDPIpRNG 59.0
| 2YVi@i Ay2t SYAO /HnYooyZirndsrpnd 27.2
I N} OKAR2YAO | HAnYnopZIyn®rpnd 11.3
OAO2aF LISYGlry2A0/ unYpopZyndrpgnd -4.6
. SKSYyAO | HHY N nongna 77.7
9 NHzOA O | HHYMO MOl n®Ngp & 61.8
52024l RASY2A0 /HHYHOMO:Nn®rpnda 45.9
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Only eight of the thirty FAs detected had a CN below 46 and these made up just
1.67% of the total FA profile. It was calculated that the total mixture of-déved FAMES
isolated fromR. opacusad a CN of 62.5. This indicates that TAGs fRowpacugrown on
OMSW fibre could be converted directly to higbality biodiesel, on par with edrop
derived biodiesels currently produced from jatropha and p&liiménezDiaz et al, 2016)
These results are also consistent with work by Fei g2all5)who calculated a CN value
of ~60 forR. opacusMITXM61 grown on a mixture of Blucose and Bylose.

To gainfurther insight into TAG production during growth on OMSW fibre
hydrolysate, light microscopy was used to visuaRs@pacugells sampled at 24, 48 and
72 hours Figure 4.16. The microscopy revealed that there was a noticeable change in
cellular morphdogy between the early and later stages of fermentation. 24 hours into
fermentation R. opacuscells had a long, rod shap&igure 4.16A & B but as the
fermentation progressed morphology shifted toward shorter, rounder rods and clear
regions began to ape within the cell interior Figure 4.16C & D. It is known from
electron microscopy studies &. opacu$D630 that TAG accumulates within the cell in
lipid inclusions that are visible within the cytoplagilvarez et al, 1996)These lipid
inclusions were just visible under the light microscope as clear regions surrounded by the
more electrondense, stained membrane and compacted intracellular matefRaufe

4.16E & F.
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Figure 416: Light microscopy images a®hodococcus opaculls after 24, 48 and 72
hours of growth on OMSW fibre hydrolysate
(Images taken by author with help from University of York Imaging and Cytometry Labora

Cells from the experiment showrFigure 4.1werefixed and stained with crystal viole
andimaged using a light microscop 100x magnification wittoil immersion(for details see
4.2.5. Scale bars foA, CandENB LINB a Sy i Hn B DahdANBILINS a&SlyNAE MFi2 |
ImagesA, Cand EshowR. opacusifter 24, 48 and 72 hours of growth on OMSW fik
hydrolysate, respectivelymagesB, D and Fshow regions of interest within images A, C anc
enhanced with 50% digital zooRed arrowin Fhighlights and example of lipid inclusions (cle
regions) within the cell where triacylglycerol has accumulated.
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The lightmicroscopy studies indicated that TAG accumulation was at or near the
maximum vyield after 72 hours. To gain a more quantitative understanding of the time
course kinetics of TAG production from OMSW fibre hydrolysate a fermentation assay was
carried out ina larger volume (40 ml) and TAG levels were measured at regular intervals
over six days along with the levels of sugars, YAN and €W 4.17. Unfortunately,
the larger culture volume used in this assay had a negative effect on the growth and
productiity of R. opacus.Although the dynamics corresponded to those originally
presented inFigure 4.12the lag phase lasted 12 hours longer and growth rate was slower
overall, leading to a 14% lower CDW upon entry into stationary phase. Cells were still in
mid exponential phase at 72 hours whereas stationary phase was reached after 54 hours
in the initial fermentation trial. Furthermore, the peak TAG yield was lower, reaching only

64 +4 % of the theoretical maximum, compared to#2% attained previously.

—8—CDW ——Glucose =—Xylose —e—=TAG YAN

45 700

T
Q 40 I 600
= 35 c00
3 30 _
> 25 400 3,
, =
g 20 - 300 <
32 15 <
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0 24 48 72 96 120 144
Time (h)

Figure 417: Comprehensive TAG productidanetics ofR. opacugrown on OMSW
fibre hydrolysate

R. opacusvas grown aerobically in 250 ml shake flasks on 40 ml OMSW fibre hydrol
supplemented with 1% VYE and 40 mM MOPS buffer. Startigg WH3 0.05.Samples were
takenover 144 hoursind used to analyse the levels of TAG, YAN, sugars and CDW (fodd
methods sed.2.4.3. Acamulation of TAG consumption oD-3 f dzO 2GiiSand®dpylose (
Xy) and CDWare plotted on the primary-#xisin g/L. YAN is plotted on theesondary Y axis
mg/L
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The productivity oR. opacusn this assay was 0.1#D.01g/L.h* over 96 hours, 50%
lower than before Table 4.10. Growth was likely slowed due to undaeration as this
species has a very high oxygen demand, requiring at least 60% dissolved oxygen for optima
growth in stirred taik bioreactorgKurosawa et al, 2014)The shaking rate vgancreased
to 250 rpm for this assay to accommodate for the greater culture volume but determining
effective oxygen transfer rates in shake flasks is challenging withduteirmonitoring
(Buchs, 2001)

Despite exhibiting more delayed growth overall, the results present&ture 4.16
still provide an overview of the relationship between sugar uptake, nitrogen catabolism
and biomass production ifR. gacusgrown on OMSW fibre hydrolysate. TAG levels
reached a maximum of 10.G90.65g/L at 96 hours, just when nitrogen uptake stopped.
Approximately 26 mg/L or 4% of YAN remained in the hydrolysate betweéd®6ours,
indicating that some of the nitrogeius compounds in the VYE were inaccessibl&.to
opacus Dglucose was catilised with Dxylose, although Blucose was taken up more
rapidly. 3.77+2.32¢g/L Dglucose and 7.620.60g/L Dxylose remained in the medium at
96 hours when TAG levels reachibeir peak, but both sugars were fully depleted after
120 hours.

R. opacu®D630, the parent strain of MITX8A4, has the most diverse repertoire of
nitrogenous compound catabolism genes of any TAG produmcterium (Holder et al,
2011)but generally prefers using ammonium over amino acids or (ifeaet al, 2015)It
grows poorly tglutamic acid, MNacetytL-glutamic acid, dproline, hydroxylL-proline,
glycine, NglycytL-proline, Lalaninamide, {phenylalanine and-threonine and not at all
on L-histidine (Holder et al, 2011)These peptides and amino acids may have made up the
residual 4% of nitrogenous compadsremaining in the medium at the end of the OMSW
fibre fermentation. Overall the fermentation dynamics coincide well with studies published
by other groups on the kinetics &. opacugrrown on sugargKurosawa et al, 2015c;
Kurosawa et al, 2013; Kurosawa et al, 204 the FA profile (presented Appendix V)

coincided closely with the prdé from the initial fermentation trialTable 4.1).

4.3.5 Engineering Lauric Acid ProductioniRhodococcus opacus
R. opacugan produce a wide range of FAs but, as mentioned above, the most
abundant molecules are 183 carbons long. Previous work by Voelked Davie$1994)

showed thatE. colcould be engineered to produce higher yields of MCFAs (primarily lauric
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acid (C12:00)) by expressing the plant enzyme-acyll carrier protein (ACP) thioesterase
BTE (AGBTE). ACGBTE is predominantlgxpressed in the seeds of the California Bay
(Umbellularia californicg which are rich in laurate. Its role in FA biosynthesis is to
terminate elongation of the fatty acid chain once it is 12 carbons long by hydrolysing the
terminal acylACP thioester, Eding to release of the FA from the FA synthase machinery
(Voelker et al, 1992)However, to significantly increasing lauric acid production and
attenuate LCFA synthesis, ABPE had to be expressed infncolistrain deficient in the

i -oxidation pathway responsible for FA degatidn, thereby preventing premature
degradation of lauric acifVoelker & Davies, 1994)

We set out to investigate whether FA biosynthesis could be manipulateq. in
opacughy expressing AGBTE during growth on OMSW fibre hydrolysate. A transamjt
analysis oR. opacuf®RHAL under nitrogefimiting conditions showed that genes involved
in TAG degradation such as lipases were- t&n sixteenfold less abundant during
transition-phase, when most TAG synthesis ocqémara etal, 2016) It is possiblehat
this downNB 3 dzf | (i A 2oyidati®rif patiiwySduring TAG storage conditions would
enable MCFAs produced by ABPE to accumulate R. opacus

First the ACIBTE gene was codon optimised ®inodococcuand synthesised as
described it.2.7.4 The synthetic AGBTE gene was successfully cloned into40QI@d., an
inducibleE. colic Rhodococcushuttle vector, downstream of the thiostrepton inducible
promoter TipA (for details see4.2.7.1 and 4.2.7.5. pTipQC1ACPBTEwas then
transformed toR. opacugas described id.2.7.9 The presence of the insert was confirmed
by sequencing, both i&. coliafter cloning and in successful transformantsRofopacus
Results from each of these steps are presentedppendix VIII Exprasion of ACIBBTE
was assayed by SIPAGE of crude cell lysate frdR opacugells carrying the AGBTE
gene R. opacu¥PRCLACPETS that were induced with thiostrepton during growth on LB. An
enriched band was present at the expected mass (4804) in both the soluble and
insoluble protein fractions but was absent in the empty vector contiRoldpacu Py
(Figure 4.18. The enriched band was more intense in the insoluble fraction of the induced
cultures, indicating that a large fraction dhe protein may be misfolded due to
overexpression. However, the same band was present in the soluble fraEtgurd¢ 4.18,

arrow), indicating that some of the protemayhave been in a soluble form.
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Figure 418: SDSPAGE of induced and neinducedR. opaculPQCLACBTE
| = insoluble fractionS= soluble fractionC= negative control (empty vector);
1, 2& 3=replicate induced culturesz= Protein ladder, in kDa;
Expected band sizgyellow arrow)= 43.74 kDa (42.92 kDa protein + 0.84 kDa hexabhis ta
For details sed.2.8.1

To evaluate whether some AGHE activity was occurring an expression assay was
carried to investigate whether cells induced to express J@i1l ACPBTE showed
increased lauric acid productiorR. opacu¥PQCLACPETE was grown on OMSW fibre
hydrolysate and induced with thiostrepton after 48 hours. As a negative coRtrol
opacug™Clwas grown in parallel and induced. The total levels of TAG wegsuned
alongside biomass production over the course of the fermentatibigure 4.19. R.
opacugTPRCLACRBTRING R, opaculPCexhibited similar growth and TAG production rates
for the first 48 hours. However, after inductid. opacusPRCIACETEgccumulated less
TAG and grew more slowly overall. The control strain reached a maximum TAG yield of 8.16
+1.18¢g/L after 96 hours, whil®R. opacudPRCLACPTELGok 120 hours to attain a similar
level of TAG (8.420.62g/L). Both strains had a fih CDW of ~29 g/L biR. opacus™
QCLACRBTEnroduced between 88% less biomass than the control between 48 and 120

hours. This indicated that expression of the heterologous protein incurred a minor fithess

cost.
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Figure 419: Cell dry weight and TAG production over 144 hours by thiostrepton
inducedR. opacuBPQCLACBTEGNG R, opaculPQC?

Total cell dry weight (CDW) and TAG levels measnRdopacus PRCIACETEACPBTH and R.
opacug"PRCYEmpty vectoy grown on OMSW fibre hydrolysate supplemented with 1% VYE
sixdays Plasmid expression was induced after 48 hours (dashed grey line).

The abundance of lauric acid producedmyopacud PRELACETEgyer the course of
the fermentation was quantified as a percentage of the CDW and in terms of total
concentration in the mediumHjgure 4.20. The concentration of laurate within the cells
remained relatively stable throughout the fermentation at aroun®20.04% of CDW,
while the total concentration of laurate continued to increase proportionately with
biomass productionGA 3 dzNBE n ®H n-Z ¢ HE D 53 - @HMDough there
was 43% more laurate measured at 48 hours in cells carryingQTIpACPBTEthan in
the controls, there was a slightly greater abundance of all FAs in this strain at 24 and 48
hours compared to the controA 3 dzZNBS n ®H m ¥ Ownalithe Krfbuns of fattyy K
acids produced byR. opacudPRCIACETE\were comparal# with the control throughout
the fermentation and no noticeable attenuation in LCFAs or increase in lauric acid levels
was observed after inductiori-{gure 4.2). Based on these results it was concluded that

that ACPBTE was being expressed Aonctionaly.
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Figure 420: Laurate (C12:0) production over time by thiostrepton induc&d
opacugTPRCIACRTEgNJ R, opacuRPQC!

Laurate production byR. opacudPRCIACFETE (ACPBTH and R. opacu8P*C (Empty vectoy
grown on OMSW fibre hydrolysate supplemented with 1% VYE over six days. Plasmid ex
was induced after 48 hours (dashed grey liRglmary Yaxis: laurate as percentage of cell dry
weight @ CDW Secondary-#xis: total laurate produced/L).
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Figure 421: Time-course profile of the major longchain fatty acids produced biR.
opacugTPQCLACRTEGNG R, opacuBPQCt

Percentage abundance of the major long chain fatty acids (LCFRspracus PRCIACFETE(py
andR. opacu8™c(P-) grown on OMSW fibre hydrolysate supplemented with 1% VYE ov
days.Plasmid expression was induced after 48 h¢dashed grey line).
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4.4 Discussion

Growth assays with the model fermentative spediesolwere used to gain a more
holistic understanding of OMSW fibre hydrolysate fermentability by disentangling the
effects of nutrient limitation from substrate inhibition. Lignocellulose is typically low in
nitrogen and phosphorus compared to first generatit@edstocks and lignocellulosic
hydrolysates often require supplementation with nutrients to enable viable fermentation
(Jargensen, 2009)dentifying specifically which nutrients are limiting in the hydrolysate
enables more cost effective and commercially viable nutrieipipdements to be identified.

The nutrient growth assays demonstrated that growth inhibitiorEotolion OMSW fibre
hydrolysate was primarily due to a limitation in nitrogen and, to a lesser extent, phosphate
(Figure 4.6 despite the presence of a rang&ipnhibitory chemicals and metal€kapter 3,

Table 3.3. These findings suggested that growth of other fermentative microorganisms
might also be supported by OMSW fibre hydrolysate so long as an accessible source of
nitrogen and phosphate was supplemented

As was detailed in the introduction, only a limited number of species have been
grown in monoculture on OMS\¥erived sugars. Of the eight species screened in this work,
only S. cerevisiabas previously been grown on hydrolysates of OMB@llesteros et al,
2010; Puri et al, 2013)The other seven species were selected based on their reported
biotechnologial utility. All eight species grew on OMSW fibre hydrolysate supplemented
with 1% VYE to some degree, but there was significant variability between their relative
productivities Table 4.10. The poorest performing species, C.
saccharoperbutylacetonicun{Hgure 4.7 and G. thermoglucosidasiugFigure 4.9,
exhibited strong substrate inhibition that resulted in premature entry into stationary
phase, utilisation of less than 50% of metabolically available sugars and no product
synthesis.

Although further studies are needed to identify the precise cause of inhibition, previous
work has shown that growth of solventogenic Clostridia on lignocellulosic hydrolysates is
primarily inhibited by formic acid, phenol and furfufaliu et al, 2019)Formic acid could
not be measured in the OMSW fibre hydrolysate and furfural was absent, however, 21 mM
of vanillin, the marker inhibitor for the presence of phenolic compounds, was detected
(Chapter 3, Table 3)3 Furthermae, the dark brown colour of the hydrolysis liquid
indicated an abundance of tannins, which are polyphenolic compounds that can

incapacitate enzymes by forming hydrogen crosslinks with carbonyl gr{fegsl &
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Lettinga, 1992)Previous work with closely relate@€. acetobutylicumhas shown that
extracting phenolics and tannins from OMSW fibre hydrolysate with ethanol
(Farmanbordar et al, 2018l)r organosolv prdreatment (Farmanbordar et al, 2018a)
alleviated gowth inhibition. It is possible therefore th&t. saccharoperbutylacetonicum
more sensitive to phenolic compounds th&n acetobutylicum

It has also been observed that Graoositive microbes are generally more susceptible
to tannin inhibition, possilyl because the outer membrane of Graragatives affords
greater protection against hydrogen bonding by polypheiieisid & Lettinga, 1992There
are no publications specifically investigating the eféeof lignocellulosic inhibitors oB.
thermoglucosidasiudyut as a Granpositive it could have been affected by phenoliBs.
opacuson the other hand is also Grapositive but did not show signs of substrate
inhibition. This may be becaud®. opacushas an unusually complex outer envelope
composed of mycolic acids which are associated with phenol tolerance and enable it to
grow on phenol as a sole carbon souetenson et al, 2018p. putidaexhibited growth
inhibition after uilising only ~63% of metabolically available sugaigute 4.10. However,
P. putidastrains are known for having high tolerance to aromatic compounds and phenol
degradation capabilitie§EFNaas et al, 2009; Pini et al, 2009; Wong et al, 1 8putida
was therefore more likely inhibited by autoacidification on OMSW fibre hydrolysate, as
discussed i4.1.1.3

Dueto significant physiological variation between the eight candidate species the
fermentation screening conditions were kept consistent for as many variables as possible
¢ the starting inoculum O§o, medium volume, nutrient levels and sampling times were
identical and only temperature and aeration were changed to suit each microorganism.
Growth conditions were primarily based on the optimal conditions reported for each strain
and little speciespecific optimisation was carried out beforehand. Thus, stréiasgrew
relatively well but did not produce high levels of product, suclsapombeE. coliand P.
putidastill merit further study as their performance could likely be improved by optimising
culture conditions.

So far there is only a single publishstudy in whichS. pombewas grown on
lignocellulosic hydrolysates. Tura et @018)compared the growth ofS. pombeto S.
cerevisiaeon sugarcane bagasse greated with ionic liquids and found th&. pombe
produced ethanol to 78% dheoretical maximum yield whil&. cerevisiaproduced only

56%. Although the performance 8f pomben OMSW fibre hydrolysate was poorer than
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S. cerevisia@Figure 4.13, S. pombelearly has potential as an industrial ethanol producer.
Further exploraton of S. pombestrains could help identify superior phenotypes for
fermenting lignocellulosic feedstocks. This has already been done using biochemical
screening and selection to identifg. pombestrains with beneficial characteristics for
winemaking(Benito et al, 2016)

Similarly, E. coliLWO06 exhibited very robust growth on OMSW fibre hydrolysate.
Although the ethanol yield attained via the heterologous ethanol pathway in this strain was
relatively poor (34% of maximum theoretical yiel@), coliis an established industrial
microorganismwith an extensive repertoire of genetic engineering tools, opening up the
potential for advanced strain manipulation to produce a wide range of natural products
from OMSW fibrgJung et al, 2010; Park et al, 2018; Wang et al, 2017)

The species that emerged as the most promising candidates for fermentat@ki W
fibre wereR. opacus, S. cerevisiae and Z. molli€erevisiaand Z. mobilisare the most
widely studied and developed species for cellulosic ethanol produfanesar et al, 2006;

t SO NP G A Bheir intrimsicpaptitudedr fermenting a wide variety of lignocellulosic
feedstocks was further confirmed by their excellent performance on OMSW fibre
hydrolysate: S. cerevisiaeand Z. mobiliswere closely tied in terms of fermentation
efficiency, producing ethanol to about 70% of theoretical maximum with a productivity of
~0.74 g/L.H and final yield of ~18 g/LTéble 4.10. Although promising, to ensure
commercial viability microorganismsust be capable of producing ethanol to >90% of
theoretical yield with a productivity of >1 g/lthand have tolerance to ethanol
concentrations above 40 g/(Dien et al, 2003)Attaining these yields on OMSW fibre
hydrolysate idifficult without utilising a wider repertoire of sugars, particulariyifose.
Genetic and adaptive enggering approaches have already been used to generatg@e
utilising strains oZ. mobiligAgrawal et al, 2010; De Graaf et al, 1999; Mohagheghi et al,
2014; Zhang et al, 1998hd to enable Exylose fermentation its. cerevisiadTCC 200026,
the strain used in thismpject (Smith et al, 2014)An important next step toward developing
a bioprocess for bidkanol production from OMSW fibre would be to trial some of these
D-xylose fermenting strains.

R. opacuMITXM61 was the most productive strain identified through this project,
primarily due to its ability to efficiently and simultaneously catabolisgiugose and b
xylose. Kurosawa et §2014)generated MITXM51 through adaptive evolution of aR.

opacusstrain suspected of carrying potenti2ixylose utilisation genes based on previous
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work (Kurosawa et al, 2013J he same group were able to engin€eropacuso metabolise
L-arabinosgKurosawa et al, 2015pjlemonstrating that the sugar utilisation repertoire of
MITXM61 could be expanded even further to ingpe fermentation productivity. Overall

R. opacugxhibited robust growth on OMSW fibre hydrolysate, reaching exceptionally high
biomass density (final CDW 32.7%) and producing TAG to 72% of theoretical yield,
equivalent to nearly half of CDWIgble 4.10. Growth on OMSW fibre hydrolysate
produced an FA profile typical &. opacustrains, containing an abundance of straight
chain FAs between 183 carbons longlable 4.1} (Alvarez & Steinbtichel, 200D ifferent
carbon sources and the presenof inhibitors have been shown to affect FA branching and
abundance irR. opacu¢Tsitko et al, 1999However, the identity and abundance of major
FAs was highly consistent with those reported in previsuglies of MITXM51 Figure
4.22), demonstrating that although OMSW fibre hydrolysate is a highly heterogeneous

feedstock FA biosynthesis was not perturbed.

C14:0 C15:0 mCil6:0 Cle6:1 C17:.0 m=Cl17:1 C18:0 m(Ci8:1

14% S

§ 1% L 10%

OMSW Fibre Glucose & Xylose Corn Stover

9% 12%

Figure 422: Percentage abundance of the major fatty acids producedRyopacus
MITXM-61 reported in the literature compared to this project
(Figure by author using dafublished byKurosawa et al, (2014) and Fei et al, (2015))

A. Fatty acid profile oR. opacusITXM61 grown on OMSW fibre hydrolysate for 72 hours
(data presented in Table 4.11).

B. FA profile reported by Fei et al, (2015)RoropacusITXM61 grown on a mixture of-D
glucose and Bxylose in 500 ml conical flasks via a tstage batch culture (nitrogench
conditions followed by nitrogen limiting conditions).

C. FA profile reported by Kurosawa et al (2014)RoopacuITXM61 grown oralkali-pre-
treated corn stover hydrolysate by batch fermentation in a 2 L fermentor.
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Furthermore, the total TAG yield attained on OMSW fibre (15121 g/L)
corresponds well with work by Kurosawa et @014)wherein MITXM61 grown on corn
stover hydrolysate produced a 15.9 g/L TAG. However, the overall productivity of MITXM
61 was significantly greater on OMSW fibre (0¢2102g/L.h') comparel to corn stover
(0.13 g/L.h) (Kurosawa et al, 2014jue to a shorter lag phase. There was a 48 hour lag
phase before growth commenced on corn stov@urosawa et al, 2014yhereas in the
two fermentation trials carried out witlR. opacusn OMSW fibre the lag phase only lasted
~12 to 24 hoursKigure 4.11and 4.17). Similarly, there was a ~96 hour lag phase during
growth of R. opacusn hardwood pulp(Kurosawa et al, 2013)This demonstrates that
OMSW fibre hydrolysates a significantly more favourable feedstock fBr opacus
compared to other lignocellulosic hydrolysates.

Unlike ethanol fermentation where a high volumetric productivity is desirable, TAG
accumulates intracellularly and attaining efficient productivity therefore requires a delicate
balance between biomass and product synthesis. The critical parameter fievexchthis
in oleaginous species is the C/N rafidvarez & Steinbiichel, 2002The C/N ratio for
OMSW fibre hydrolysate supplemented with 1% VYE was calculated as 44.2, although it
may have been slightly higher because about 4% of total YAN was inaccesBibtgaxus
(Figure 4.17. In several studiesf R. opacs Kurosawa et §2015c; 2013; 2014)ptimised
the C/N ratio using response surface methodology (RSM), a statistical technique for
optimising expemental methods when there are several dependent variables. The
optimal C/N ratio determined for MITX{@1 grown on a mixture ofDlucose and Bxylose
with (NH:)>SQ as the sole nitrogen source was 6@<&irosawa et al, 2014 AG production
from OMSW fibre hydrolysate could therefore be improved further by agldibout 29%
less VYE to the hydrolysate to give a C/N ratio of ~62.3. On a side note, in all relevant
publications by the Sinskey group the C/N ratio is calculated by dividing the carbon source
concentration in g/L by the nitrogen source concentration/in(gei et al, 2015; Kurosawa
et al, 2010; Kurosawa et al, 2015c; Kurosawa et al, 2013; Kurosawa et al,(Rb#LSQ
was usually used to supplement nitrogen in these studies, but this method produces
inaccurate results when different nitrogen sources are used because the amount of
nitrogen present varies between compounds. Tompare the results from these
publications to this study the results were converted to the true ratio of carbon to nitrogen
usingEquation 4.64.2.6.5.
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FAs produced bfR. opacudave the optimal length for biodiesel productigRei et
al, 2015\nd can also be converted to aviation fuel via a series of chemical processing steps
(JiménezDiaz et al, 2016)hat said, directly producing MCFARIiropacus/ould eliminate
the need for hydrocracking and reduce the number of steps for aviation fuel production. In
general, the possibility afeveloping arR. opacustrain capable of producing custom FAs
IS an intriguing concept as the ability to produce a diverse range of products within an
integrated biorefinery provides commercial flexibility and greater overall economic
stability. Unfortunaely, our attempt to manipulate the FA profile Bf opacusoward lauric
acid production by expressing the thioesterase BJE has so far been unsuccessful. No
increase in lauric acid was measurdeigire 4.2) and no obvious changes in the
abundance obther fatty acids was observedrifure 4.20, indicating that the protein is
likely misfolded. Further work is needed to confirm the hypothesis that overexpression of
ACPBTE can promote an increase in MCFA accumulation during trangitese. The
identity and functionality of the enriched bands observed in crude cell lysate of indRiced
opacugTPRCLACRBTE (Figyre 4.18 need to be established. This could be done either by
western blotting against the hexahistidine tag or by histidine tag purificaifdhe protein
followed bymatrix-assisted laser desorption/ionizatiegime of flight MALDITOR mass
spectrometry (MS)In-vitro acytfCOA thioesterase activity assays are also available to
measure catalytic activity of AGBTE and determine if the purified enzyme is functional
(Hunt et al, 2002; McMahon & Prather, 2014)

Troubleshootingof ACPBTE misfolding is also required. Heterologous protein
expression in bacterial systems at high expression levels often leads to misfolding and
aggregation in inclusion bodiegKunze et al, 1995)pTipQC1l was designed for
overexpressing proteins for biochemical studiescdgsseRhodooccuspecies can grow
over a broad temperature range-36°C), which can improve expression of more complex
protein targets(Nakashima & Tamura, 2004#s our aim was to produce cytoplasmically
active protein, not material for biochemical studies, it is possible that switching to a less
efficient promoter or using a different vector will be necessary to enable funatio
expression of AGBTE. Furthermore, eukaryotic proteins expressed in the bacterial
cytoplasm cannot form disulphide bridges, potentially disrupting protein inteqdey
Marco, 2009) Analysis of putative disulphide bridges in the AJE protein sequence was
carried out using the DIANNA web ser{eerre & Clote, 2008nd showed three predicted
disulphide bonds between cysteines at positions1187, 206¢ 215 and 320¢ 343.
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Although this did not influence functionality when ABWPE was expresd in E. coli
(Voelker & Davies, 1994)could have contributed to misfolding R. opacusin general,
expressing plant proteins in bacteria is challenging and it may be more effective to express
a bacterial MCFA thioesterase or an autologous-&i®e thioesterase. However, when
Huang et al(Huang et al, 201&)verexpressed four putative thioesterases frétnopacus
PD630 irR. opacusindE. colthey found that all fouincreased C16:1 and C18:1 FA yields

in E. colibut only two were effective irR. opacusindicating that there may be greater
regulatory complexity in its FA biosynthesis pathway.

Over 261 genes have been implicated in TAG metabolism through transcigstom
bioinformatic analyses and metabolic reconstruct{@mara et al, 2016; Holder et al, 2011)
and recent functional genomic analyses have revealed that at least ten putative copies exist
F2NJ YIye YI 22N ¢!-dxidaboh pathway @ea&doldeér etlaly 211)
Therefore even if AGBTE s functionally expressed, it is possible that the extensive
redundancy and complexity of FA metabolism in this species may obfuscate any
heterologous thioesterase activity. Previous work has shown that knocking out the major
diacylglycerol acyltransferas¢BGATsatfl and atf2 reduced TAG yields by 30 and 50%
respectively, but did not eliminate TAG production enti@lgrnandez et al, 2013pverall,
this indicates that different isozymes are likely to be differentially regulated and contribute
to TAG biosynthesis via highly coordinated metabolic circ(Misarez et al, 2019)
Furthermore, acyCOAsynthéd S = { K Sxiddtior@patNday enzyme that was knocked
out in E. coliexpressing AGBTE to enable greater lauric acid production, exists as 15
isozymes ifR. opacugHolder et al, 2011; Voelker & Davies, 1394)5 A & | odxidlayffioR (1 K-
pathway to increase MCFA yields is therefore probably not a viable appro&clopacus.

In general, manipulating the FA piefiin R. opacuscould pose a significant genetic
engineering challenge, but also presents an exciting opportunity to develop this robust and

highly productive species into a unique and valuable industrial platform.
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OMSW has considerable potential as a renewable feedstock for sustainably
producing fuels and bibased chemicalsit is abundant, high itignocellulose, produced
continuously and does not directly compete with agricultuFairthermore, integrated
MSW biorefineries could augment operational costs wgite fees and by recycling
inorganic MSW component$hus far however, research into the amenability of OMSW for
biorefining has been limited in comparison to other lignocellulosic feedstddassakas et
al, 2017) The wak presented in this thesis aimdad evaluate OMSW as a feedstock for
bio-manufacturing and identify candidate species with promising characteristics for OMSW

fermentation.

The OMSWised for research purposes is typically acquired by manually sampling
and sorting mixed MSW from local establishmef#dhikari et al, 2013; AielMazzarri et
al, 2006; Lay et all999) acquired from nearby waste treatment plar{Sarmanbordar et
al, 2018b; Ghanavati et &015; Hartmann & Ahring, 2005; Jensen et al, 2011; Lavagnolo
et al, 2018)pr simply replaced with an OMSliXe material(McCaskey et al, 199 et al,

2009 Dang et al, 2017By contrast, the OMSW fibre used in this project was produced on
an industrial autoclave system using a predetermined mixture of MSW, cotestiruc
according to national averages for the composition of MSW across the UK. Very recently,
Althuri & Venkatg2019)used a custom mixture of organic materials, including food waste,
yard trimmings, newspapecardboard, textiles and wood chips, to generate a reproducible
and heterogeneous source of OMSW, but did not report the basis for the quantities used
in their mixture. The approach used in this thesis enabled OMSW fibre to be produced
reproducibly witha realistic composition that, by extension, also reflects OMSW from other
highrincome nations with similar consumption patterns. On the whole, the constructed
OMSW fibre used throughout this PhD is more representative and of greater industrial
relevance cmpared to the OMSW sources described in the literature so far for
bioprocessing applications.

Autoclaving is an established industrial method for MSW management that is
implemented around the worldWojnowska. | NEB O I S {i Therefisza general g O
consensus in the literature that hydrothermal pmreatments like autoclaving produce
fewer inhibitors than other processes but can effectively increase cellulogssibdity in
a variety of feedstockgJonsson & Martin, 2016)Work from this PhD showed that

autoclave pretreated OMSW was low in most major inhibitors associated with
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lignocellulosic hydrolysates, while the major problem inhibitors furfural ahtVE= were
absent. Additionally, autoclaving made the cellulose in OMSW more accessible, enabling a
relatively high hydrolgis efficiency to be achieved (75%) at an industrially relevant solids
loading of 20%, despite the poor rheology of the lab scale hydrolysigset

Although the hydrolysis results were promising, the enzyme loading used for this
work were highly impractiable. Cellulolytic enzymes are the most prohibitive overhead
cost in lignocellulosic bioprocess@deinrMarcuschamer et al, 2012nd must be used as
economically as possible while still ensuring efficient saccharification. Furthermore, in the
context of a fully functioning MSW biorefinery based around the Wilson System®,
autoclaving and hydrolysisrex predicted to be the most energy intensive processes,
respectively accounting for 42% and 32% of total heat and 41% and 0.4% of total electricity
(Meng et al, 2019)Optimising autoclave conditions and hydrolysis methods are therefore
vital for developing a viable bioprocess around OMSW. This will also ensure efficient
process flow for the MSW biorefinery as whole so that margins are maximised. Any future
research edeavours in this area should draw on the large body of work that has already
been published on OMSW hydrolysis methodolGgynsen et al, 2011; Jensen et al, 2010;
Li et al, 2012a; Mahmoodi et al, 2018a; Puri et al, 2@%8) aim to make full use of the
Wilson BieChemical pilot rigvhich offers a unique opportunity for optimising OMSW

production and pretreatment conditions rapidly and in a scalable manner.

Finding applications for waste streams is a critical but often neglected aspect of
bioprocess development. My work showed thaD of the residual material from OMSW
fibre hydrolysis produced greater methane yields than AD of théwydrolysed OMSW
fibre. This suggests that rather than sending OMSW fibre directly to AD it is potentially
more valuable to produce highemalue bieproducts from OMSW fibre hydrolysate and use
waste streams such as hydrolysis residuals to power biorefinery processes.

This reasoning is further supported by a life cycle analysis for an MSW biorefinery
based around the Wilson System® carried out by Matrag, (2019) Their model showed
that the energetic requirements of the entire processing plant (29.03 kWh electricity and
660 MJ of heat) could be fully sustained from biogas produced by AD of process waste
water and by heat recovery from incineration of hydrolysis residues, waste wategeslud
and fermentation residues (266 kWh electricity and 1,108 MJ h@aéng et al, 2019)

Although the results of this LCA are encouraging, several life cycle analyses comparing AL
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and incineration for energy production from OMSW draw varying conclusions about the
efficiency and sustainability ofne over the other(Di Maria & Micale, 2015; Fernandez
Gonzalez et al, 2017; Tan et al, 201B)rther work is therefore required to determine
whether AD or incineration are the best options for dealing with the various waste streams
from OMSW bioprocessing in the context of developing a viable and sustainable MSW
biorefinery.

Moreover, Meng et al, (2019) did not consider the potential impacts of metal
accumulation from various waste streams over time, such as in incineration fly ash whic
is considered a hazardous waste with limited disposal optipesgallo et al, 2015Work
from this PhD showed that toxic metals become @amtrated in the residuals fraction and
are relatively abundant in the liquid hydrolysate, indicating that they could also become
concentrated in fermentation residues. Although these metals could be immobilised
through AD and compostin@ong et al, 2013; Smith, 200@jminishing metal supplies are
of global concern and some metals from these waste streams have significant commercial
value (Chojnacka, 2010)Furthermore, as discussed @hapter 2 fluctuations in metal
levels on an industrial scale could potentially affect fermentative micramisms. A
possible approach could be to detoxify and recycle metals from OMSW fibre hydrolysate
and other bioprocess waste streams using materials designed for selective metal
adsorption. For example, up to 70% of Ni, 40% of Zn and 25% of Cd presendualres
material from hydrolysis of maize processing waste could be removed by circulation over a
macroporous polyacrylamide column for 6 dagSelling et al, 2008)Alternately, a
carbonaceous mesoporous material called Starbon®, produced using waste
polysaccharides, can selectively and reversibly bind precious metals form a mixture of
abundant earth metals and coulde used to remove metals from OMSW hydrolysate
before fermentation(Garcia et al, 2015These and other metal reclamation technologies

should be investigated in the interest of developing a trulyut&aceconomy around MSW.

Although the initial compositional analysis of the OMSW fibre identified some protein
(3%) and oil (2%), the concentration of microbially accessible nitrogen and phosphate
measured in the hydrolysate were suboptimal. Other stacdeOMSW composition report
highly variable protein and lipid levels, averaging 14% and 9% respectively, with the highest
levels found in regions with high food waste product{@arampouti et al, 2019)n ©me

countries the lipid fraction of OMSW is even large enough to be extracted for biodiesel
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production (Barik et al, 2018)BecauseOMSW is such a heterogeneous and variable
feedstock, an affordable and abundant nutrient source is crucial to allow fermentation
conditions to be optimised, particularly for strains like opacusvhere the C/N ratio is
critical for optimal performance.

My work demonstrated that supplementing OMSW fibre hydrolysate with 1% VYE
abolished nitrogen and phosphate limitation and promoted efficient growth of most
microorganisms trialled in this study. On an industrial scale VYE could be substituted with
autolysel spent yeast, a waste product that is generated in substantial volumes in the
brewing industry. An average medium sized brewery in the UK has a batch capacity of
1,0002,000 L and generates thousands of Kg of spent yeast per week. Alternative
applicationsof waste yeast are limited to animal feed, anaerobic digestion or fertiliser and
offsite transport is expensive, therefore 4% is usually disposed directly into sewage
systemgqKerby & Vriesekoop, 201 ombining these two waste streams could effectively
meet the needs of both industries and presents an appealing opportunity for circular

ecoromy.

It was postulated that a highly robust and physiologically-aeé#ipted species would
be required to develop a bioprocess around OMSW fibre due to the heterogeneous,
variable and complex nature of the feedstock. As such, a substraated screenig
approach was chosen to identify candidate species for this project. In general, the use of a
productoriented screening approach, in which a microorganism is selected based on its
ability to efficiently produce a product of commercial interest, has bémoured in
academic and industrial settingRumbold et al, 2010)Only a handful of publications
report the use of a substrateriented approach for secongeneration feedstock
fermentation: Rumbold et [a(2009; 2010)published two studies in which yeastS.(
cerevisiae, Pichi stipitgs bacteria (Corynebacterium glutamicum, E. ¢ohnd fungi
(Aspergillus niger, Trichoderma regsgere screened for the ability to ferment a range of
lignocellulosic hydrolysates or glycerol and Lau ef2dl10)compared the fermentation
performance of three ethanologenZ.(mobilis, S. cerevisiae and E) anliAFEXretreated
corn stover.

The species used in these three publications are all extensively studied for
lignocellulosic feedstock fermentation and industrial biotechnology applications. However,

the disparate pretreatment chemistries and inhibitor profiles of secoegdneration
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feedstocks, along with the variations in published experimental conditions thke
concentration of sugars, nutrients, inoculum size and the type of bioreactor used, limit the
possibility of confidently comparing the performance of a species across publications. The
same is true of OMSMlerived feedstocks, which, as discussed aboaee highly
heterogeneous and frequently irreproducible in composition, leading to greatly varied
fermentation profiles even when the same microorganism is U8adlesteros et al, 2010;

Puri et al, 2013)In general, substrateriented screening entails more work in the early
stages of process development but ultimately enables each’sfed Q@ A Y G NA Yy a A O
abilities and robustness to be more systematically and rigorously evaluated with the
feedstock of interest, thereby also increasing the likelihood of successfully developing a
microbial production platformLau & Dale, 208 Rumbold et al, 2009; Rumbold et al,
2010)

The robustness of each microorganism trialled in this project was quantitatively
evaluated and compared, enabling species of biotechnological significance to be selected
based on their intrinsic ability to thrive on OMSW fibre hydrolysRteopacus, S. m@visiae
andZ. mobilislemonstrated excellent growth and produced near theoretical yields (>69%)
of product. However, the fermentation assay developed in this project was exclusively
carried out in conical flasks, which do not enable monitoring of ctiiadables (i.e. oxygen
transfer rate (OTR) and oxygen uptake rate (OUR) p@@uction, temperature, pH) that
are necessary to facilitate bioprocess seag Neubauer et al, 20135caleup is the most
challenging step in bioprocess development and many species that do well in shake flasks
become inviable under bioreactor conditions due sheer forces, heat transfer and mixing
inefficiencies, temperature and pH variability and oxygen transfer limitafiduimphrey,

1998)

t Keairzftz23e faz2 Kra  aA3IYyATFAOF yilforAy T
fermenting a feedstock. For example, scaliqgaerobic bioprocesses is more challenging
than fermentations with anaerobes or facultative anaerobes like mobilisand S.
cerevisiae Shake flasks have a wd#fined gas/liquid mass transfer area thatostly
enables oxygen transfer independently of changes in medium composition, making them
excellent for preliminary higkthroughput fermentation screenéBuchs, 2001)However,
fermentation broth viscosity limits oxygen solutyiland under bioreactor conditions any

changes in hydrodynamics will reduce oxygen transfer into the sy&BanrtiaOchoa et al,
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2010) Such changes are influenced by operational conditions, physicochemical properties
of the culture (i.e. density, viscosjtyurface tension), bioreactor geometry and cell density
(Paulova & Branyik, 2013}. opacusas a highly aerobic metabolism and growth in stirred
tank bioreactors requires at leastO% dissolved oxygen to ensure efficient growth
(Kurosawa et al, 20147 he sensitivity of TAG biosynthesis to aeration was observed when
R. opacugulturesgrown in shake flask assays with 40 ml éast of 10 ml OMSW fibre
hydrolysate exhibited slower rates of growth and TAG accumulation. High culture densities
are required for viable TAG production i1 opacustherefore it is critical that dissolved
oxygen levels can be efficiently sustained thrioogt fermentation.

Aerobic fermentations are not impossible to engineer (the antibiotic fermentations
RSOSt2LISR Ay (KS wmdpnnQa gHunNdsreyl 1999) hewerdiK f &
aerobic bioreactors such as airlift fermentors and bubble columns require significant power
consumption which contributes to operating cos{&arciaOchoa & Gomez, 2009)
Therefore in general, anaerobic or microaerobic processes can be more reliably-gpaled
and economically operated. Although all three candidate sgectemonstrated
considerable promise for biofuel and chemical production from OMSW fibre, bioprocess
scalability must be validated at higher volumes with online monitored bioreactors in order
to fully assess their industrial viabili(gtichs, 2001; Neubauer et al, 201Burthermore,
technoeconomic and life cycle analyses are valuable tools for comparing different microbial
platforms and should be used to comprehensively evaluate the practicabilitgach

species in the context of an integrated MSW biorefin@mlio et al, 2017)

Finally, efficient downstream processing is of particular importance for ensuring
bioprocess viability. Ethanol is secreted into the medium and can be isolated relatively
rapidly and economically by distillation so long as concentrations of at least 4%an&/w
obtained (Huang & Zhang2011) Conversely, extracting TAG from intracellular lipid
inclusions requires extensive purification for which industrial scale technologies are
currently underdeveloped and uneconomical. Industrial methods for TAG purification from
microbial biomaséave been extensively reviewed by Dong e(2016)who highlight the
critical importance of efficient cell disruption. Viable disruption technologies should release
lipids effectively while avoiding the formation of stable emulsions that impede phase
separation anceliminating cellular debris which reduces extraction efficiency at high cell

densities. Effective lipid extraction is also a limiting step, requiring nonpolar solvents that
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are waterimmiscible but also volatile enough to be economically recovered byelmvgy
phaseseparation and evaporatio(Dong et al, 2016)

On the whole methods for extracting lipids from wet microbial biomass require
further development to be practical for industry. Any potential technologies must also be
evaluated in conjunction with other down&tam processing necessary for transforming
extracted triglycerides into biodiesel and other produétg S & I NRA . En@rnigerihgf >
the TAG pathway to produce more valuable fatty acids could offer a way balance out the
higher costs of product purification. However, our current understanding of how TAG
metabolism igegulated inR. opacuss incomplete and the biochemistry of key processes,
such as how sugar metabolism is coupled to lipid synthesis, are still unclear (Alvarez et al,
2019). Additionally, the high level of functional redundancy among proteins in tthisvpg
limits the options for systematic studi¢slolder et al, 2011)

To our knowledge this is the first time an attempt has been made to manipulate FA
chain length inR. opacusHowever, as discussed@hapter 4 further work is needed to
resolve the norfunctional expression of AGBTE. Alternative engineering targets and
approaches should also be explored. Althoughopacuss a noamodel organism, an
expanded repertoire of genetic engineering tools has become available in recent years,
including a library of promoters, reporters, selection markers and plasmids, as well as
genomic integration cassettes. Neutral target integration sites to enable stgbtemic
integration of heterologous genes have also been identififPeéLorenzo et al, 2018)
Interestingly, CRISPR interference (CRIS@Rison et al, 2013jhas recently been
developed for targeted gene repressionRihodococcugDelorenzo et al, 2018)pening
up the possibility of disalilg functionally redundant enzymes in the TAG metabolic

network.

There is an urgent need for innovative and holistic waste management systems to cope
with increasing volumes of MSW, mitigate the environmental impacts of poor waste
disposabndenable ouffinite resources to be recycled. At the same time, a pressing search
is underway to find viable renewable alternatives to petroleum that will ensure the-long
term sustainability of our industries. Developing an integrated biorefinery around MSW has
the potential to significantly alleviate the social, economic and environmental burdens of
inadequate waste management. This thesis has demonstrated that autoclamespted

OMSW fibre can be used as a feedstock for producing renewable fuels and chemicals.
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Several biotechnologically useful microorganisms were identified that are intrinsically well
suited for fermenting OMSW. These species are promising candidates for the development
of OMSWhased biorefining processes and provide a foundationfdiother studiesthat

aim to valorise this underexplored feedsto¢kuture work should focus ogvaluating the
performance of candidate species in bioreactargler scalable conditions and at greater
volumes. Furthermorebioprocessviability should be investigatethrough LCAs and TEAs

to determinewhich microbial platform would be most viable in @SW biorefinery.
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Appendix |: Percentage composition obnstructed OMSW fibre

Table Ail: Components of OMSW fibre were measured by a range of established
methods. For details see materials and methodsChapter 2 Oil and protein were
measured separately but are ethanol and water soluble, respectively, renithas shown
as a fraction of nosstructural components extracted by water or ethanol. A breakdown of
the monosaccharides measured in the hemicellulose fraction are given as percentages of
the total dry weight of fibre. All data are averages of at leagilicate analyses. +SD =
Standard deviation of minimum triplicate measurements.

Glu = Glucose; Xyl = Xylose; Man = Mannose; Fuc = Fucose; Ara = Arabinose; Rha =
Rhamnose; Gal = Galactose; GalA = Galacturonic acid. n/a = not applicable.

Percentge of
Component total dry mass £SD
(%)
Cellulose 37.61 2.73
Hemicellulose
Fuc 0.02 0.002
Ara 0.27 0.02
Rha 0.06 0.002
Gal 0.41 0.02
Glu 1.10 0.08
Xyl 1.34 0.03
Man 0.95 0.10
GalA 0.10 0.02
Total: 4.25 0.14
Lignin 15.78 0.37
Ash 14.74 1.47
Metals 1.33 0.26
Extractives (water’
Proteir 3.23 0.40
Extractives (othe 5.92 n/a
Total: 9.15 2.62
Extractives
(ethanol)
0]] 1.72 0.25
Extractives (othe 6.23 n/a
Total: 7.95 0.92
SUM: 90.83 4.21
Other (remaining) 9.17 n/a

191



Appendices

Appendix Il: Concentration of metals measured in constructed OMSW fibre
Table AH1: Metals were measured by ionisation coupled plasma mass
spectrometry (ICPMS) agaimsgilent certifiednulti-element environmental calibration
standardNo. 51834688 Note that units change as concentrations range from mol/Kg to
Hmol/Kg.
+SD= Standard deviation of triplicates/d = Not detected.

Metal | Concentration| +SD Units
Cd? 1.03 0.12 mol/Kg
(oF: o 1.06 0.14 mol/Kg

Al 166.90 27.50 mmol/Kg
K 66.53 6.44 mmol/Kg
Fe 62.44 28.48 mmol/Kg
Na 57.48 5.43 mmol/Kg
Mg 44.44 6.00 mmol/Kg
Zn 2.47 1.65 mmol/Kg
Mn 0.76 0.06 mmol/Kg
Ni 0.33 0.25 mmol/Kg
Cu 0.33 0.06 mmol/Kg
Ba 0.16 0.02 mmol/Kg
Cr 0.11 0.01 mmol/Kg
V 0.04 0.01 mmol/Kg
Pb 0.01 0.00 mmol/Kg
Sb 0.01 0.00 mmol/Kg
V 39.98 5.08 pumol/Kg
Pb 13.77 3.10 pumol/Kg
Sb 10.39 0.63 pumol/Kg
Co 9.29 0.87 pumol/Kg
As 1.20 0.66 pumol/Kg
U 0.46 0.09 pumol/Kg
Cd 0.30 0.09 umol/Kg
Tl 0.03 0.02 umol/Kg
Th n/d n/d -
Mo n/d n/d -
Ag n/d n/d -
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Appendix IlI: Shannon Index

shannon: Categoryl

Rarefaction Measure: shannon

0 5000 10000 15000 20000
Sequences Per Sample

Figure AIH1: Shannon index plot (measure of sequencing depth) for reads from
microbial community sequencing (for details see Chapter 3, 3.2.8.2)
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Appendix IV:Taxonomic Tables of AD Community Analysis

Appendices

ClLof M¥IIERY2YAO FodzyRFyOS (2 GKS LKef d
FSR 6A0GK ha{2 FTAONSE 06aC2dmMI aC2dHUO YR NI
aC2on0v | FGSNJ no RIFe&a 2a&{:z2 yFSANRD ADNIRNESA |
ANRdzLIAYy3a 2F mMca Nwb! aS|j/dlyl0@3nd ge@2om) RS (|

Total MFW.1 MFW.2 MFW.3 MFW.4
Legend Taxonomy % % % % %
B tcne Other 34% [ 3.9% |[ 40% | 3.6% | 3.5%
I - ~rchaeap  Euryarchaeots 7% | Ta%m || Bawe || 73 || 70w
P k_ Archaea;p  Miscellanecus Crenarchaectic Group 0.0% | 0.0% | 0.0% | 00% 0.0%
I _Eacteria.p_Acidobacteria 1.2% | 0.8% || 09% | 1.0% || 1.0%
I «_ Ezcieria;p  Actinobacteria 49% [ 1.4% |[ 1.2% || 1.4% || 1.3%

k__Bacteria:p__Aminicenantes 0.2% 0.0% 0.0% 0.0% 0.0%

k__Bacteria:p__ Armatimonadetes 0.3%  01% | 0.2% | 0.2% | 0.2%

k__Bacteria;p_ Afribacteria 0.1% | 0.4% || 0.4% || 0.4% || 0.4%
P k__Bacteria:p__Bacteroidetes 24.5% | 23.9% | 23.7% || 24.1% || 24.7%
I - Eacieriap  Caldiserica 01% [ 01% |[ 0.1% || 0.1% || 01%
P «_ Bacteria;p_ Chlamydiae 0.0% 00% O00% O00% 00%
P k_ Bacteria;p_Chlorobi 0.0% 00% O00% O00% 00%

k__Bacteria;p__ Chlgroflexi 5.3% | 14.5% || 14.7% || 14.5% | 13.9%
[ k_Bacteria:p__Cloacimonetes BE% [ 1.4% || 1.4% | 1.4% | 14% |

k__ Bacteria:p_ Cyanobscteria 01% 00%  00%  00% @ 0.0%

k__Bacteriazp_ Deinccoccus-Thermus 0.0% 00% | 00% | 00% | 0.0%
P k__Bacteria;p_ Elusimicrobiz 00% 00% O00% O00% 00%

k__Bacteria:p_ Fibrobacteres 0.3% 1.2% 1.1% 1.2% 1.2%

k__Bacteria;p__Firmicutes 17.5% | 15.6% | 15.1% | 15.4% || 16.0%
B «_ Eacteriap  Gemmatimonadetes 00% 00% O00% O00% 00%
P k__Bacteria:p_Hydropenedentes 1.3% [ 11% | 1.4% | 1.4% | 1.3%
[ k__Bacteria:p__Lentisphaerae 0.2% | 0.6% || 0.5% | 06% | 0.5%
P & Eacteria;p Micropenomates 0.5% [ 1.5% |[ 1.5% [ 1.5% | 1.5%
B & Eacteriap  NA 34% [ 37% |[ 3.7% | 36% | 3.5%
[ k__Bacteriazp_ Nitrospirae 01% [ 0.5% || 0.4% | 0.4% | 0.4%
B «_ Eacteria;p  Cmnitrophica 01% [ 0.1% |[ 0.1% || 0.1% || 0.1%
B - E:cteriap  Farcubacteria 0.3% [ 0.3% |[ 0.3% || 0.3% || 0.2%
B - E:cieriap  Flanctomycetes 0.5% [ 0.3% |[ 0.3% || 0.3% || 0.3%
B «_ Eacteria;p  Proteobacteria 9.3% [ 70% || 5.8% | 7.0% | 6.9%
I - Ezcteriap  Saccharibacteria 0.2% [ 0.0% |[ 0.0% | 0.0% | 0.0%
I - E:cieriap Spircchaetae S0% [ 31% |[ 9.2% || 9.1% | 3.0%
P k__Bacteria;p_ Synerpistetes 3.2% [ 3.3% | 3.59% | 37% | 3.6%
I «_ Ezcteriaip Tenericutes 0.7% 0.0% [ 0.0% || 0.0% | 0.0%
I - Ezcteria;p  Thermotogze 0.2% | 0.0% | 0.0% [ 0.0% | 0.0%

k__Bacteria;p_ Verrucomicrobia 1.6% 1.6% 1.6% 1.5% 1.6%
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Appendices

Appendix V: Screening @chizosaccharomyces pombgains

Schizosaccharomyces poméieains were grown overnight in YES medium at 32°C
with shaking at 200 rpm. Cells were washed and resuspended in water to give a final
OD600 of 0.4. 5 pl of this suspension was transferred to a well in an optical plate well
containing 195 pl of MSW fibleydrolysate supplemented with 1% vitar@nriched yeast
extract and 40 mM MOPS buffer. Plates were wrapped in Parafilm and then incubated
with shaking at 200 rpm for 24 hours.

Negative control §) : MSW fibre hydrolysate supplemented with 1% vitasrinched
yeast extract and MOPS buffer. 5ul water instead of cells.

After 24 hours 10 ul of broth was collected and analysed for ethanol content-MS&S
described irChapter 4(4.2.6.2. Strain JB953 produced the highest ethanol titre and was
selected as the strain for this project.

Table AVL: Ethanol production by eigl@hizosaccharomyces
pombestrains grown on MSW fibre hydrolysate over 24 hours
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Ethanol (%ov/v)
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Appendix VI: Sugar fermentation data for each species
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Appendix VII: Fatty acid profile dRhodococcus opacITXM-61 grown in 40 ml
OMSW fibre hydrolysate supplemented with 1¢ttamin-enriched yeast extract

Table AVHL: Fatty acid percentages are shown by dry weight (CDW). £SD =
Standard deviation of triplicate measurements. Samples analysed-MSS described
in Chapter 44.2.6.6 Note C:21 was used as an internal stard. For details se€hapter
4,42.4.3

C10:0 C11:.0 C12:0 C13:0 C14:0
Time mg/mg +SD mg/mg | £SD mg/mg | £SD mg/mg | +SD mg/mg | +SD
0 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000
12 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000
24 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000
48 0.0000| 0.0000| 0.0000| 0.0000| 0.0553| 0.0537| 0.1406| 0.1148| 1.5268| 1.1185
72 0.0000| 0.0000| 0.0000| 0.0000| 0.1239| 0.1854| 0.0712| 0.0267| 0.6346| 0.2291
96 0.0000| 0.0000| 0.0000| 0.0000| 0.0156| 0.0271| 0.1095| 0.0306| 0.9582| 0.2228
120 0.0000| 0.0000| 0.0000| 0.0000| 0.0264| 0.0236| 0.0909| 0.0113| 0.8172| 0.0808
144 0.0000| 0.0000| 0.0000| 0.0000| 0.0421| 0.0308| 0.1137| 0.0129| 1.0084| 0.1498
C14:1 C15:0 C15:1 C16:0 Cil6:1
Time mg/mg +SD mg/mg | £SD mg/mg | £SD mg/mg | +SD mg/mg | +SD
0 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| -0.5953| 0.2960| 0.0000| 0.0000
12 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.7578| 0.1741| 0.0000| 0.0000
24 0.0000| 0.0000| -0.0506| 0.0876| 0.0000| 0.0000| -0.4624| 0.2295| -0.0835| 0.1446
48 0.0835| 0.1147| 2.7138| 1.7041| 0.3998| 0.3050| 12.5696| 5.7802| 5.5867| 3.6005
72 0.0354| 0.0363| 1.4581| 0.5824| 0.1948| 0.0518| 6.4728| 2.7202| 2.4316| 1.0668
96 0.0857| 0.0178| 2.9188| 0.7256| 0.3815| 0.0945| 10.8334| 2.4540| 4.1823| 0.9744
120 0.0778| 0.0238| 2.3915| 0.2318| 0.3348| 0.0488| 9.3328| 0.8606| 3.5431| 0.3776
144 0.1075| 0.0144| 2.8352| 0.4694| 0.4121| 0.0764| 11.0421| 1.5939| 4.2563| 0.6324
C17:.0 C17:1 C18:0 C18:1 C18:2
Time mg/mg +SD mg/mg | £SD mg/mg | +SD mg/mg | +SD mg/mg | +SD
0 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000
12 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.2423| 0.4196| 0.0000| 0.0000
24| -0.1290| 0.1336| -0.1942| 0.1795| -0.1057| 0.0923| -0.3936| 0.2847| 0.0000| 0.0000
48 3.3730| 1.2254| 3.7856| 1.8083| 1.7739| 0.4948| 6.7310| 2.4881| 0.0080| 0.0092
72 2.5798| 1.0960| 1.8915| 1.1609| 1.4522| 0.5750| 3.5225| 1.6631| 0.0035| 0.0061
96 4.6734| 0.9404| 5.8771| 1.4805| 1.7125| 0.2841| 6.7788| 1.2236| 0.0000| 0.0000
120 3.8125| 0.1817| 5.1326| 0.5151| 1.4462| 0.0469| 6.1025| 0.5956| 0.0000| 0.0000
144 4.4275| 0.6672| 6.1853| 1.0521| 1.6430| 0.2666| 7.3095| 0.8141| 0.0035| 0.0071
C18:3n6 C18:3n3 C20:0 C20:1 C20:2
Time mg/mg +SD mg/mg | +SD mg/mg | +SD mg/mg | +SD mg/mg | +SD
0 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000
12 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000
24 0.0000| 0.0000| -0.0340| 0.0589| 0.0000| 0.0000| -0.0196| 0.0339| 0.0000| 0.0000
48 0.2935| 0.0486| 0.3340| 0.1620| 0.3913| 0.1488| 0.0515| 0.0506| 0.0495| 0.0714
72 0.2940| 0.0946| 0.2259| 0.1058| 0.3437| 0.1666| 0.0753| 0.0664| 0.0090| 0.0155
96 0.2940| 0.0484| 0.5985| 0.1967| 0.1738| 0.0613| 0.1813| 0.0946| 0.0392| 0.0679
120 0.2260| 0.0470| 0.5373| 0.1311| 0.1300| 0.0107| 0.1533| 0.0589| 0.0068| 0.0118
144 0.2579| 0.0436| 0.5787| 0.0963| 0.1609| 0.0552| 0.1848| 0.0515| 0.0225| 0.0261
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C21.0 C20:4 C20:5 C20:3 C22:0

Time mg/mg +SD mg/mg | +SD mg/mg | +SD mg/mg | +SD mg/mg | #SD

0| -71.8279| 21.1205| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000

12| 163.0790| 17.5048| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000

24 | -44.0357| 4.9847| 0.0000| 0.0000| 0.0000| 0.0000| -0.5388| 0.9333| -0.2535| 0.4391

48 6.6620| 0.6528| 0.0168| 0.0290| 0.0112] 0.0194| 0.0038| 0.0065| 0.2917| 0.1160

72 3.4187| 0.3890| 0.0000| 0.0000| 0.0105| 0.0182| 0.1182] 0.2047| 0.1684| 0.1545

96 5.3591| 0.1950| 0.0790| 0.1369| 0.0000| 0.0000| 0.0000| 0.0000| 0.1458| 0.0349

120 5.2295| 0.0951| 0.0854| 0.1479| 0.0000| 0.0000| 0.0393] 0.0681| 0.1020| 0.1054

144 5.4938| 0.5262| 0.0000| 0.0000| 0.0161] 0.0321| 0.0000| 0.0000| 0.1091| 0.0851

c22:1 C22:2 C22:6 C23:.0 C24:.0

Time mg/mg +SD mg/mg | £SD mg/mg | £SD mg/mg | +SD mg/mg | +SD

0 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000

12 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000| 0.0000

24| -0.4477| 0.7755| -0.9977| 1.7281| 0.0000| 0.0000| -0.3177| 0.5503| -0.1384| 0.2398

48 0.0133| 0.0230| 0.0113| 0.0196| 0.1225] 0.1101| 0.0615] 0.1065| 0.0048| 0.0083

72 0.0000| 0.0000| 0.0356| 0.0617| 0.2248| 0.1357| 0.0804| 0.0705| 0.0000| 0.0000

96 0.0000| 0.0000| 0.0565| 0.0625| 0.1285] 0.0372| 0.0599| 0.1038| 0.0000| 0.0000

120 0.0000| 0.0000| 0.0475| 0.0823| 0.1016] 0.1196| 0.0524| 0.0908| 0.0000| 0.0000

144 0.0313| 0.0625| 0.0361| 0.0431| 0.0768| 0.0611| 0.0000| 0.0000| 0.0000| 0.0000
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AppendixVIll: Cloning of AGBTE into pTigQC1

pTip-QC1 pMK-RQ +Construct

No Enzyme
No Template
No Enzyme
No Template

=~
o

=N |

wh UNOO
i o oOooooo

2
1

FigureAVIIFL: PCR linearization @Tip-QCland ACFBTE
PCR was carried out as descrire@hapter 4, 4.2.7.2
A: Linearised vector pTHRC1 Expected size = 8,384 bp;
B: Negative controt pTipQC1 without addition of Phusion polymerase
C:Linearised construct AGBTE, isolated by PCR from pRI® Expected size = 1,191 b
D: Negative controt pMK-RQ without addition of Phusion polymerase;
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Figure AVIH: Sequence alignment of the MCS region of pQE1_ACBTE purified
from E. coRTPQCLACPBTE
Sequencing was carried out as describe@hapter 4, 4.2.7.2Sequence alignment
against the expected vector backbone was carried out udigal Omega Multiple
Sequence Alignment.
Row 1:Expected sequence (sequence starts 3,753 bp upstream and ends 4,246 b
downstream of insert ACBTE).
Row 2:Sequencing results, forward primer.
Row 3:Sequencing results, reverse primer.
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