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Abstract

Ascocoryne sarcoides has been reported to produce a variety of secondary metabolites
such as linear and cyclic alkanes that are suitable for biofuel applications. Alkanes and
alkenes are important as they are fully compatible with current fuel infrastructure. The
genetic and biochemical basis for the biosynthesis of linear alkanes in fungi is not known
and routes for cyclic alkane biosynthesis in any domain remains to be established. In this
thesis, A. sarcoides was able to grow robustly in chemically-defined media in which linear,
but not cyclic, alkanes are the sole carbon source, providing evidence for fungal
degradation of alkanes. To establish alkane metabolic pathways in A. sarcoides, the genome
and metabolome of six publicly available A. sarcoides isolates were examined. The
genomes of all six isolates were sequenced, assembled and annotated. For each isolate,
over 10, 000 gene products were identified by combining expression data with Hidden
Markov machine learning. Each genome and predicted proteome achieved over 90%
complete annotation against BUSCO’s database, considered the threshold for a high-quality
dataset. No homology to known alkane producing genes were detected in any A. sarcoides
isolates. By integrating annotations, pathway mapping and gene ontology with comparative
analysis, hypothetical pathways for alkane degradation (via ALK-like P450), linear alkane
biosynthesis (via fdc7-mediated fatty acid decarboxylation/decarbonylation) and cyclic
alkane biosynthesis (via lipid lyase route) are proposed. These findings provide candidate
genes for downstream heterologous expression and have the potential to increase the
available toolkit for advanced biofuel applications. Solvent extraction and stir bar sorptive
methods coupled to GC/MS were used to screen for biogenic hydrocarbon metabolites. The
solvent extraction method did not identified the presence of biogenic alkanes. Moreover,
results from SBSE were inconclusive in establishing A. sarcoides as an alkane producer due
to exogenic alkane contamination and will require further method development.
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CHAPTER 1 GENERAL INTRODUCTION
1.1 Biofuels

The first use of biofuels for transportation dates back to early the 19th century.
Internal combustion engine inventors, such as Samuel Morrey, Nikolaus August Otto
and Rudolf Diesel, designed petrol and diesel engines that were powered by fuels
such as alcohol and vegetable oils. In 1826, Morrey experimented with different fuel
blends to power one of his engines, one such fuel mix was based on ethanol and
turpentine. Otto, who advanced on Morrey’s work, designed an engine to run on a
high ethanol fuel blends (Ghobadian et al., 2004). During a demonstration in 1912,
Diesel demonstrated the capabilities of one of his engine, which was powered
exclusively on peanut oil (Harford, 2016). Historically, biofuel consumption increases
during times of conflict or shortages. These early 20th century engines were able to
operate on a mix of biofuel and fossil fuel during periods of fuel rationing. This

reduces the cost of fuels and alleviates fuel supply stress in the market.

Biofuels remain appealing because of four major reasons. Firstly, sustainable
biofuels are seen as part of the solution to address global issues such as
anthropogenic green house gas (GHG) emissions. The United Nations Framework
Convention on Climate Change, Kyoto Protocol and Paris Agreement are
international treaties that commit and encourage countries to limit global
temperature to 2 °C relative to preindustrial temperature (UNFCC, 1994, Kyoto
Protocol, 1997, Paris Agreement, 2016). This is achieved by reducing anthropogenic
(GHG) emissions. In the United Kingdom (UK), the transport sector is the largest
GHG emitting sector (Figure 1.1A), at 126 MtCO2e (Metric tons of CO- equivalent)
and it accounted for 28% of UK greenhouse gas (GHG) emissions in 2017 (Reducing
UK emissions, 2018). The transport sector is the only sector that has seen an
increase of 5% in GHG emissions in the period of 2012 to 2017 (Figure 1.1B) and is
the sector with the slowest decrease (2%) for emissions in the period of 1990 - 2017
(UK Greenhouse Gas Emissions, 2017). This is in contrast to overall UK GHG
emissions trends, where emissions have decreased by 43% in total (UK Greenhouse
Gas Emissions, 2017). Road transportation like cars, heavy goods vehicles (HGVs)
and vans account for 87% of transportation sector’s emissions and has defied GHG
emission reduction targets for the last few years (Reducing UK emissions, 2018). For
the UK to meet its GHG targets, it is important to address the emission from road

transport. Currently, the European Union (EU) has set out directives for GHG savings
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described in the EU’s Renewable Energy Directive (2009/28/EC, 2009). This is a
60% total reduction in emissions for biofuels and bioliquids compared to fossil fuel
counterparts (Edwards et al.,, 2017). This target is based on the process of
producing and consuming biofuels against that of fossil fuels usage, extraction
processes, and environmental impact (Directive (EU) 2018/2001, 2018). Production
of biofuels in the EU will have to meet this sustainability target to meet the directive

in order to reduce GHG emissions in the transport sector.
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Figure 1.1. Emissions of CO:z in metric tonne across eight major sectors in the
UK. A) CO2 emissions between 1990 - 2017 B) CO2> emissions between 2012 -
2017. The UK transport sector is the only sector that has seen an increase in
emission output. BEIS (2018) 2017 UK Greenhouse Gas Emissions, Provisional
Figures; BEIS (2018) 2016 UK Greenhouse Gas Emissions, Final Figures. Figures

are from “Reducing UK emissions — 2018 Progress Report to Parliament”.
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Secondly, unlike finite fossil fuel deposits, when appropriately sourced, biofuels can
be a sustainable source of low GHG emission transport fuel. From a sustainability
aspect, biofuels can be split into four categories. First-generation biofuels are
dependent on crops such as sugar cane and corn for starch or vegetable oil. Crops
produce sugar that is used for bioethanol fermentation and vegetable oil undergoes
transesterification for the production of fatty acid methyl ester (FAME) fuel. Arable
land and agricultural resources are used to grow fuel crops for the production of
biofuel and this has its own complications regarding food securities, resource
management and environmental impact. Second-generation biofuels utilise a wide
range of biomass as a source of organic carbon and can include agricultural
byproducts or non-food crops from non-arable lands. Jatropha sp., switchgrasses,
Miscanthus sp., and poplar are currently being considered or used for biofuel
production (Samson et al., 2005, Heaton et al., 2008, Nahar et al., 2011, Dou et al.,
2017). This has the distinct advantage of avoiding production competition with food
crops. The main challenges of second-generation biofuel is the extraction of organic
carbons from lignocellulosic biomass for the production of biofuel. Third-generation
biofuels are algal-derived. Algal aquaculture does not directly compete for arable
land usage and is a good source of renewable organic carbon as some species can
accumulate up to 40% lipids to body its mass (Becker, 1994). The aquaculture can
be extracted for its oil and subjected to a transesterification process to produce
FAME biofuels. However, there are significant challenges associated with bioreactor
scalability and cost-efficient extraction. Fourth-generation biofuels do not need
biomass and use inorganic feedstocks such as water or sequestered CO: for the
production of fuels and require a renewable energy source to drive the reaction.
Hydrogen fuels can be produced by electrolysis and this reaction can be powered
renewably by conventional methods or with a microbial fuel cell (Logan, 2009).
Microbial electrosynthesis is also an alternative route for the production of biofuels.
Organisms that are capable of electroautotrophic metabolism, such as Cupriavidus
necator can be engineered to convert CO2 to a hydrocarbon metabolite, the
terpenes and alkanes under the presence of an electric current (Crépin et al., 2016,
Krieg et al.,, 2018). An attractive prospect is to use algal or cyanobacterial “cell-
factories” as these organisms are able to sequester CO2, to undergo photosynthesis
and be engineered with synthetic pathways to produce drop-in hydrocarbon fuels
(Wijffels et al., 2013).
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Thirdly, for any fuel to be viable for transportation usage energy density is an
important consideration. Energy density in this context is defined as the amount of
specific energy released by a fuel in a given mass. The energy density of current
biofuels (e.g. ethanol, 26.8 MJ/kg (Thomas, 2000)) is comparable, albeit lower, to
that of fossil fuels (e.g. petroleum, 44.4 MJ/kg (Thomas, 2000)) and higher than
conventional lithium-ion polymer battery (0.2 - 0.7 MJ/kg (Gur, 2018)). Due to the
energy density limitation of batteries, electric vehicles (EV) have limited range before
necessitating a recharge. Furthermore, increasing the range of EVs by adding more
batteries would be impractical, as diminishing returns due to increasing battery
mass and a constant power output would be an impeding factor. This affects the
carrying capacity of EVs and restricts the potential of EVs to transporting
passengers in urban environments (Hall et al., 2017). For batteries, further
consideration must be made for recharging spent energy. Refuelling, for most
conventional vehicles, is limited by the capacity of the tank and the speed of the
pump. In contrast, recharging for a high specification lithium-ion polymer EV battery
can be up to 75 minutes with a specialised high-power direct current charge station
for a new EV battery (Tesla, 2019). There are also practical concerns, as these
batteries and charger are not yet commonly available infrastructure. The
combination of range, carrying capacity, and recharge/refuel rate are important
factors for operating vehicles such as heavy goods vehicles, freighter ships and

aircraft.

Fourthly, there are legitimate political and economic impacts in producing and
consuming biofuels, as it can reduce a country’s dependencies from fossil fuel
market and producers. In 1973, the Organization of Arab Petroleum Exporting
Countries (OAPEC) mandated a decrease in oil production and embargo on exports
to countries who offered political support to Israel for the Yom Kippur War (Maugeri,
2006). Through this action, the OAPEC was able to use oil production and export to
gain political influence. This had an effect on global fuel supplies. In the United
States of America (USA), fuel prices increased from US$3 to nearly US$12 per barrel
(Potter, 2008), and created an oil crisis. Prior to the 1973 oil crisis, Brazil was a net
importer of oil and ethanol fuels was only produce to supplement Brazil's fuel
market when sugar prices are low. Although many countries in that era, including
Brazil, had a politically distant stance from Arab-lIsrael events, the price of oil had
impacted indiscriminately on countries around the world. This motivated the
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government of Brazil to reduce its reliance on imported oil by launching and
supporting its National Alcohol Program (Soccol et al., 2005). The National Alcohol
Program was designed to incentivise bioethanol production for the use of
transportation fuel in Brazil by using sugarcane as a feedstock. To increase
consumption of bioethanol fuels, investments and subsidies were also used to
develop and increase adoption for vehicles that are capable of utilising high
percentage hydrous ethanol as fuels. At its peak in 1986, these high percentage
ethanol vehicles accounted for 72.6% of all light-vehicles in Brazil (ANFAVEA, 2012).
By the 1980s, Brazil was able to fulfilled 20% of its fuel needs with ethanol fuels
(Potter, 2008). The Brazilian fuel market today is able to take advantage of pricing
differences in bioethanol or hydrocarbon fuels with the emergence of flex fuel
vehicles. These vehicles are able to operate on different blends of bioethanol and
hydrocarbon fuel (ANFAVEA, 2012). Brazil, with its sustainable bioethanol program,
is able to exercise control over its energy policies and reduce dependency on fossil

fuel imports, resulting in energy independence for the Brazilian transport sector.

The two most common biofuels are bioethanol and FAMES. These act as alternative
fuels for petroleum and diesel respectively. They are widely consumed by the market
and are compatible with conventional vehicles and infrastructure at low levels of
blending with hydrocarbon fuels. Current infrastructure and non-FFV (Flex fuel
vehicles) cannot tolerate high percentage mixes. This typically restricts blending limit
to 5 to 15%. For high ethanol blends, the fuel blend contains a large proportion of
oxygenated polar compounds with a relatively short alkyl chain, which makes the
fuel mix hygroscopic. Without modifications to vehicles or the infrastructure,
hydroscopic fuels can draw ambient moisture, leading to corrosion and eventually
damage. This is more prevalent in high percentage ethanol fuels. There are also
issues with long term stability during storage of FAMEs. All FAMEs are prone to
oxidation over time. This oxidation leads to changes in pH, peroxide values and
viscosity which can generate acidic species and leads to a loss of fuel quality and
performance (Zuleta et al., 2012). Furthermore, acidic species within the fuel mix can
damage incompatible material (e.g. metallic and polymeric components), leading to
leaching, corrosion and degradation of components in conventional vehicles (Zuleta
et al,, 2012). To mitigate the effects of acidic degradation, specialist storage
components are required to reduce oxidation and its effects, ultimately increasing
the cost of biodiesel.
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Countries with established ethanol and FAME infrastructures and FFVs that are able
to accommodate high percentage biofuels are able to mitigate associated
disadvantages. In the case of vehicles, specialised components are required for
FFVs to deal with leaching of plastics into the fuel and corrosion of unprotected
components. Most of these components cannot be retrofitted to existing non-FFV.
Moreover, infrastructure changes can be impractical as they are both expensive and
time consuming. This combination of obstacles means that the deployment of
biofuels is limited to a relatively low blend, typically around 5% to 10%, which is
also known as the blend wall. While it is possible to establish a market that has a
high consumption of biofuels along with high biofuel blends, infrastructure and
vehicular implementation requires decades of political impetus and costly
subsidisation (Potter, 2008). This makes it highly challenging for countries to adopt
biofuels as the fuel of choice. For example, regardless of the high number of FFVs in
the USA, the lack of infrastructure proved to be a barrier for the distribution of E85
fuels, reducing availability and, by extension, consumption of E85 fuel (Bredehoeft et
al., 2014). The lack of infrastructure (such as refilling stations and fuel depot), limits
consumer choice to conventional fuels. In the USA, despite initiating a similar
ethanol program to Brazil in the 1970s, complemented by years of supportive policy
and investments, the ethanol biofuel market has not reached its intended objective
and has failed to diversify USA from petroleum-based fuels (Potter, 2008). For
example in 2010, the USA bioethanol market only achieved 10% displacement of
gasoline market (US Dept of Agriculture, 2010). In contrast and in 2008, Brazil is able
to achieved 50% displacement of gasoline with ethanol (Agéncia Brasil, 2008). This

highlights the difficulty of establishing a biofuel market within a country.

To maximise biofuel adoption and consumption, biofuels must be compatible with
existing infrastructures and vehicles while minimising cost and disruption. Ideally,
such biofuels have identical chemistry and physical properties to their fossil fuel
counterparts. There is no blend wall to hydrocarbon-based biofuels (also known as
drop-in fuels) and these biofuels can fully displace conventional fossil fuels (Table
1.1). Moreover, an advantage with hydrocarbon biofuel is the ability to blend different
fuel molecules to achieve the desired specification. Importantly, specifications are
heavily dependent on factors such as temperature, weather, and humidity, as these
can affect the property of a given fuel. The properties of the fuel can be altered by
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changing the fuel composition with a range of hydrocarbon compounds and fuel
additive compounds. To fully replicate existing fossil fuel composition, there is a
clear need to discover unique pathways. To achieve this, the genetics and
biochemistry of linear, branched and cyclic hydrocarbon compounds of varying
lengths must be elucidated to replicate the full range of compounds found in

petroleum, diesel and aviation fuel.

Table 1.1. The composition and properties of various fuel type. (Table adapted
from Peralta-Yahya et al., 2012).

Fuel Type Major components Properties
Gasoline  C4 to C12 hydrocarbons. Octane rating: 87 to 91
Linear, branched, cyclic, and aromatics Favoured for energy content
Diesel C9 to C23 hydrocarbons. Cetane Rating: 40 to 60
Linear, branched, cyclic, and aromatics
Jet fuel C8 to C16 hydrocarbons. Heat density
Linear, branched, cyclic, and aromatics Low gelling temperature
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1.2 Biosynthesis of hydrocarbons

Hydrocarbons are simple compounds that consist only of carbon and hydrogen.
Their biosynthesis is widespread and has been observed in different biological
domains. These compounds have diverse functions in biology. The hydrophobicity
of hydrocarbons can serve as a protective layer to minimise water loss or to act as a
barrier in plants and insects (Bernard et al., 2012a, Qiu et al., 2012). Due to the
volatility of smaller hydrocarbons, they are able to function as semiochemicals
including pheromones and repellants (Howard et al., 1982, Reed et al., 1994, Qiu et
al., 2012). For cyanobacteria, hydrocarbons function as an integral component to
lipid membranes leading to changes in membrane properties (Berla et al., 2015, Lea-
Smith et al., 2016).

Biosynthesis of hydrocarbons in biological systems are dependent on three distinct

pathways. Alkanes and terminal olefins can be generated by fatty acid (FAs)
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Figure 1.2. Biosynthetic pathways for alkane biosynthesis found in
natural systems. FAR, CER3, and AAR are naturally occurring fatty
acid reductases that are able to covert fatty acids to aldehyde. ADO,
CER1, and CYP4G1 are able to decarboxylate aldehydes to form an
n-1 alkane product. There are also 1-step pathway, like OleT, UndA,

and FAP, that are able to catalyse fatty acids to alkenes/alkanes.
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decarbonylation or decarboxylation, which generates hydrocarbon product by a
Cpn-1) cleavage of fatty acids (Figure 1.2). With polyolefenic hydrocarbons,
biosynthesis is achieved by head to head condensation of olefins. Lastly, the
isoprenoid pathway is capable of hydrocarbon biosynthesis by condensing
repeating units of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP) to form long chain isoprenes that can be further condense to form

hydrocarbon terpenes. These will be covered in detail in the following sections.

1.2.1 Two step fatty acid derived hydrocarbons

A two-step enzymatic reaction facilitates the conversion of FAs to alkane. A feature
of this pathway is the formation of a fatty aldehyde intermediate. The aldehyde
intermediate is subjected to C-C scission, forming a Cpn-1) alkane product and a C+
byproduct. Two major enzymes play a key role in this pathway. The first enzyme is a
fatty acid reductase and it is able to reduce fatty acids to an equivalent length fatty
aldehyde. Secondly, an aldehyde decarbonylase cleaves the terminal aldehyde
group to form an alkane and a C+ byproduct. This is the typical route for alkane/

alkene production in terrestrial plants, algae, insects and certain prokaryotes.

Linear alkane biosynthesis in planta

The cuticular wax of Arabidopsis thaliana is composed of alkanes, alcohols,
aldehydes and ketones with a length around C20 to C36 (Bourdenx et al., 2011).
Alkanes are also the most abundant hydrophobic compound in the cuticular wax
layer (Bourdenx et al., 2011). The first indication of a genetic basis for alkane in A.
thaliana came from eceriferum mutant lines, mutants that are incapable of producing
wax (Jenks et al., 2002). Two mutant lines have been crucial in the genetics that
underpin cer phenotype. The cer1 mutant was characterised as having decreased
alkane, secondary alcohol and ketone levels with a slight increase in aldehydes in
the cuticular wax. In contrast, cer3 mutant showed a dramatic reduction in
aldehydes, alkanes, secondary alcohols and ketones (Chen et al., 2003, Kurata et
al., 2003). This indicated the formation of aldehyde may be an intermediate product

to the formation of waxy metabolites.

Radio-labelled feeding assays indicate that fatty acid reduction is required in the
formation of an equivalent length aldehyde in Pisum sativum (Cheesbrough et al.,
1984). This highlights the necessity of the fatty elongation pathways for generating
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VLC (very long chain) fatty acids and, by extension, VLC aldehydes. Further
evidence indicates that higher plants have the biochemical potential for multiple
fatty acid elongation systems; 21 putative B-ketoacyl-CoA synthase (KCS) have
been annotated in the Arabidopsis genome (Joubeés et al., 2008). KCS initiates the
first step of a four step fatty acid elongation reaction. The presence of multiple
genes that encode KCS indicates distinct chain length preferences in the elongation
step to biosynthesise VLC fatty acids. These VLC fatty acids are utilised for the
production of very long chain alkanes (VLCA) (Bernard et al.,, 2012a). Once
elongated, VLCFAs are catalysed to VLC alkanes by down stream acyl-CoA

reduction and decarbonylation.

The first confirmation of aldehyde and alkane formation came from extracts of Pisum
sativum, which was capable of catalysing the conversion of octadecanal to
heptadecane (Cheesbrough et al., 1984). It was reported that a two step reaction is
facilitated through the interaction of ECERIFERUM1 (CER1) with ECERIFERUM3
(CERS3) and endoplasmic reticulum localised cytochrome b5 isoforms (CYTB5s) in
Arabidopsis (Bourdenx et al., 2011, Bernard et al., 2012a). This was proven when the
cerl, cer3, and cytb5 were reconstituted in S. cerevisiae (Bernard et al., 2012a).
Heterologous expression of each gene was able to define the function of each
protein. CER3 was found to convert VLCFA to very-long chain aldehyde as an
intermediate of the pathway. The aldehyde is then converted to a Cpn-1) alkane
product by CER1 (Bernard et al., 2012a). Moreover, confocal microscopy of
fluorescent tagged CER1, CER3 and CYTBS in A. thaliana seedlings indicated that
CER1 and CER3 was found to function as a multi-enzyme complex with CYTB5
facilitating redox reaction to drive the reaction (Bernard et al., 2012a). This revealed
a two-step catalytic conversion of fatty acyl-CoA to an alkane, with CERS acting as
a fatty acyl reductase and CER1 acting as an aldehyde decarbonylase. Site-directed
mutagenesis of the histidine residues in CER1 abolished alkane biosynthesis,
demonstrating that they are essential for alkane biosynthesis (Bernard et al., 2012a).
This study points toward the importance of histidine-iron interaction for alkane
biosynthesis. Such decarbonylation yields odd chain alkanes due to the presence of
even numbered fatty acids. To date, no protein structure nor molecular mechanism
have been elucidated from the CER1/CER3 complex.

Linear alkane biosynthesis in insecta
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Insects also have the capabilities to produce VLCA. The cuticular wax layer found on
Drosophila melanogaster contains complex blends of long-chain alkanes and
alkenes (C21 - C37) that serve to waterproof the insect and as semiochemicals
(Howard et al., 1982, Qiu et al., 2012). The first indication of fatty acidsconversion to
cuticular alkane biosynthesis came from Periplaneta spp (American cockroaches).
Periplaneta extracts convert radio-labelled fatty acids to alkanes, while long chain
ketones and secondary alcohols, when added to the extract, were not incorporated
into the final alkane product (Major et al., 1978). This was the first biochemical
evidence that indicate a n-1 fatty acids decarboxylation. Much like in plants, VLCA
was proposed to use elongated fatty acids as a substrate. Evidence came from
microsomal studies of the integument tissues of Periplaneta spp, which were
observed to elongate stearoyl-CoA up to C26 fatty acid and linoleoyl-CoA up to C28
fatty acid (Vaz et al., 1988). This coincides with the observation of pentacosane, a
C25 alkane, and C27 alkenes, respectively, in Periplaneta spp (Vaz et al., 1988). This,
again, highlights the key role of fatty acid elongation (FAE) pathways in facilitating

cuticular wax formation in insects.

In D. melanogaster, the P450 CYP4G subfamily was investigated as a potential
cuticular alkane biosynthesis gene because it had at least one ortholog in all insect
genomes (Qiu et al.,, 2012) and expression data indicated the ortholog had the
greatest level of expression relative to all 85 P450 present in D. melanogaster
(Daborn et al., 2002). Immunohistochemistry of CYP4G1 was able to indicate a
colocalised NADPH-cytochrome P450 reductase (CPR) as the redox partner
required for alkane biosynthesis (Qiu et al., 2012). RNAIi suppression of Cyp4g and
cpr gene product led to a dramatic decrease in cuticular alkane/alkene content in
surviving mutant flies (Qiu et al., 2012). Moreover, coexpression of Cyp4g7 and
cytochrome P450 fatty acid reductase (FAR) in S. cerevisiae led to production of
alkanes and assay of the transformant purified lysate was observed to convert
trideuterated-octadecanal to trideuterated-heptadecane (Qiu et al., 2012). This was
the first time an alkane biosynthesis enzyme was identified in insecta. Further
biochemical assays in the presence of NADPH and O, show that CYP4G1 and
cytochrome p450 reductase catalyse the conversion of fatty aldehydes to alkanes
and CO: as a byproduct (Reed et al., 1994, Qiu et al., 2012). This identified CYP4G1
as an aldehyde decarbonylase oxygenase in D. melanogaster. The first hint of the
molecular mechanism came from a biochemical assay with microsome of Musca
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domestica, which indicated a P450 was responsible for the conversion of fatty acids
to alkane and CO2 byproduct via an intermediate aldehyde route (Reed et al., 1994).
It is thought that under oxygenating conditions, the enzyme is able to perform
heterolytic cleavage of the O-O bond of the Fe-peroxy intermediate, which resulted
in aldehyde conversion to alkane. Currently, there is no protein structure of CYP4G1,
which has limited the exploration of the underpinning molecular mechanism. Unlike
CER1/CERS, insecta linear alkane biosynthesis does not seem to have a specific
fatty acyl reductase partner and evidence points toward many unspecific aldehyde

generating pathways in D. melanogaster (Qiu et al., 2012).

Linear alkane biosynthesis in Cyanobacteria

Cyanobacteria have been observed to produce linear hydrocarbons ranging from
C15 to C19 in chain length (Winters et al., 1969). Sampling of seawater has detected
alkanes (such as pentadecane and heptadecane) at concentrations ranging from 2
to 130 pg/mL (Schwarzenbach et al., 1978, Gschwend et al., 1980). Initially, it was
not clear whether the alkanes were of anthropogenic origin or of biological origin.
The presence of obligate hydrocarbon-degrading bacteria, also referred to as
hydrocarbonoclastic bacteria, in minimally polluted water suggested a sustainable,
and perhaps a biological, source of hydrocarbons to maintain these
hydrocarbonoclastic bacterial communities (Leahy et al., 1990, Yakimov et al., 2007,
Lea-Smith et al., 2016). It is thought that the presence of cyanobacteria in these
habitats plays a key role in contributing to the hydrocarbons observed in seawater
and interacts with hydrocarbonoclastic bacteria to drive the hydrocarbon cycles in
natural ecosystems. While these observations implicate alkane biosynthesis in

cyanobacteria, the biosynthetic pathway for alkane has yet to be identified.

The breakthrough in elucidating the alkane biosynthesis pathway in cyanobacteria
came when whole-genome sequencing became economically viable and maturation
of bioinformatics tools to facilitate the analysis of the genomes (Schirmer et al.,
2010). By combining phenotypic observations, it is possible to leverage these
findings to investigate linear alkane biosynthesis in cyanobacteria by interrogating
the genome of each cyanobacterium (Schirmer et al., 2010). Due to the limited
coverage of the cyanobacteria phylum available at the time and the presence of a
non-producing alkane strain, a comparative and subtractive genomics approach
was chosen to elucidate the alkane biosynthetic pathway (Schirmer et al., 2010).
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With this approach, two candidate genes stood out in terms of predicted function,
gene loci adjacency, and conserved nature within all alkane producing
cyanobacteria (Schirmer et al.,, 2010). The first gene, orf1594, was predicted to
encode a short-chain dehydrogenase or reductase family protein. It was
hypothesised that this gene may play a crucial role in the reduction of acyl carrier
proteins or coenzyme A thioesters, potentially functioning as a fatty acyl reductase
(Schirmer et al., 2010). The second gene, orf1593, was predicted to encode a
ferritin-like or ribonucleotide reductase-like family protein, which was hypothesised
to have similar radical chemistry that can enable decarbonylation reaction (Schirmer
et al., 2010). Heterologous co-expression of orf1594 and orf1593 in Escherichia coli,
was able to elicit the production of odd-chain alkanes and alkenes, as well as even-
chain fatty aldehydes and fatty alcohols (Schirmer et al., 2010). Sole expression of
orf1593 did not alter the hydrocarbon profile of E. coli. In contrasts, sole expression
of orf1594 led to production of fatty alcohols, thought to be the result of the
oxidation of fatty aldehyde by the E. coli host (Schirmer et al., 2010). In S. elongatus,
the deletion of putative orf1594 and orf1593 abolished the presence of alkanes
(Schirmer et al., 2010).

In vitro assays of the gene product of orf1594 demonstrated enzyme activity for the
conversion of acyl-ACP and acyl-CoA to an equal length fatty aldehyde when
incubated with NADP and Mg2+. Further characterisation of the enzyme indicated a
Michaelis-Menten constant for acyl-ACP (8 + 2 uM) than acyl-CoA (130 + 30 uM)
(Schirmer et al., 2010). This indicates a preference for acyl-ACP and the enzyme was
assigned as an acyl-ACP reductase (AAR). In vitro assays of Nostoc punctiforme
ortholog orf1593 showed that it was able to decarbonylate octadecanal to
heptadecane in the presence of ferredoxin, ferredoxin reductase, and NADPH
(Schirmer et al.,, 2010). This demonstrated that alkane is formed via the
decarbonylation of fatty aldehydes and, as a result, the enzyme was assigned as an
aldehyde decarbonylase. Further studies with isotopic labelling assays identified
molecular Oz as an important co-substrate to drive the cleavage of aldehyde (Warui
et al., 2011, Pandelia et al., 2013) with formate as a byproduct. With this evidence in
mind, the enzyme was reassigned to be an aldehyde deformylating oxygenase
(ADO) (Warui et al., 2011), though in literature it is commonly referred to as aldehyde

decarbonylating oxygenase.
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Homology analysis of orf1593 indicated that it was a good match for a publicly
available crystal structure of another cyanobacterium, Prochlorococcus marinus
(strain MIT9313; Joint Center for Structural Genomics; PDB ID: 20C5) (Schirmer et
al., 2010). This initial comparison was able to give mechanistic insights to the ADO
reaction and indicate that ADO belongs to ferritin-like or ribonucleotide reductase—
like family of nonheme di-iron enzymes (Schirmer et al., 2010). Since then, the
protein crystal structure for ADO with a bound aldehyde has been solved (Buer et
al., 2014). The crystal structure revealed the active site to possess an a-helical
structure with a di-iron centre housed in a ferritin-like four-helix bundle at the core of
the protein (Khara et al., 2013, Buer et al., 2014). Access for the substrate to this
active site is provided by a tunnel-like hydrophobic pocket (Khara et al., 2013, Buer
et al., 2014). It was hypothesised that by introducing a larger residue, like tyrosine, to
the tunnel-like hydrophobic pocket, this would hinder longer chain fatty aldehydes
while maintaining access to shorter aldehydes and would lead to the generation of
shorter chain alkanes (Bao et al., 2016). Ten different residues were identified, each
generating a different alkane product for each mutation (C3 to C11) (Bao et al.,
2016). Structural studies also revealed the di-iron in ADO is coordinated by the
residue glutamine 144 and the conformational changes in the helix containing
glutamine 144 further indicate different binding states of the di-iron center (Jia et al.,
2015). With the residues tyrosine 39, arginine 62, glutamine 110, tyrosine 122, and
aspartic acid 143 identified to be close to the di-iron centre of ADO from
Synechococcus elongates PCC7942 (Wang et al., 2017). Moreover, substitution of
these polar residues to non-polar residues led to reduced activity or abolishment of
ADO activity, indicating the importance of polar residues in coordinating aldehyde

substrate to the di-iron active site.

The molecular mechanism of ADO was also partly determined by radical clock
probing with 2-(2-tetradecylcyclopropyl)acetaldehyde, a cyclopropyl aldehyde
equivalent of octadecanal with a B positioned cyclopropyl motif to the carbonyl
group (Paul et al., 2013). Compounds with cyclopropyl motifs have the capability to
generate cyclopropylcarbinyl radicals, which undergo ring-opening reactions. The
location of radical formation and the lifetime of a radical intermediate can be used to
infer the molecular mechanism of ADO. Enzymatic assay of N. punctiforme ADO
showed it was able to deformylate 2-(2-tetradecylcyclopropyl)acetaldehyde to 1-
octadecene (Paul et al.,, 2013). This observation indicates that the cyclopropyl
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aldehyde underwent C-C scission radical cleavage at the a-carbon position, which

rearranges cyclopropylcarbinyl to form 1-octadecene (Paul et al., 2013).

It is still unclear how molecular oxygen interacts with the di-iron site of the enzyme
and the aldehyde substrate. A mechanism has been proposed which accounts for
the molecular oxygen and was derived from quantum mechanical/molecular
mechanical model and is based on the crystal structure of ADO from
Prochlorococcus marinus (Wang et al., 2016). The ADO active site reacts with
molecular oxygen to form an iron-peroxo group. This peroxo group initiates a
nucleophilic attack on the a-carbon of the aldo group on the aldehyde substate, this
destabilises the oxygen on the carbonyl group and forms a peroxyhemiacetal
species with one of the molecular oxygen and lysing the peroxo group. Protonation
on the carbonyl oxygen leads to heterolytic cleavage of the molecular oxygen and
generates an instability on the a-carbon, leading to the formation of an alkyl radical
with the a-carbon remaining attached as an oxo group. Protonation of the alkyl
radical produce an alkane product. Formate is released as a byproduct when
histone 160 activation of Fe2+ occurs concomitantly with breaking Fe>—pu-hydroxo
coordination with the formyl group. Hydration and reduction of the remaining
hydroxyl group released the second molecular oxygen, which regenerates the state

of active site for the next catalytic turnover.

1.2.2 Fatty Acid Decarboxylation pathway

There are pathways that decarboxylate fatty acids to form an Ci-1) alkane/alkene
products that only require a single enzymatic step, thus do not form an aldehyde
intermediate product. FAP from Chlorella spp., OleT from Jeotgalicoccus spp. and
UndA/UndB from Pseudomonas spp. have been demonstrated to produce linear

terminal alkenes (known as olefins) from FAs.

Studies have observed the presence of alkanes with the length of C13 to C17, with
pentadecane as the most abundant alkane, in green microalgal cultures of C.
variabillis and C. reinhardtii (Sorigué et al., 2017). Further microbial physiological
studies showed that the formation of alkane was only detected in cultures incubated
under light conditions (Sorigué et al., 2017). This result alluded to a light-dependent
hydrocarbon pathway in alkane-producing Chlorella spp. Bioinformatic analysis of C.
variabillis genome did not reveal homology to previously mentioned alkane
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synthases, which points toward a novel hydrocarbon pathway (Sorigué et al., 2017).
As there was no known homology, purified cell lysate assays of C. variabillis was
conducted. It was found that the purified fraction contained a glucose-methanol-
choline (GMC) oxidoreductase was able to convert fatty acids to alkanes and
alkenes (Sorigué et al., 2017). Heterologous expression in E. coli of the gene
encoding for GMC oxiodoreductase resulted in the detection of alkane in the
transformed E. coli cell lysate (Sorigué et al., 2017). As previous physiological
studies indicated that light affected alkane production, an assay of the purified
enzyme under different light conditions was undertaken. It indicated that fatty acid is
required as a substrate and conversion to alkanes was only limited to lysates
assayed under light conditions. Conversely, no conversion was detected in the
assay in the absence of light. Furthermore, characterisation under different light
regimes revealed the enzyme to be active in blue light (400 to 520 nm) and light
intensity was linked to rate of reaction (Sorigué et al., 2017). This indicates that blue
light is required to provide energy for redox reaction; Thusly, the enzyme was
assigned as fatty acid photodecarboxylase (FAP). CvFAP have a wide range of
substrate specificity, from C12 to C20. This enzymatic reaction results in the
decarboxylation of fatty acids to produce a C-1) alkane product and a C+ byproduct
(Sorigué et al., 2017, Huijbers et al., 2018). Moreover, FAP requires FAD as a redox
cofactor, although it remains unclear the exact mechanism in which FAD is reduced
and oxidised under the presence of blue light. This is the first example of an alkane
forming photoenzyme and, unlike other alkane biosynthetic pathway, does not

require additional reductant to drive the reaction forward.

Jeotgalicoccus is a Gram-negative bacterial genus that is capable of producing
terminal olefins. Olefin production was observed in Jeotgalicoccus cultures when it
was supplemented with fatty acids. Interestingly, the olefins detected were Cp-1) to
that of the fatty acid (Rude et al., 2011). This was further supported by cell lysate
assays, which also elicit similar Cp-1) olefins (Rude et al., 2011)). Observations of
both experiments supported a Cn-1) mechanism. The gene sequence was identified
when a purified protein fraction was identified as having hydrocarbon biosynthesis
activity (Rude et al., 2011). The protein identified is a P450 peroxygenase and is
consistent with enzymatic assays, which required H2O2 to drive the reaction (Rude et
al., 2011). It was noted that H2O- is capable of damaging the heme and the protein
(Hsieh et al., 2016). Later studies also indicate that OleT is capable of utilising other
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redox partners rather than solely H2O> (Liu et al., 2014). Experiments with isotopic-
labelled substrates provided further insights to the mechanism of OleT activity,
revealeing that C1 carboxylate of a fatty acid is cleaved to form the CO2 byproduct
with no intermediates detected (Grant et al., 2015). The molecular mechanism was
partially elucidated by utilising labelled substrates and analogous substrates and
indicated that, when the substrate is docked in the active site, the hydroxyl-Fe3+
cofactor is able to abstract hydrogen from the substrate at B-carbon position. The
substrate undergoes radicalisation leading to a-B carbon scission to form a CO2
byproduct and the acyl radical stabilises the substrate by forming an alkene (Hsieh
et al., 2017). Once abstracted, the hydroxyl-Fe3+ is oxidised to hydroxyl-Fe4+,
NADH+ and H202 reacts with the cofactor to regenerate it (Hsieh et al., 2017).
Intriguingly, evidence also suggests that OleT can hydroxylate aliphatic substrates

that do not contain a carboxylic group (Hsieh et al., 2017).

UndA and UndB are two similar olefin-producing enzymes from the Pseudomonas
genus. These enzymes produce olefins via the decarboxylation of fatty acids. P
aeruginosa cultures that were fed with labelled substrate led to the observation of
labelled olefin products (Rui et al., 2014). The undA gene was discovered using
heterologous expression of a library containing over a thousand gene candidates
generated through comparative bioinformatics (Rui et al., 2014). Furthermore,
deletion of the candidate gene in wildtype P aeruginosa generated a mutant that
was olefin deficient (Rui et al., 2014). Insights from in vitro enzymatic assays indicate
that UndA requires a Fe2+ cofactor to convert lauric acid to 1-undecene.
Interestingly, UndA with a Fe3+ cofactor did not result in olefin production. This led to
the assignment of UndA as a non-heme iron (ll)-dependent enzyme (Rui et al., 2014).
The redox partner remains elusive (Rui et al., 2014). With the crystal structure of
UndA, insights from structural analysis indicate the presence of a hydrophobic
pocket from the surface to the centre of the enzyme (Rui et al., 2014). It is
hypothesised that the depth of the pocket is an important factor for determining
substrate length (Rui et al., 2014), with residues around the active site coordinating
substrate binding to the iron-complex, once the fatty acid substrate complexes with
the Fe2+ cofactor in the active site and the cofactor is able to abstract the (3-
hydrogen of the substrate. This generates a radical that cascade to the terminal
carboxyl group, forming a CO2 and an olefin product. A reductant restores the active
site cofactor to regenerate the Fe3+ to Fe2+ (Rui et al., 2014).
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UndB was also discovered in a Pseudomonas spp. containing UndA. It was noted
during hydrocarbon screening that there is a two-order of magnitude discrepancy in
1-undecene content between different Pseudomonas that could not be explained by
transcriptional level and substrate availability (Rui et al.,, 2015). This led to the
hypothesis for an alternative 1-undecene biosynthetic route. UndB was identified
using a combination of transformation-associated recombination cloning of the
Pseudomonas genome and substrate feeding of transformants (Rui et al., 2015). The
gene identified had no sequence homology with undA, thus was a unique olefin-
encoding gene. This gene was named undB and bioinformatic analysis indicate that
it belongs to a membrane-bound fatty acid desaturase family (Rui et al., 2015).
Enzymatic assays indicate that UndB catalyse olefin biosynthesis via a Cgp-1)
decarboxylation of lauric acid similar to that of OleT and UndA (Rui et al., 2015).
Moreover, isotopic-labelling alludes to a p-hydrogen abstraction mechanism
responsible for carbon-carbon scission (Rui et al., 2015). Genomic analysis of the
Pseudomonas genus revealed that UndB homologs are present in other species of

Pseudomonas but are not as widespread as UndA (Rui et al., 2015).

1.2.3 Head to Head Condensation

Polyolefenic hydrocarbons with a range of C25 to C33 were observed in Gram-
positive bacteria such as Sarcina Iutea and Micrococcus Iluteus (Albro et al., 1969,
Beller et al., 2010). The biosynthetic genes that encodes carbon biosynthesis were
identified in M. luteus. It was observed that the draft genome of M. luteus contained
additional genes involved in fatty acid condensation, such as a homolog of fabF and
two homologs of fabH (Beller et al., 2010). When these candidate genes were
heterologously expressed in E. coli, one homolog of FabH was able to elicit a
different metabolic profile (Beller et al., 2010). This fabH has the lowest homology to
known Gram-negative fabH. Enzymatic assays of the gene product and
tetradecanoyl-CoA resulted in the formation of 27:2 monoketone (Beller et al., 2010).
This indicated that a long chain monoketone is formed by condensing two units of
tetradecanoyl-CoA and the gene was reassigned as oleA to reflect the activity it
encodes. Two other genes, oleBC and oleD, were found in the proximity of oleA,
suggesting the presence of a gene cluster. The expression of all three genes in E.

coli resulted in the production of polyolefins and individual expression of these
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genes did not result in polyolefins, thus confirming the importance of the cluster to

polyolefin biosynthesis, which is known as the oleABCD cluster (Beller et al., 2010).

The o0leABCD cluster in Shewanella spp. is responsible for the biosynthesis of
alkenes that are highly unsaturated, containing nine internal double bonds (Sugihara
et al., 2010, Sukovich et al., 2010). The cluster in Shewanella spp. exists as a four
gene operon and examination of the genes concluded that oleBC is a fusion protein
in M. luteus (Sukovich et al., 2010). Biochemical characterisation of OleA, OleB,
OleC and OleD was able to elucidate each protein’s activity and indicated that oleA
encodes a thiolase, oleB encodes an alpha/beta hydrolase, oleC encodes an AMP-
dependent ligase/synthase, and oleD encodes short-chain dehydrogenase/
reductase (Sukovich et al.,, 2010). The biosynthetic pathway starts with OleA
thiolase. In this step, a non-decarboxylative Claisen condensation of two fatty acyl-
CoA molecules, such as tetradecanoyl-CoA (C14), results in the production of a C27
B-keto acid, 2-myristoylmyristic acid (Frias et al., 2011). The next step is catalysed
by OleD, an NADPH-dependent 2-alkyl-3-ketoalkanoic acid reductase, resulting in
the production of a hydroxyl alkanoic acid (Bonnett et al., 2011). In the last step,
OleC generates a thermally labile B-lactone that is able to spontaneously
decarboxylate to an alkene. However, it is currently believed that this final reaction is
catalysed in vivo by OleB (Kancharla et al., 2016, Christenson et al., 2017b). Recent
evidence indicates that OleB, OleC, and OleD enzymes assemble into a large,

multiprotein complex (Christenson et al., 2017a).

1.2.4 Terpene-derived hydrocarbons

Terpenoid pathways are capable of producing structurally diverse hydrocarbons,
known as terpenes. Two isoprene isomers, IPP and DMAPP, are key substrates for
terpene biosynthesis. Isoprenes and terpenes are found universally in all organisms.
Plants and most prokaryotes produce IPP and DMAPP via the non-mevalonate
pathway. Contrastingly, other eukaryotes, archea and fungi relies on the mevalonate

(MVA) pathway for the generation of isoprenes.

Hydrocarbon terpenes can be abundant in plant materials. For the terpene myrcene,
this can be up to 39.1% of the total mass in wild thyme (Widén et al., 1977). The
terpene-derived compounds farnesane and bisabolene have been previously
commercialised for petrochemical and biofuel usage by forming saturated-
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derivatives (Renninger et al., 2008, Renninger et al., 2010, Peralta-Yahya et al.,
2012). Both compounds are classified as sesquiterpenes as they are synthesised
from three isoprene monomers and with a molecular formula of C1sH24. Farnesene is
an unsaturated repetitively branched hydrocarbon. The (E,E)-a-Farnesene isomer is
found naturally on the surface of fruits and is partly responsible for the scent of
apple (Huelin et al., 1966). In insects, farnesene has a role as a semiochemical. With
termites it acts as an alarm pheromone (Sobotnik et al., 2010) and for moths it acts
as a food attractant (Hern et al., 2004). The terpene bisabolene is an unsaturated
hydrocarbon containing a cyclohexyl motif with a branched unsaturated acyl group.
Bisabolene is detected in the pheromones of insects such as fruit flies and stink
bugs (Lu et al., 2001, Aldrich et al.,, 2007). The production of farnesene and
bisabolene in production hosts such as S. cerevisiae and E. coli only produces
unsaturated terpenes, which have limited applications. For the formation of aliphatic
biofuels, farnesene, and bisabolene requires chemical hydrogenation to produce
farnasene and bisabolene respectively (Renninger et al., 2008, Renninger et al.,
2010, Peralta-Yahya et al., 2012).

1.2.5 Engineering Advanced Biofuels

While many organisms are capable of producing alkanes, not many organisms are
suitable for viable production at an economic scale. Importantly, wild type producers
usually produce a limited range of compounds and if not addressed, will limit
blending options. With a rationale bioengineering approach, synthetic pathways can
incorporate alkane biosynthetic elements to make the production process more
efficient and to produce the range of hydrocarbons required. As fatty acids are the
sole substrate for alkane/alkene production, the engineering of fatty acid

metabolism has received much attention.

As mentioned in Section 1.2.1, the length of the fatty acid determines the length of
alkane produced. Furthermore, it indicated the important role of FAE pathways in
producing VLCA. To produce alkanes that are relevant to fuels, production host must
be capable of producing alkanes with a product length of C8 to C14. By expressing
specific acyl-ACP thioesterases, it is possible to terminate fatty acid elongation to
alter fatty acid profile by length (Choi et al., 2013, Howard et al., 2013). This is
because acyl-ACP thioesterases are able to cleave acyl-ACP of a specific length. By
expressing fatB1, a C14 specific acyl-ACP thioesterase from C. camphora, in ado-
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expressing E. coli, it is possible to shift the fatty acid profile in favour of
tetradecanoic acid. Furthermore, the decarboxylation of tetradecanoic acid led to
the production of tridecane in the alkane producing E. coli (Howard et al., 2013).
Similarly, the engineering acyl-ACP thioesterase can also lead to the alteration of
fatty acid length. TesA, an acyl-ACP thioesterases that cleaves long-chain fatty
acids, was engineered (‘TesA) to accept and hydrolyse a mixture of shorter chain
acyl-ACP. When expressed heterologously, ‘TesA was able to produce a range of
short chain fatty acid, which shifts the fatty acid profile from C16 to C10 (Choi et al.,
2013). This led to the production of nonane in E. coli expressing both ‘tesA and cer1
(Choi et al., 2013). These examples can be considered fatty acid synthase-based

pathway in controlling fatty acid length.

Alternatively, it is possible to control the length of fatty acid by a reverse beta-
oxidation (RBO) approach. For the production of shorter chain alkanes (C3 to C5), a
reverse beta-oxidation approach was demonstrated to be effective in generating
short chain fatty acids and, therefore, short chain alkanes (Sheppard et al., 2016).
This required the addition of a four-gene module containing thiolase (BktB),
reductase (PhaB), dehydratase (PhaJ), and enoyl-CoA reductase (Ter) (Sheppard et
al.,, 2016). In an ADO-expressing E. coli host, this was able to elicit propane and

pentane (Sheppard et al., 2016).

Cin-1) cleavage leads to odd chain alkane formation because the majority of
endogenous fatty acids are even-chain. This limits the alkane biosynthesis to odd
chain alkanes. Therefore, it is important to replicate even-chain alkanes to expand
the profile of advanced biofuel. FabH2, a 3-oxoacyl-ACP synthase 3 protein 2, from
B. subtilis has a wider substrate specificity than native FabH of E. coli and was able
to initiate the condensation of the C3 propionyl-CoA instead of C2 acetyl-CoA in E.
coli. As downstream fatty acid elongation extends fatty acids by C2, the odd-
numbered chain length is preserved (Harger et al., 2012). In an E. coli expressing
ADO, the addition of FabH2 was able to lead to an accumulation of odd chain fatty
acids and was able to produce even chain tetradecane and hexadecane (Harger et
al., 2012). The yield of even chain alkane was not as high as odd chain alkane,
although the vyield discrepancy can be reduced by the supplementation of

propanoate to the production host (Harger et al., 2012).
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Branched chain alkanes are important fuel molecules for the blending of advanced
biofuels. The biosynthesis of 1-methyl alkanes can be engineered into E. coli. By
introducing B-ketoacyl acyl-carrier-protein synthase Il (KASIIl) and branched-chain
a-keto acid dehydrogenase (BCKD) from B. subtilis, E. coli was engineered to
endogenously incorporate branched-chain amino acids (isoleucine, leucine, and
valine) to the elongation of fatty acids (Howard et al., 2013). This was able to induce
the de novo production of 1-methyltetradecanoic acid and 1-methylhexadecanoic
acid, which was further decarbonylated to produce branched alkanes of the
corresponding length, 1-methyltridecane and 1-methylpentadecane (Howard et al.,
2013). This showed that by altering the profile of fatty acids, by adding branched
elements or unsaturated bonds, it is possible to alter the hydrocarbon profile of the

production host.
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1.3 Fungi and Secondary Metabolites

Fungal secondary metabolites are chemically diverse compounds. It is this large
chemical diversity that gives many secondary metabolites interesting functions and
activities. Some fungal secondary metabolites have bioactivities suitable for a
variety of applications such as antimicrobial agents, cholesterol modulation, or

cancer treatment (Hoffmeister et al., 2007).

Typically, secondary metabolite genes in fungi are arranged in gene clusters (Keller
et al., 2005). Biosynthetic gene clusters (BGC) are a collection of genes relating to a
specific metabolite arranged spatially adjacent in the genome of a fungus. Gene
clusters contain genes encodes metabolite-specific pathways, genes encoding
resistance and may contain pathway-specific regulatory genes or element (Keller et
al., 2005, Regueira et al., 2011). Tools such as AntiSMASH and SMURF incorporates
machine learning algorithms for the detection of the biosynthetic genes and
associated clusters (Khaldi et al., 2010, Medema et al., 2011). Once a biosynthetic
gene or genes have been identified, a detailed search can be performed around the
location of the gene in an attempt to identify other potential genes. A cluster can

then be defined if the region contain one or more biosynthetic genes.

BGCs commonly contain biosynthetic genes that encodes polyketide synthases,
non-ribosomal peptide synthetases, terpene cyclases and prenylation synthetases
(Keller et al., 2005, Medema et al., 2011). Other BGCs may contain genes that
confer resistance to BGC associated secondary metabolites. For example, these
genes can encode anabolic enzymes that breakdown the metabolite or efflux pump
for the removal of the associated intracellular metabolites (Regueira et al., 2011,
Tang et al., 2015). The presence of resistance genes can be use to guide elucidation
of specific BGC. Using this principle, previous work was able to identify IMP
dehydrogenase, an enzyme that catalyses the breakdown of mycophenolic acid. By
locating the gene that encodes IMP dehydrogenase, the BGC responsible for
mycophenolic acid biosynthesis from Penicillium brevicompactum was elucidated
(Regueira et al., 2011).

Regulation of BGCs is dependent on environmental conditions such as carbon and
nitrogen source, nutrient availability, ambient temperature, light and pH (Bennett et
al., 1983). The fungus Aspergillus flavus, for example, grows optimally at 37 °C and
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the biosynthesis of aflatoxins is activated at 30 °C (Ogundero, 1987). Alternatively,
BGCs can be regulated by cluster-specific regulators including DNA-specific or
ligand-specific binding (Schmitt et al.,, 2000, Chang et al., 2013). This can be
observed in the biosynthesis of melanin, in which DNA-binding by zinc fingers
activate the BGC for melanin (Tsuji et al., 2000). This pinpoints the need to
understand microbial physiology of biochemically interesting organisms for the

elucidation of BGCs, as the activation condition of one BGCs can vary.

There are challenges associated with discovering and characterising novel BGCs
and its associated metabolites. Frequently, BGCs are transcriptionally dormant
under standard laboratory conditions. It is estimated that only 10% to 20% of BGCs
are characterised in well-studied fungal systems like Aspergillus nidulans, Penicillium
chrysogenum, Aspergillus terreus, and Saccharopolyspora erythraea (Oliynyk et al.,
2007, Van Den Berg et al.,, 2008, Yeh et al., 2016). This creates a dilemma for
characterising novel and inactive BGCs. Are the predicted BGCs transcriptionally
dormant or are they misidentified by genome mining pipelines? Even when a BGC is

genuine, what are the conditions required to activate it?

Heterologous expression of BGCs in a production host has been successful in
overcoming dormant BGCs. This was demonstrated in the expression of
neothioviridamide BGC. The cluster was discovered during genome mining of
Streptomycete spp. to search for thioviridamide-like BGCs, a previously
characterised cluster (Kawahara et al., 2018). This led to the identification of a gene
encoding a precursor peptide containing a VMAAAATVAFHC motif in the genome of
Streptomyces sp. MSB090213SC12 (Kawahara et al., 2018). Different fermentation
conditions were explored in an attempt to activate the putative BGC in
Streptomyces sp. MSB090213SC12 but this did not induce the BGC (Kawahara et
al.,, 2018). In an attempt to activate the putative BGC, a heterologous expression
approach was favoured instead. A refactored putative BGC was cloned and
expressed into S. avermitilis SUKA22 resulting in successful expression.
Biochemical characterisation of the transformant’s extract led to the discovery of a
compound named neothioviridamide, a novel thioviridamide derivative (Kawahara et
al., 2018). The heterologous expression approach itself has its associated
disadvantages. It is impractical for cloning methods to accommodate large BGCs,
leading to poorer transformation efficiency. Moreover, refactoring and redesigning
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fungal BGCs becomes more complex for larger clusters. This can include identifying
and removing elements such as introns and intergenic regions to reduce overall size
(Greunke et al.,, 2018, Duell et al., 2019). Lastly, production hosts may be
incompatible with novel BGCs, leading to host toxicity or failed expression (Zhang et
al., 2019).

For some cryptic BGCs, the usage of epigenetic modulators can lead to activation
and alteration of metabolite profiles. The epigenome can be manipulated by two
class of compounds, histone deacetylase (HDAC) and DNA methyltransferase
(DMAT) inhibitors. The DNA uncoiling and coiling process is mediated by histone
acetyl transferases and histone deacetylases respectively. When a region of DNA is
acetylated it is uncoiled from the histone and the exposed DNA is accessible for
binding by transcription-based protein thereby increasing gene expression. In
contrast, deacetylation of DNA leads to an increase in binding with histone and this
concealment leads to transcriptional deactivation. By supplementing HDAC
inhibitors into the growth media, HDAC interrupts the coiling process and can lead
to an increases gene expression. Lower expression has been linked to regions with
a higher proportion of methylated DNA. There are two likely explanations for the
transcriptional regulation as a result of methylation. Firstly, methylation physically
interferes with binding of transcriptional proteins to the gene (Choy et al., 2010).
Secondly, regions of methylated DNA may be bound by proteins known as methyl-
CpG-binding domain proteins (MBDs) (Nan et al., 1993). It is thought that binding to
MBDs recruits histone and histone-associated proteins that leads to the physical
binding of the methylated region (Zemach et al., 2003). Therefore, DMAT inhibitors
can interfere with this regulation process. This was the case in Cladosporium
cladosporioides and the addition of HDAC and DMAT inhibitors stimulated the
production of several oxylipins, cladochromes and of calphostin B not produced

under standard conditions (Williams et al., 2008).

1.3.1 Ascocoryne sarcoides as an alkane producer

The fungal endophyte Ascocoryne sarcoides NRRL 50072 was isolated from
Patagonian forest (Stinson et al., 2003) and is capable of producing a diverse set of
secondary metabolite volatile organic compounds (VOC) (Strobel et al., 2010b). This
includes linear and cyclic alkanes that are suitable for transport fuel and
petrochemical applications. The A. sarcoides fungus can be found widely distributed
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across temperate forests of Europe, North America, and Patagonia (Roll-hansen et
al., 1979, Metzler, 1997, Stinson et al., 2003). Sightings of the fungi are common in
healthy living stems of Picea spp. (Roll-hansen et al., 1979, Metzler, 1997), indicating
the endophytic role of the fungus. This distribution is reflected in culture collections,
of the six publicly available isolates of A. sarcoides, five were isolated from European
forests and a singular isolate collected from Canada. This is further expanded upon
in Table 1.2. When a fungus enters the sexual phase of its life cycle, it produces a
fruiting body for the propagation of spores. The fruiting body of A. sarcoides
resembles a purplish jelly-like disc that protrudes from a tree bark. To date, there no

studies are able to to elicit fruiting body formation.

Table 1.2. Origin and host of Ascocoryne sarcoides isolates. Six different

isolates that were studied in this thesis. () = denotes culture not in public

collection.

Isolate ID Origin Host Date of isolate
170.56 UK Nothofagus sp. 1913
171.56 Germany Pinus contorta 1913
246.80 Norway Picea abies 1966
309.71 Switzerland Quercus wood 1967
44013 Norway Malus domestica 1966
64019 Canada Betula alleghaniensis Unknown
NRRL 50072 * Pantagonia Eucryphia cordifolia 2003

The initial taxonomical identity of NRRL 50072 was unclear. Early attempts to
resolve the identity by phylogenetics was confounded by the lack of genomic
databases for comparison (Strobel et al., 2010a). Morphological studies were used
instead, which identified NRRL 50072 as an isolate of Gliocadeum roseum (Strobel
et al., 2010b). Later phylogenetic analysis reassigned isolate NRRL 50072 to be a
species of Ascocoryne sarcoides after homology analysis of the internal transcribed
spacer (ITS) indicates a significant alignment to an ITS of A. sarcoides (Griffin et al.,
2010).

When A. sarcoides NRRL 50072 was cultured and sampled by solid-phase

microextraction (SPME) coupled with proton-transfer reaction mass spectroscopy
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(PTR-MS), a diverse set of hydrocarbons were detected that included linear and
cyclic alkanes. Moreover, the volatile profile was altered when A. sarcoides was
cultured in different rich growth media (Strobel et al., 2010b). After NRRL 50072 was
reassigned to A. sarcoides, it led to further questions concerning the metabolic
potential of the Ascocoryne genus. Three isolates of A. cylichnium, one isolate of A.
solitaria and seven isolates of A. sarcoides were sampled (Griffin et al., 2010).
Furthermore, comparable metabolites were detected in other Ascocoryne species
and isolates. Linear hydrocarbons were detected across the genus. However, cyclic
alkanes were only detected in the isolate of A. sarcoides 309.71 and NRRL 50072,
indicating cyclic alkane biosynthesis may be restricted to a species level to A.
sarcoides (Griffin et al., 2010). Across multiple studies, linear alkanes and alkenes
with the length of C5 to C9 and long chain alcohols were detected in each isolate of
Ascocoryne. Moreover, cyclic alkane was only observed in A. sarcoides isolates
309.71, 44013 and NRRL 50072. Across these studies, the VOCs profile is highly
varied in hydrocarbon composition (Stinson et al., 2003, Griffin et al., 2010, Strobel
et al., 2010b, Gianoulis et al., 2012, Mallette et al., 2012, Mallette et al., 2014). Since
then, a multitude of studies have independently observed A. sarcoides ability to
produce linear and cyclic alkanes. These include a study to establish an optimal
chemically defined medium to culture NRRL 50072. Physiological experiments
indicate the importance of substrate, growth stage, pH, temperature and medium
composition in affecting the quantity and composition of hydrocarbons produced by
A. sarcoides (Mallette et al., 2014). As an endophytic hydrocarbon-producing fungi,
the cellulolytic potential was explored to establish A. sarcoides as a possible
industrial hydrocarbon-producer. Secondary metabolite such as alkanes, alcohols,
ketones, esters and various other hydrocarbons including derivatised benzenes,
cycloalkanes when A. sarcoides NRRL 50072 was cultured in rich cellulose medium
(Griffin et al., 2010) and, as well as, chemically-defined medium supplemented with
cellulose substrate (Gianoulis et al., 2012, Mallette et al., 2014). While A. sarcoides is
metabolically active in these conditions, these findings did not account for the

presence of lignified-cellulose in cellulosic biomass.

The genome and the transcriptome of A. sarcoides NRRL 50072 was developed to
aid discovery of hydrocarbon biosynthetic genes (Gianoulis et al.,, 2012). The
transcriptome was based on three different growth conditions and two time points,
yielding six different producing conditions which included the production of C7-C9
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alkanes (Gianoulis et al., 2012). The two bioinformatic datasets enabled the
prediction of an in silico inventory of the gene product (Gianoulis et al., 2012). By
correlating the metabolome, transcriptome, and genome, it enabled the prediction of
a hypothetical linear hydrocarbon pathway (Gianoulis et al., 2012). However, this
proposed pathway deviates significantly from the Cn.1 paradigm associated with
known alkane biosynthetic genes. Furthermore, this proposed pathway predicts the
biosynthesis of terminal olefins and does not account for the linear or cyclic alkane
observed during SPME sampling. Additionally, genes annotated for the alkane
forming steps have homology to well characterised fatty acid 3-oxidation enzymes.

The hypothetical pathway remains experimentally untested.
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1.4 Aims and objectives

Previous studies have established A. sarcoides as a hydrocarbon producer.
Observations of the volatiiome allude to a unique metabolic profile for each A.
sarcoides isolate. However, the hydrocarbon biosynthetic pathway has yet to be
established. The aim of this project is to investigate alkane biosynthesis in A.
sarcoides and to elucidate the key genes involved in the pathway to expand the
toolkit for future advanced biofuel endeavours. This project will use six publicly
available isolates of A. sarcoides to investigate the alkane producing potential. The
fundamental microbiology of all six isolates will be established for metabolomic
further investigations. Moreover, the A. sarcoides metabolome will be studied in
detail for the sole purpose of identifying fuel compounds for biofuel applications.
This will differ from previous studies by adopting methods that are specific to detect
linear and cyclic alkanes. Each isolate will be sequence to develop detailed genomic
and in silico proteome datasets. This will be used for bioinformatics interrogation
and to explore the biochemical potential of A. sarcoides. The following data
chapters will cover key objectives of the investigation in this thesis and are listed as

follows:

Chapter 2: Materials and methods

Chapter 3: Understand the fundamental microbiology and husbandry of A. sarcoides
Chapter 4: Developing high quality bioinformatics dataset

Chapter 5: Exploring the biochemical potential of A. sarcoides

Chapter 6: Exploring the metabolome of A. sarcoides for biofuel application

Chapter 7: General discussion and conclusion
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CHAPTER 2 MATERIALS AND METHODS
21 Microbiology

2.1.1 Isolate stocks

Inoculants of Ascocoryne sarcoides isolates 170.56, 171.56, 246.80, 309.71, were
obtained from CBS-KNAW culture collection. Isolate 44013 and 64019 were
obtained from ATCC. Each isolate was reconstituted according to the suppliers’
instructions, with the CBS isolates cultured on oatmeal agar (OMA) and ATCC
isolates cultured on potato dextrose agar (PDA). Mycelium were subcultured after 21

days of incubation at 25 °C.

Viable stocks were stored in sterile distilled water at 4 °C This was used for culture
inoculation. Viable stocks were directly prepared from -80 °C long term stock and
long term stocks were stored with a paper based method (see below in Section
2.2.4).

2.1.2 Medium composition

Potato dextrose (PD) broth was prepared to a concentration of 24 g/L (obtained from
Formedium). Defined medium (DM) was prepared with 5 g/L Ammonium chloride,
2.75 g/L Magnesium sulphate, 0.86 g/L Sodium monophosphate, 0.28 g/L Calcium
nitrate and trace salt solution. The trace salt solution is composed of 80.0 mg/L
Potassium nitrate, 60.0 mg/L Potassium chloride, 5.0 mg/L Manganese chloride, 2.5
mg/L Zinc sulphate, 2.0 mg/L Iron chloride, 1.4 mg/L Boric acid and 0.7 mg/L
Potassium iodide). For solid media, the corresponding medium is further
supplemented with 15 g/L of agar. Each component was autoclaved at 121 °C for 15

minutes.

Defined medium were also supplemented with a carbon source (obtained from
Sigma-Aldritch), 20 g/L glucose (=99%, Sigma-Aldritch) was prepared by filter
sterilisation with a 0.22 pm filter, 15 g/L monosodium glutamate (=99%, Sigma-
Aldritch), 20 g/L acetic acid and 20 g/L cellobiose (=98%, Sigma-Aldritch) were
prepared by autoclaving. Carbon sources such as 15 g/L cyclodecane (>90%,
Sigma-Aldritch), 15 g/L tetradecanoic (=99%, Sigma-Aldritch) acid and 15 g/L
tetradecane (olefine free =99.0%, Sigma-Aldritch) were added directly into the

media prior to inoculation. Components of the media were assembled
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combinatorially with a liquid handling robot from stock concentration to achieve the

required final concentration.

2.1.3 Culture conditions

In experiments involving conical flasks (non-baffled), 20% of the flask’s total volume
(e.g. 20 ml of medium was used to fill 50 ml conical flasks). In experiments with 96
well microtitre plates, wells were filled with 200 pL of medium. For liquid cultures,
the colvume of inoculant were adjusted to 1% (v/v) of total culture volume. While for
solid cultures, fungal plugs were used for subculturing. Plugs were taken from distal
fungal filaments to ensure fresh fungal growth. Additionally, plugs made from the
corresponding agar for the required subcultures (e.g. PDA plugs were used for PDA
subculturing). Lastly, all cultures were grown in temperature controlled incubators at

23 °C, with no light, and at a speed of 120 rpm for liquid cultures.

2.1.4 Measuring growth

Measuring cultures in flasks

For liquid flask cultures, growth were measured by colony forming units (CFUs). 100
uL samples were taken and sequentially diluted with 900 uL of Ringer’s solution. All
diluents were then plated on PDA and were incubated at 23 °C. Colonies were

counted usually at 7 to 10 days or until colonies were observable.

Measuring cultures in microtitre plates
For liquid 96 well plate cultures, growth was measured with a Varioskan Lux
spectrophotometer. Plates were shaken at 120 rpm for 10 seconds prior to

measurements and ODsoo absorbance measurement was recorded.

Measuring cultures on agar

For solid agar cultures, growth were measured by diameter at daily intervals.

2.1.5 Long term storage
Fungal material was harvested from each isolate cultured on PDA plates. To ensure
minimum bias for a phenotype, fungi materials were selected from 4 different plates

per isolates and 4 different samples from per plate for each storage protocol.

Storage by filter paper
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Cellulose filter paper was cut into approximately 1 cm? squares. The filter paper was
placed in a sealed bag to prevent dampness and was autoclaved for 121 °C for 15
minutes. Filter papers were then placed on PDA and followed by the addition of
fungal plugs on the filter paper (Fong et al., 2000). The cultures were then incubated
for 15 days at 23 °C to allow colonisation on the filter paper medium. Once the fungi
proliferated, the paper bearing fungi material was separated from the underlying
media and was then desiccated in a vacuum desiccator with silica gels for 14 days.
The desiccated fungi material was kept in a sterilised plastic tube and stored in -80
°C.

Storage by glycerol and skimmed milk

The glycerol-milk solution was prepared with 17% skim milk and 20% glycerol was
mixed 1:1 after autoclaving to achieve a final concentration of skim milk 8.5%,
glycerol 10%. 2ml of the glycerol-milk mixed was aliquoted into sterile cryogenic
tubes with internal tube threads and followed by the introduction of fungal material.

The glycerol-milk with fungal material is then kept in long term storage at -20 °C.

Storage by sterile distilled water
The fungal mycelium was suspended in 20ml sterile distilled water in a sterile tube

and was stored at 4 °C and away from light source.

Storage by agar slants

Slants were made from 20ml of PDA and left to cool at a 45° angle in a falcon tube.
Fungi material was subcultured on the surface of the agar and deposited at half the
depth of the agar. It is then left to incubate for 14 day at 23 °C. Slants were stored at

4 °C and away from light source.

2.2 Genome preparation

2.2.1 Samples preparation and sequence

All isolates were cultured on PDA and as stated in 2.2.2. Genomic extraction for
isolates 170.56, 171.56, and 246.80 were performed according to Qiagen Genomic
Extraction kit. lllumina sequencing was performed for each isolate using paired 100
nt lllumina HiSeq 2500.
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Isolates 309.71, 44013 and 64019 were prepared according to the instructions of
MicrobesNG. DNA genome extraction and sequencing were performed by
MicrobesNG. lllumina sequencing was performed for each isolate using paired 250
nt lllumina HiSeq 2500.

2.2.2 Post-sequencing QC

Raw lllumina libraries were quality checked using FastQC (v0.11.8) (Andrews, 2010)
and trimming was performed using Trimmomatic (v0.32) (Bolger et al., 2014) with a
minimum Phred score of 28. Both software perfomed on a linux workstation.

MAXINFO algorithm was used on all libraries.

2.2.3 Genome assembly

Trimmed lllumina libraries were assembled with SPAdes (v3.12) (Bankevich et al.,
2012) on a linux workstation. These produce draft genomes for each assembly.
Assembly were checked for quality with QUAST (v4.6.0) (Gurevich et al., 2013) on a
linux workstation and completeness metric were analysed with BUSCO (v3) on a
linux workstation with OrthoDB ascomycota (v9) (Simao et al., 2015) Augustus
(v2.5.5), HMMer (v3.1b2), BLAST+ suite (v2.7.1) (Eddy, 1998, Stanke et al., 2004,
Camacho et al., 2009). BUSCO was perfomed on genome mode and with Augustus

HMM species training set to Aspergillus nidulans.

2.2.4 ORFs gene prediction

Ab initio gene prediction was achieved with MAKER2 (v2.31.9) on a linux
workstation (Holt et al., 2011). Dependencies included Augustus (v2.5.5), HMMer
(v3.1b2), BLAST+ suite (v2.7.1), RepeatMasker (v4.0.7), Exonerate (v2.2.0), and snap
(v0.15.4) (Stanke et al., 2004, Johnson et al., 2008, Camacho et al., 2009, Tarailo-
Graovac et al., 2009, Finn et al., 2011). mRNA seq data and protein evidence from
NRRL 50072 were included in the MAKER2 to improve annotation. These were
obtained from JGJ genome’s database (Gianoulis et al., 2012) (NRRL50072 v1.0,
https://genome.jgi.doe.gov/Ascsal/Ascsal.home.html). Species specific HMM

training were achieved by using BUSCO’s Augustus derived HMM model and SNAP
HMM was derived from two separate round of MAKER. In total, two rounds of maker
were used to produce the final annotation set for each isolate’s draft genome. The

number of predicted genes were derived from linux OS grep command.
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2.2.4 ORFs gene annotation

ORFs were annotated with standalone BLAST+ suite (v2.7.1) (Camacho et al., 2009)
and perfoemed on Newcastle University’s Rocket linux HPC. A custom python script
was use to split annotation set (>10,000) to 180 entry FASTA accession. Another
custom bash script produce appropriate SLURM script based on the
aforementioned fragment and submit the BLAST query job. This was to ensure
parallelisation of BLAST jobs to take advantage of nodular architecture of a HPC.
The e-value for each job was set to 1. Results were concatenated to their respective
annotation set upon completion of BLAST jobs. Another python script was used to
extract accession code with an e-value of 1e-1 from output format 7 of BLAST
results. Number of queries and significant hits were derived from linux OS grep

command.

Each annotation set was queried against database including: NCBI NR (accessed:
10/12/2018), NCBI fungi refseq (accessed: 10/12/2018), UniProt’s SwissProt
(accessed: 10/12/2018), UniProt’s Aspergillus nidulans FGSC A4 (taxonomy:
227321, accessed: 16/11/2018) and UniProt’s Sacchromyces cerevisiae S288C
(taxonomy: 227321, accessed: 16/11/2018). These database were formatted by
makeblastdb tool from BLAST+ suite (v2.7.1).

2.2.5 PANTHER ontology
Once an isolate’s UniProt’s accessions were identified, the identified accession was
enriched by PANTHER (v14, http://pantherdb.org) classification (Mi et al., 2013).

Functional classification analysis was ran against a PANTHER’s reference Emericella

nidulans and on default settings.

2.2.6 KEGG ontology

Each isolate MAKER2’s predicted amino acid set was submitted to KEGG
Automated Annotation Server (v2.1) (Moriya et al., 2007) and was set to bi-
directional best hit method. BLAST was chosen as the search program and was set
to an e-value of 1e-60. The annotation job was queried against KEGG’s database
containing fungal species from every major phyla: S cerevisiae, N crassa, S
sclerotiorum, A nidulans, P nodorum, T melanosporum, C neoformans var.
neoformans JEC21, E cuniculi, and S pombe. Moreover, two alkane producing

species were also included: A thaliana, and D melanogaster.
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2.2.7 Phylogeny

Phylogeny was based on single copy orthologs protein sequence recovered with
BUSCO genome analysis. This ensured that only conserved genes were used. In
addition to all isolate genomes of A. sarcoides (including NRRL 50072), we included
S. cerevisiae S288C (GCA_000146045.2), A. nidulans FGSC A4 (GCA_000011425.1)
and B. cineria B05.10 (GCA_000143535.4) into the analysis and were obtained from
European Nucleotide Archive. With a python script, 1049 complete single copy
ortholog proteins were identify to be common to all genomic dataset and amino
acids sequence were concatenated respective to their origin. This produce a FASTA
file containing a concatenated sequence of approximately 700,000 predicted protein
recovered by BUSCO per genome. The resulting file was analysed with MAFFT
webserver Katoh, (Kuraku et al., 2013; Rozewicki, Yamada 2017). With strategy set
to auto, gap alignment set to on, and with default parameters. Phylogenetic tree
generation was made with memory-saving tree, with a JTT substitution model and

was drawn on Phylo.io (v1.0.0).

2.3 Comparative analysis

2.3.1 Identifying orthologous cluster

A centralised database containing predicted genes and associated annotation
evidences generated in Section 2.2 were compiled. Each predicted gene was given

a unique accession number for auditing purposes.

Reciprocal network analysis was used to identify orthologous genes. To reduce
computational work load, amino acid sequences were used. The proteome of each
isolate, NRRL 50072, A. nidulans FGSCa4, and S. cerevisiae S288c were included
for this comparative analysis. These databases were formatted by makeblastdb tool
from BLAST+ suite (v2.7.1). To identify orthologs in an another isolate and/or
organism, a reciprocal hit was used. In a reciprocal hit, the query must align
significantly to the subject and the subject must also significantly aligns with the
query. If two sequences aligned from another proteome, it is considered to be an
ortholog. If two sequences aligned from within the proteome, it is considered to be a
duplicated gene. This was achieved by cross comparing against other proteome by
BLASTP tool from BLAST+ suite (v2.7.1). For the BLASTP analysis, BLASTP was set
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to produce a single match, single highest scoring pairs, and no cut-off score was

set.

In post-processing a cut-off of 1 e-3 was set for the e-value and 90% was set for
the percentage identification. To identify non-redundant orthologs, a custom python
programme was built. This programme functions by networking filtered matches. For
example, if A, B, and C forms an orthologous cluster if D is reciprocal to A, it is also
considered to be reciprocal to B and C. Conversely, if E is significantly align to A but
A is not significantly E, then it is not considered to be reciprocal and, by extension,
not orthologous to A, B or C. This enabled the identification of cluster of orthologs
across all isolate and other species. If an orthologous cluster contain a match with
S. cerevisiae and A. nidulans, the orthologous cluster is considered not unique to A.
sarcoides. Inversely, the cluster that contain only A. sarcoides are considered to be
unique. Comparative analysis was also achieved by OrthoVenn2. Orthovenn2 also
annotated genes against UniProt database. The non-redundant orthologous cluster

can be examined for biological relevances.

2.4 Hydrocarbon screenings

2.4.1 Hydrocarbon screening by solvent extraction

A. sarcoides were cultured in 250 mL flask and with 50 ml of defined medium and
incubated in the dark for 21 days at 23 °C and 120 rpm. Deuterated chloroform was
added at a 1:1 ratio to cultures and was left incubated on a stirrer for 30 minutes.
This mixture is then decanted into a separatory funnel, which is equipped with a
PTFE-lined component. The organic layer is then tapped, evaporated and
resuspended with 1 ml of deuterated chloroform. A total of six biological replicates

were extracted and analysed.

2.4.2 GC-MS analysis for solvent extraction

Culture headspace samples were analysed using a GC-MS (Agilent 7890GC /
5975MSD). Compounds were injected onto the GC column at 240 °C splitless
injection for 30 s with a 0.75 mm ID injection port liner, and were separated on a DB-
WAX column (30 m x 0.25 mm ID x 0.50 pym film thickness; Phenomenex). The GC
temperature programme was held at 30 °C for 2 min after injection, and increased to
220 °C at 7 °C min-1 with a constant flow rate of 1 ml min-! Ultra High Purity

Helium. 5t (El) spectra were obtained from El ionization at 70 eV (source temperature
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150 °C) and data were collected over the mass range 50-650 Da. Results were

analysed with Agilent’s proprietary MassHunter.

2.4.3 Experimental set-up by SBSE

Amber glass vials of 20 mL capacity was chosen to avoid plastic leaching, reduce
photoreactivity, and give ample headspace for aeration. To pair with the vials, PTFE-
lined melamine screw caps were used. The screw caps and PTFE lining ensure
cultures were properly sealed and prevent the release of metabolites and

introduction of contaminants.

2.4.4 Cleaning glass vials

Glass vials and caps were washed and submerged overnight with 5% (v/v) of
Chemgene HLD4 (clear and un-fragranced). Vials were washed and submerged
overnight with a caustic solution of 6% (w/v) of KOH and 80% (v/v) of EtOH (99.8%,
LC-MS grade Fischer Scientific) to remove any organic residues. Distilled water was
used to rinse excess caustic solution. Glass vials were sealed with aluminium foil

and baked dry at 130 °C in an oven.

2.4.5 Culturing for microextraction of secondary metabolites

Vials were sealed with aluminium foils and sterilised by autoclaving at 121 °C for 15
minutes. Caps were sterilised with 70% (v/v) EtOH (99.8%, Fischer Scientific),
excess EtOH was rinsed with sterile distilled water and excess liquid was dried with
sterile cotton in a Category 2 biosafety hood. Vials were unsealed in a Category 2
biosafety hood and were filled with liquid defined medium supplemented with 20 g/L
of glucose and 0.01% (v/v) of Tween 80. Inoculation was achieved by transferring
1% (v/v) of mycelium water stock. Additionally, Twister stir bars were added to
culture. Twister stir bars were magnetic bar coated with polydimethylsiloxane
(PDMS), an inert polymer that enables hydrophobic metabolite adsorption. Every
seven days, Twister bars were replaced with a clean bar. Removal was achieved with
a pair of magnetised metal forceps. Forceps were washed with methanol, sterilised
with 70% ethanol and air dried to minimise chemical and microbial cross
contamination. Cultures were incubated in the dark for 21 days at 23 °C and 120

rpm.

Page 48



2.4.6 Biological non-producing organisms

Aspergillus nidulans FGSC A4 and Saccharomyces cerevisiae S288C were chosen
as a non-producing hydrocarbon fungus. Both organisms were cultured with defined
medium as mentioned in Section 2.1.2 and supplemented with 20 g/L of glucose.

The cultures were incubated at 23 °C and 120 rpm.

2.4.7 GC-MS analysis for SBSE

Twister stir bars were analysed with a GC-MS (Agilent 7890B GC and 5977B MSD)
equipped with a Gerstel thermal desorption unit (TDU2). It is equipped with a
HP-5MS Ultra inert column (30 m x 0.25 mm x 0.25 pym). SBSE were injected with
pulsed splitless and GC set to 250 °C with a flow of 1 mL/min and 50 °C held for 2
min, 8 °C/min to 320 °C, held for 9.25 min with a total runtime of 45min. Spectra
were obtained by electron ionisation mode at 300°C, Mass range 50-650 m/z.

Results were analysed with Agilent’s MassHunter and OpenChrome.
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CHAPTER 3 HUSBANDRY AND MICROBIOLOGY OF A. SARCOIDES

3.1 Introduction

3.1.1 Ascocoryne sarcoides

Ascocoryne sarcoides is a fungus that occupies both endophytic and saprophytic
ecological niches. Field observation reports of A. sarcoides indicate the fungus
inhabits temperate deciduous forest in Europe and North America. Furthermore, field
studies observed Ascocoryne spp. on 48% of 60 year old spruce (Picea abies)
stems (Roll-hansen et al., 1979). Fungal endophytes are fungi that coexist in plants
and proliferate within plant tissues. Many studies have described the chemical
diversity of secondary metabolite of endophytes thus these group of fungi
represents a rich source of undiscovered chemistry (Keller et al., 2005, Hoffmeister
et al.,, 2007). Fungal saprophytes are fungi capable of scavenging nutrients from
their immediate environment and play a key role in cycling nutrients by
decomposing litter. These nutrients are released into the soil and are key to
maintaining an ecosystem. It is thought that litter decomposition is facilitated by an
array of hydrolytic enzymes that convert complex organic compounds to simpler

inorganic compounds.

To leverage the biotechnological potential of A. sarcoides, an understanding of the
underpinning microbiology of the fungus is essential. For non-model organisms,
microbiological isolation and exploitation can be difficult. This means that some
organisms behave in an inconsistent manner in laboratory environment. Further
developments in the understanding of identification, isolation, cultivation, screening
and recovery of A. sarcoides are required. One of the major challenges working with
alkane metabolising organism is the presence of hydrocarbon based contaminants.
These can also be present in culture medium. It is imperative to have a medium that
minimises hydrocarbon and is traceable in its chemical composition. Previous
studies also report unstable phenotypes in A. sarcoides AV-70 when subjected to
serial passage, leading to a loss of pigmentation and the inability to form aerial
hyphae (Strobel et al., 2010a). Thus it is important to accurately identify phenotypic
changes and how to reduce phenotypic drift. Finally, secondary metabolite
production is thought to be engaged when microbial cultures are subjected to
specific conditions. It is important to establish a medium that can support growth of

A. sarcoides and allow assay growth. Method development enables downstream
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studies such as enzymology, radioisotope labelling, and metabolite discovery. These

studies aid in the elucidation of alkane biosynthesis.

3.1.2 Experimental aims

The aims of this chapter are to develop a comprehensive understanding
microbiological husbandry of A. sarcoides and build the required foundation
ofknowledge for the microbial manipulation. This knowledge will be leverage at later
stages of the project, such as sampling for secondary metabolite production and
exploration of the the biochemistry of the fungus. Here we outline the microbiology

methods for the manipulation of A. sarcoides. The objectives are:

+ Phenotypic understanding of A. sarcoides.
+ Developing culturing techniques for A. sarcoides.
+ Growth kinetics of A. sarcoides.

Growth on different carbon sources.
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3.2 Results

3.2.1 Description and Culturing of A. sarcoides

The six A. sarcoides isolates used in this study were obtained from public
repositories. Isolates 170.56, 171.56, 246.80 and 30971 were from ATCC and were
revived on potato dextrose agar (PDA). Additionally, 44013 and 64019 were from
CBS and were revived on oat meal agar (OMA). Isolates were successfully revived
after 14 days. PDA and OMA are media commonly used in the maintenance of
filamentous fungi. At day 15, all isolates were subcultured and maintained on PDA.
Furthermore, long term stocks of these were made and will be described in Section
2.1.5.

Isolates were cultured in potato dextrose broth (PDB) and growth was assayed by
colony forming units (CFU) at a daily timepoint (Figure 3.1). CFU is a direct
measurement of growth and a measurement of viability within liquid cultures. This is
performed by plating a sample volume from liquid cultures onto solid medium. It
assumes that each colony is formed by a single viable cell. By distinguishing the
amount of cells from a given volume, we can estimate the total number of viable
cells from a culture. An additional benefit to this technique is the observation of a
culture’s morphology thus the fithess and viability of a culture. All isolates have
similar growth kinetics, with a mean time of 1 to 2 days of lag phase and a mean of
7 to 10 days to reach stationary phase in liquid cultures. Moreover, upon reaching
day 10, we observed the liquid medium takes on a darker colouration and a strong

odorous scent.
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Figure 3.1. CFU growth kinetics of six A. sarcoides isolates. All six isolates of A.
sarcoides were cultured in 50 ml potato dextrose broth in a 250 ml conical flask.
Cultures were incubated at 23 °C and 120 rpm for 11 days. Samples of 100 pL
were taken from cultures and plated on potato dextrose agar. Colony numbers
were measured after 5 days and expressed as colony forming units CFU. Error

bars are indicate the standard error of deviation. (n = 3).
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When isolates were cultured on PDA (Figure 3.2), typically white filamentous
colonies were observable and counted after 3 to 5 days. After 10 days, a dark
brown/purple pigmentation was observed on fungal colonies. When cultured in solid
media such as defined media agar (DMA), PDA and OMA, purple pigmentation was
also observed after 7 to 10 days of culturing (Figure 3.2). The pigmentation is
thought to be the antibiotic ascocorynin (Quack et al., 1980). In some cases,
development of dark spots were observed, however observations were not
consistent. Both observation persisted throughout the incubation of the old cultures.
In both cases, development of pigmentation was also followed by a strong pungent
odour. After 21 days of culturing on solid medium, aerial hyphae were observed in all
A. sarcoides isolates grown in rich solid media and solid defined media glucose

medium. Additionally, we did not observe formation of fruiting bodies in any cultures.
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Figure 3.2. Six isolates of A. sarcoides cultured on Potato Dextrose Agar.
Isolates were cultured on PDA medium. Cultures were incubated at 23 °C for 14
days. The designation represents the following isolates: A) 170.56, B) 171.56, C)
246.80, D)309.71, E) 44013, and F) 64019.
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Most growth media, such as PDA or OMA, contain components derived from animal
or plant matter. The inclusion of animal or plant matter in the medium facilitates
growth by providing vital nutrition in the form of amino acids, lipids, vitamins, and
minerals. Yet, with these media, it can be difficult to quantify chemical composition
and they offers no traceability. In contrast, a defined medium is a growth medium in
which all chemical components are quantifiable and traceable. Usually these
chemical components are inorganic and/or highly purified. The use of defined media
is necessary for metabolite discovery because it controls for contaminants and
minimises variation in composition. This is crucial as alkanes are common
environmental contaminants. The composition of defined medium was chosen to
include essential inorganic nutrients, exclude chemical components from
petrochemical sources and previous work demonstrating the medium’s capacity to
culture A. sarcoides NRRL 50072 (Mallette et al., 2014). We were able to culture all
isolates in liquid defined medium supplemented with 15 g/L of glucose (Figure 3.3).
When in liquid defined medium, kinetics were comparable to PDB cultures. It had a
longer lag phase but was able to achieve a similar growth density during stationary
phase. Once in the stationary phase, the clear and colourless cultures began to
exhibit a slight purple pigmentation. Again, the colour change persist during

culturing.
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Figure 3.3. ODsoo growth kinetics of A. sarcoides 64019. A. sarcoides 64019
were cultured with 200 yL potato dextrose broth and defined medium containing
15 g/L of glucose on a 96 well micro-titre. Cultures were incubated at 23 °C and
120 rpm for 11 days. Growth was measured daily and turbidity was measure with

ODsoo. Error bar indicate standard error of deviation. (n = 30).
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3.2.2 Screening for carbon source utilisation

Isotopic labelling with 13C and 2H isotopes is an integral technique for tracking
assimilation and dissimilation pathways. Labelling achieves two objectives: Firstly,
revealing nutrients that is able to assimilate labeled isotope and catabolised it to a
metabolite. Thus by detecting a labelled metabolite, it is possible to show a
metabolite is of a biological origin. Secondly, it allows for the detection of relevant
intermediates and the potential enzymes involved in the pathways. The use of

isotopic labelling, however, can be costly thus it can be limits usage.

In both solid and liquid culture defined media containing glucose have the highest
growth rate and highest cell density relative to cultures grown on defined media with
other carbon sources Figure 3.4A and 3.4B. There are significant differences in
growth rates of liquid and solid culturing in relation to different carbon sources. For
example, liquid cultures grown with glutamate ranked third in cell density when
compared to other composition and it was able to achieve a similar cell density to
defined media with glucose at the end of the experiment (Figure 3.4A). Conversely,
in solid cultures, we observe signs of growth but glutamate ranked fifth among other
solid cultures. We observed severely stunted growth and, in comparison, it achieved
10% growth diameter to solid cultures containing glucose. The opposite is true with
solid cultures grown on cellulose, whereby liquid cultures grown in cellulose than
those grown on solid medium. Solid cultures grown with tetradecanoic acids exhibit
reduced or no growth relative to cultures grown with glucose. This may be a result of
low dispersal of free fatty acids or oxidation of the fatty acids over the duration of
incubation, thereby reducing the availability of fatty acids to the fungal culture.
Interestingly, we were able to observe A. sarcoides utilising linear alkanes but not
cyclic alkanes. Moreover, cultures grown on tetradecane exhibit spindly hyphae

formation that are less dense to fungal hyphae cultured with glucose.
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Figure 3.4 Growth of A sarcoides 64019 on different carbon sources 3A.
Growth of A. sarcoides 64019 on potato dextrose broth and defined medium
containing 15 g/L of different sole carbon source. Samples of 100 pL were taken
from cultures and plated on potato dextrose agar. Colonies number were
measured after 5 days and expressed as colony forming units CFU. Error bar
indicate standard error of mean. (n = 3). Figure 3B. Growth of A. sarcoides 64019
potato dextrose agar and defined medium supplemented with different sole carbon
sources. Growth was measured at the end of the experiment at day 30 and to
measure diameter of the culture. PDA cultures achieved maximum plate coverage
at the end of incubation. n = 3. Error bar indicate standard error of deviation. (n =
30).
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3.2.3 Culturing with microtitre plates

Measuring growth by colony forming unit is precise. However, it is time and resource
intensive. Additionally, it does not scale well when attempting to investigate different
treatments. In contrast, measuring growth kinetics by optical density (OD) is a quick
and simple procedure. Combined with the space-saving format of 96 well plates, we
were able to overcome limitations relating to time, space and low replicate numbers
when measuring the growth of A. sarcoides. For reliable growth measurement of a
microbial culture, it needs to satisfy two criteria. First, the culture medium must be
clear and not interfere with turbidity measurements. This is satisfied by using
defined media. Second, the microbial cultures must be uniformly suspended in the
medium. Initial attempts to measure turbidity with ODeoonm Were confounded by
agglomeration. The lack of homogeneity was thought to be associated with the
clumping of filamentous fungal. Fungal agglomeration is a common occurrence for
filamentous fungal in liquid cultures (Gibbs et al., 2000). This leads to

unrepresentative sampling and bias in turbidity measurements.

Agglomeration must be overcome so that we can effectively measure growth by
turbidity. It is thought that the supplementation of polysorbates, a non-ionic
surfactant and an emulsifier, to a culture medium can reduce the adhesion of
mycelium to itself and to the surface of the growth vessel (Meletiadis et al., 2001).
Therefore, the addition of polysorbates can increase the homogeneity of fungal
cultures for more precise turbidity measurements. Furthermore, polysorbates are
able to solubilise hydrocarbon compounds and facilitate increase in alkane
permeability across the cell membrane (Chan et al., 1991). We tested the effects of
polysorbates on A. sarcoides incubation by supplementing cultures with 0.1% (v/v
%) or 0.01% (v/v %) of either Tween 80 or Tween 20. Treatments with polysorbate
were observed to have higher final OD and a reduction of standard error and
standard deviation than cultures without Tween (Figure 3.5). Factors such as
concentration of Tween and type of Tween have no measurable impact on OD
(Figure 3.5). In addition, defined media supplemented with Tween 80 did not
demonstrate any growth. This leads to the conclusion that A. sarcoides was unable
to incorporate Tween 80 as a carbon source. The main effect of Tween is, therefore,
to improve the homogeneity of A. sarcoides cultures and provide a more

representative ODgsoo reading.
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By having a more precise measurement of ODesoo, we were able to downscale culture
volume. We were able to fit A. sarcoides cultures on to a 96 well microtitre plate with
a culture volume of 200 pL. Growth kinetics such as mean lag time and growth rate
in 96 well plates (Figure 3.3) were comparable to growth curves in 50 mL liquid
cultures grown in conical flasks and measured with CFUs (Figure 3.1). Thus we
conclude that cultures at 200 pL measured at ODegonm were representative of
cultures grown at mL scale measured with CFUs. It is worth noting that local plate
effects (well columns and well rows) did not contribute to growth associated biases.
Although, wells on the edge of plates were observed to have increases in variation
and a lower OD, this was thought to be associated with evaporation occurring at a
higher rater on the edges of a microtitre plate. Thus, in all experiments, these wells
were not used for data gathering purposes and contained water with volume equal

to cultures.
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Figure 3.5. ODeoo growth kinetics of A. sarcoides 64019. A) Growth kinetics of A.
sarcoides. B) End of experiment sampling. A. sarcoides 64019 were cultured with
200 pL defined medium containing 15 g/L of glucose and supplemented with
different type and amount of Tween on a 96 well micro-titre. Cultures were
incubated at 23 °C and 120 rpm for 11 days. Controls with no tween, no fungi and
no glucose was also included. Growth was measured daily and to record turbidity

by ODeoo. Error bar indicate standard error of deviation. (n = 30).
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3.2.4 Degradation of alkanes

Having established a high-throughput, small scale protocol for the culturing of A.
sarcoides, we investigated the possibility of A. sarcoides as an alkane degrader.
Organisms that occupy a saprophytic niche are required to be indiscriminate when
assimilating nutrients. Plant wax composition often contains significant amounts of
long chain alkanes, alcohols, aldehydes and ketones (Bernard et al., 2012b) and
degradation of alkanes is a common trait among microorganisms (Van Beilen et al.,
2007).

Results indicate that A. sarcoides is able to grow in defined media when
supplemented with tetradecane as a sole carbon source but not with supplemented
cyclodecane (Figure 3.6). It is important to note that our experimental setup does
not directly measure the levels of alkanes and alkane degradation was only inferred
from the growth of A. sarcoides. The rationale for this assay is that if an organism
can proliferate on a sole carbon source, then it must be able to degrade and
assimilate that carbon source for growth. Interestingly, cultures supplemented with
tetradecane were comparable to cultures grown with glucose as a sole carbon
source. Furthermore, we did not observe a dose response when the concentration
of tetradecane was doubled. In cultures with higher levels of tetradecane (30 g/L),
we observed an increase in the lag phase and reduced growth density relative to
cultures subjected to lower tetradecane (15 g/L). Cultures containing higher levels of
tetradecane may have been hampered by poor aeration due to the formation of
hydrophobic layer on the surface of the medium. Interestingly, cultures incubated
with cyclodecane as a sole carbon source were unable to grow. At the end of the
experiment, cultures from this treatment and cultures with no carbon source were
platted on PDA to check for viability. No viable colony was observed from
cyclodecane treatment and, in contrast, cultures with no carbon source remain
viable. This indicate that A. sarcoides may be toxic to cyclic alkanes at levels around
15 g/L. Thus, it can be assume that A. sarcoides can degrade linear alkanes but not

cyclic alkanes for energy production.
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Figure 3.6. Alkane degradation with A. sarcoides 64019 in 96 well plates.
Cultures were grown in defined medium supplemented with with 15 g/L and 30 g/L
of Tetradecane, 15 g/L Cyclodecane, 20 g/L Glucose. Controls with no carbon
source were also included. Cultures were incubated at 23 °C and 120 rpm for 11
days. Growth was measured daily and to record turbidity by ODeoo. The
designation represents the following isolate: A) 170.56, B) 171.56, C) 246.80,
D)309.71, E) 44013, and F) 64019. Error bar indicate standard error of mean (n =

24).
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3.2.5 Storage and work cultures

Key to the project success is to develop a reliable protocol for storing and
maintaining A. sarcoides. The aim is to have a protocol with minimal changes in
phenotype and acceptable recovery. Long term preservation of cultures aims to
minimise activity while preserving viability. Activity within a cell can be suppressed
when water is removed. Cellular activity is hampered on a molecular level in a
multifaceted manner. An example of this are conformational changes in proteins,
which affect protein function, and reduce solvation of biomolecules, thus yielding a
reduction in bioavailability. A decrease in temperature also plays a key role in
suppressing cellular activity. Again, the reduction of activity is on a molecular level;
for example, reduced interactions between biomolecules and an increase in the
activation energy required for enzymatic reactions. Reductions in water and
temperature are favoured as the reduction in activity can be restored by rehydration
and a return to favourable incubation temperature. These two factors are synergistic
with regards to long term storage of microorganisms. Effectively, microbial cultures
remain in long periods of inactivity and can be restored without removing viability.
Considered as the gold standard, the sealing of lyophilised cultures have been the
method of choice in many commercial culture collections. Lyophilised fungal
cultures are able to maintain viability for an extended period (over 10 years), cannot
be contaminated during storage, and require little space (Haynes et al., , 1955).
Other storage methods also leverage dehydration and temperature. We stored and

evaluated the effectiveness of each method.

Fungal cultures stored on solid medium and agar slants were sealed with parafilm.
These fungal cultures were kept at 4 °C and examined periodically. With cultures in
solid medium, we observed typical pigmentation at day 7 and aerial hyphae after
day 14. Beyond day 60, we observe the loss of aerial hyphae. Cultures in agar slants
were able to colonises the surface of the slants. No change in phenotype was
observed. Subculturing slants indicate little variations in the rate of growth. However
phenotypes were not consistent (e.g. lack of aerial hyphae and loss of colouration).

However, after 12 months, slant cultures were no longer viable when plated on PDA.

The simplest method for mid term storage is suspending fungal material in sterile
distilled water. Typically, this was used to store and suspend paper-harbouring
mycelia at 4 °C and stocks were remade when depleted approximately every 6 to 12
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months. Throughout three years, cultures from long-term stocks were revived to
replenished microbial stocks. It is thought the lack of nutrition and the low
temperature decreases cellular activity. When revived, fungal cultures were viable.
Additionally, there were no observable phenotypic differences and rate of recovery

for A. sarcoides.

Milk/glycerol mix was also used as a storage method. It is thought that both milk
and glycerol act as cyroprotectant and decrease the damage caused by ice
crystallisation. With this method we were able to revive all of our isolates
successfully on a yearly basis. However, we noted, high variation in reviving time
with 3 to 7 days. Moreover, we did not observe any phenotypic changes when

revived.

Of all the methods tested, filter paper based method were the most similar to the
lyophilisation method as it incorporates dehydration and low temperature. Sterilised
filter paper were placed on PDA plates containing single colony of A. sarcoides
isolate. This allows for the colonisation of the paper by the isolate, a process that
took 21 days. When observed, mycelia on the filter paper developed pigmentation.
The paper containing mycelia is then dehydrated in a bell jar containing dehydrated
silica gels for over 14 days and were kept in plastic tubes at -80 °C. To revive an
isolate, a single paper medium was placed face down on a PDA plate. Again,
cultures were revived when necessary to replenish stocks. During the reviving
phase, recovery required longer incubation time than the other methods thus affects
the overall growth rate of the culture. All culture from this method showed

consistency in phenotype and recovery rate.
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Table 3.1. Different long term storage method and their efficacies. Cultures of
A. sarcoides were stored with different methods over the course of 3 years and
were checked for viability. All storage methods were checked yearly or the need to
replenish existing stocks. Viability was performed by reviving mycelium stocks on a

potato dextrose agar. Time taken to revive and phenotypic morphology were

noted.
Storage Method Viability ~ Time required for revive ~ Change in phenotype

Loss of aerial hyphae

PDA plates 3 months 1 day during storage
Production of pigments

PDA slants 12 months 1 day during storage

Water suspension 12 months 1 day None noted

Milk and glycerol Still viable 3 - 7 days None noted

Lyophilising Filter paper  Still viable 3 days None noted
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3.3 Discussions

3.3.1 Husbandry of A. sarcoides

We were able to culture six different isolates of A. sarcoides within a rich medium
and a chemically defined medium. Moreover, we were able to culture at different
scales and to produce representative growth kinetics with two different type of
measurement. When comparing growth kinetics of the two media, we note
comparable growth kinetics and observed no differences in the phenotype and the

morphological features of each isolate.

Viable growth in our defined medium indicates that A. sarcoides isolates are
prototrophic and not auxotrophic. Thus, the isolates contain the required pathways
to assimilate and synthesise key nutrients such as vitamins and amino acids from
inorganic compounds encountered within the defined medium. Growth kinetics
(Figure 3.3) suggest that the extended lag phase is necessary to activate necessary
catabolic pathways. The assimilation of inorganic nitrogen, sulphur, and phosphorus
requires specific pathways for uptake and catabolic pathways. For fungi to utilise
inorganic nitrogen sources, the expression of specific permeases and reductases
are required (Keller et al., 1997). Excessive ammonium is known to be toxic to fungi
unless it is incorporated into non-toxic organic compounds (Temple et al., 1998).
Radioisotope labelling in mycorrhizal fungi indicate that inorganic nitrogen is
assimilated by pathways relating to the biosynthesis of asparagine, arginine,
glutamine, and glutamate (Jin et al., 2005). Sulphur uptake in fungi is achieved by
sulphate permease and S/H+ co-transport. The uptake of sulphur is energy
dependent (Marzluf, 1970). This intracellular sulphate is converted to ammonium
persulphate by ATP sulphurylase. Further reduction of ammonium persulphate
eventually leads to the generation of the amino acids cysteine and methionine. The
cysteine is then incorporated into the fungi. Phosphate uptake is also energy
dependent. It has been demonstrated that a P/H+ co-transport is required (Bieleski
et al., 1983). This is thought to overcome negative membrane polarisation due to
imbalances in the electrochemical gradient in phosphate uptake (Bieleski et al.,
1983). The phosphate ion directly interacts with intracellular processes in the form of

nucleotide polyphosphate.

Furthermore, we were able to conduct high-throughput phenotyping of A. sarcoides.

Firstly, by incorporating an automated liquid handling robot to execute different
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compositions of our defined medium. Secondly, with 96 well plates and turbidity
measurements, we have a standardised method that is scalable for phenotyping and
measuring growth. Finally, by reducing culture volumes we able to measure a higher

number of samples concurrently.

The development of pink to dark burgundy pigment is consistent with descriptions
from field observations and morphological studies of A. sarcoides fruiting bodies
(Jordan, 2004). This coloured pigment is thought to be a bioactive secretion known
as Ascocorynin, a terpenoid antibiotic compound active against gram-positive
bacteria (Quack et al., 1980). Although it also reported that A. sarcoides in its natural
habitat is capable of producing a smooth gelatinous purple fruiting body, this was
never observed in any cultures.The strong odour release by the fungal culture lends
support to the production of many volatile organic compounds reported previously
in other studies (Stinson et al., 2003, Griffin et al., 2010, Strobel et al., 2010b).

Finally, we were successful in storing A. sarcoides on a long term basis with minimal
phenotypic drift. The preferred method for medium term storage was suspending
mycelium material in sterile distilled water as it is simple to execute and mycelia
stored this way remain viable for a long time. The preferred method for long term
storage was lyophilising mycelia on a filter paper. This method proved to be the
most reliable and predictable for reviving the cultures. We note that we did not
observe loss of pigmentation as reported in past study (Strobel et al., 2010b). In their
case, repetitive sub-culturing eventually led to changes in the phenotype of A.
sarcoides AV-70

3.3.2 Culturing on different carbon sources

It is unsurprising that an endophytic saprotrophic organism has pathways that are
able to assimilate cellulose. This observation was also reported by previous work
carried out on A. sarcoides (Griffin et al., 2010, Gianoulis et al., 2012, Mallette et al.,
2014). This indicates that A. sarcoides has the required machinery for assimilating
cellulose. Curiously, there are significant differences in growth when we compare
liquid and solid cultures grown with cellulose. This is an odd observation as the
bioavailability of cellulose should be higher in liquid medium. Therefore there is an
unknown interaction that is enabling growth in solid medium or inhibition of growth
in liquid medium. It may be that in solid cultures A. sarcoides is able to change its
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extracellular environment more effectively for the assimilation of cellobiose than in
liquid cultures. A. sarcoides has been suggested as a biotechnological organism to
produce hydrocarbon fuel by the conversion of cellulosic biomass (Griffin et al.,
2010, Strobel et al., 2010b, Mallette et al., 2012). However, our result here disagrees
with this assessment. Cellulose is converted to fermentable glucose in three
enzymatic steps. First, endoglucanases act on amorphous cellulose and cleave
between cellulose polymers. Second, cellobiohydrolases act on single polymer
cellulose by cleaving 1-4 glycosidic bonds to produce tetrameric or dimeric
cellobiose. The 1-4 glycosidic bonds in tetrameric and dimeric cellobiose are further
reduced by beta-glucosidase resulting in monomeric glucose (Mohanram et al.,
2013, Singhania et al., 2013). As beta-glucosidase conversion is the final rate-
limiting step, growth with cellobiose infers the performance of the enzyme. When A.
sarcoides is cultured exclusively with cellobiose, we see poor growth performance in
relation to culturing with glucose. Moreover, agricultural cellulosic biomass includes
impurities that may hamper cultivation of A. sarcoides. Furthermore, most secondary
metabolite production occurs after the initial growth phase. Thus for A. sarcoides to

be a tractable biofuel organism, it requires improve cellulase activity.

The inability to grow on fatty acids indicate that it is unable to uptake fatty acids.
However, acetic acids were readily metabolised by A. sarcoides. Previous study
indicates the ability of Aspergillus to grow on fatty acids of C14, C16, and C18
(Radwan and Soliman, 1988). They reported a similar growth performance to
glucose when fatty acids were used as the sole carbon and energy source (Radwan
et al., 1988). We proposed that the limitation in growth is due to the efficiency in
emulsification of fatty acids. If this is true, we would be able to predict performances

with shorter fatty acids, as they are more soluble than longer chain fatty acid.

Furthermore, glutamate in the form of monosodium glutamate was readily
metabolised by A. sarcoides. As glutamate is a fairly polar compound, cells require
specialised uptake proteins to facilitate the uptake of glutamate (Kinghorn et al.,
1973). Furthermore, glutamate regulation is dependent on ammonium regulation in
fungal cells (Kinghorn et al., 1973). Moreover, glutamate can act as a carbon source

when the amino group is reduced to urea.
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3.3.3 Degradation of linear and cyclic alkanes

From our results we were able to inferred A. sarcoides has the ability to degrade
linear alkanes. Cyclodecane, however, was observed to be toxic to A. sarcoides. The
ability to degrade alkane is fairly ubiquitous among microbial life. A. sarcoides is an
endophyte and saprophyte (Roll-hansen et al., 1979, Pavlidis et al., 2005). Alkanes
are commonly found as part of the waxy layer found in plants (Bourdenx et al., 2011,
Bernard et al.,, 2012a). These wax layer are formed from 70% very long chain
alkanes (C27-C33) which act as a barrier against water loss and may be involved in
the defence against endophytes (Chen et al., 2003). Similarly, Beauveria bassiana, an
entomopathological fungi that is able to degrade alkanes on insect’s wax layer as
part of its mode of action for pathogenesis. It is thought that B. bassiana is able to
oxidised alkanes by through cytochrome P450 oxidative enzymes to a
corresponding aldehyde (Pedrini et al., 2006). Alkane is taken up, oxidised, and
further catabolised by the TCA cycle. To the best of our knowledge, this is the first
description of linear alkane degradation and biosynthesis was observed and

reported within a single fungus.

There are also pathways such as the caprolactam degradation pathway (KEGG
pathway 00930) that indicate the degradation of cyclohexane. Observations to date
indicate that cyclic alkanes are oxidised to a cyclic alcohol and cyclic ketone and is
further degraded and assimilated by caprolactam pathways (Stirling et al., 1977, Lee
et al., 2008). To date, reports of cyclic alkane degradation are limited to prokaryotic
organisms under anaerobic conditions (Musat et al., 2010, Varjani, 2017). Cylic
alkanes are recalcitrant to degradation compared to similar length linear alkanes
(Lee et al., 2008). This is due to the non-polarity of the compound. Degradation of
cyclohexane by Nocardia led to an interesting observation of “intracytoplasmic
membrane structures” not present in cultures not supplemented with cyclohexane,

thus alluding to potential structural function (Stirling et al., 1977).

Further investigations are required to confirm A. sarcoides as an alkane degrader.
Definitive proof of hydrocarbon degradation will require direct quantitative
measurements of cultures incubated with alkanes and the possibility of measuring

the direct product of alkane degradation.
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3.4 Conclusions

A. sarcoides is a slow growing filamentous fungus with a mean time to stationary
phase of 10-12 days in PD and DM. Growth characteristics were observed to be
similar across all isolates. Due to the slow growing nature of the fungus and time
consuming measuring growth by CFU, the culturing and measuring method was
optimised for 96 well plates with ODeoo. By using Tween 80 at 0.01%, we were able
to increase the effectiveness of ODsoo measurements to better represent the growth
kinetics of A. sarcoides. With defined medium, it is possible to change the
composition of the medium to test the fungi’s ability to assimilate different carbon
sources. While testing this, the results indicate that A. sarcoides was able to
degrade and assimilate linear alkanes but not cyclic alkanes. Data generated here
will inform experimental design choice in later experiments. The result here indicated
the successful cultivation and manipulation of the fungi that will provide a

foundational skill for future work.
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CHAPTER 4 BUILDING A FUNCTIONAL GENOME FOR SIX ISOLATES
OF A. SARCOIDES

4.1.0 Introduction

Having established the fundamental husbandry and microbiology for A. sarcoides
(Chapter 3), we next wished to uncover the underpinning genetics for the reported
alkane biosynthesis (Griffin et al.,, 2010). Current methodologies allow relatively
cheap and easy access to whole genome sequencing. We therefore wished to
undertake a subtractive genomics approach to aid pathway discovery. Here we

describe the generation and analysis of the genomes of all six isolates.

4.1.1 Next generation sequencing

Contemporary next generation sequencing (NGS) has become so affordable that
the current bottleneck has moved to the functional annotation of sequenced
genomes. NGS methodologies, such as lllumina-Seq, distinguish individual base in
a DNA fragment by using fluorescent dye chemistry to detect base changes in a
sequence. This is achieved with cycles of complementary base binding of the target
DNA sequence with fluorescent tagged nucleotide (Meyer et al., 2010). By limiting to
one nucleotide binding, a distinct fluorescent signal is emitted for a given base. The
lllumina flow cells facilitate this dye chemistry in a highly parallel manner during
sequencing. The fluorescent signal is measured by an optical system to determine
emission wavelength and emission intensity, which can be use to determined the
base call and the amount of cycles also indicates the length of the target DNA

seqguence.

Depending on the applications, these methods are able to produce high number (> 4
million reads), short read libraries between 50 bp to 300 bp in read length. One of
the advantages of high read number is the ability to provide redundancies for
conflicting base calls, miscalled base events and error corrections, thus leading to
high fidelity sequencing (Meyer et al., 2010). One of the issues with lllumina
sequencing is the non-uniformity in coverage depth. This is due to the random
nature of sequencing, a result of random fragmentation during library preparation)
and short read length. Intrinsically, short reads are less likely to overlap with other
reads, leading to the formation of gaps in the coverage of a genome. lllumina

sequencing overcomes this issue with an overwhelming amount of reads. However,
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a high number of short reads can be computationally difficult due to the quantity of
the data, size of raw read libraries, and the complexity associated with processing
high read numbers (Aird et al.,, 2011). To overcome this requires specialised
algorithms and significant computing resources to conduct post-sequencing

processing and assemble read libraries.

4.1.2 Post-sequencing processing

Post-sequencing processing is the first step in handling genome sequencing data. It
involves trimming the read libraries to improve the quality of the reads. Tools such as
Trimmomatic (Bolger et al., 2014) and Trim Galore! (Krueger, 2015) are able to
process NGS lllumina reads. Trimming has two primary purpose. First, it can be
used to remove artefact sequences found in reads. Secondly, it also removes low
quality bases within a sequence. Trimming yields reads that are truncated but higher
in quality. In NGS read libraries, reads often contain leftover oligos and primers.
Moreover, sequences derived from lllumina-Seq characteristically decreases in
quality at the end of reads. As such, trimming is essential; First, to remove excessive
and low quality data thus leading to a more manageable read library. And second, to
increase precision of called bases therefore the fidelity of a read library. Excessive
trimming can lead to shorter reads with an impact on coverage. In projects focusing
on high quality de novo genome assembly and annotation, trimming must be
balanced against the removal of sequencing artefacts, accuracy of the libraries and

the coverage of libraries.

4.1.3 Assembly of lllumina-seq libraries

Once quality control is performed, assemblers are use to construct a draft genome.
In the absence of a high quality mappable reference genome, de novo assemblers
such as SPAdes (Bankevich et al., 2012) construct genomes by aligning reads that
overlap from a library. These aggregate reads to form a sequence of DNA known as
a contig and these contigs are ordered to a scaffold level. Assemblers treat the read
alignment problem as a string reconstruction problem. This abstraction operates by
identifying overlapping sequences to produce a sequence of DNA (in this case, a
string of characters). Abstracting also allows for the use of De Bruijn approaches to
solve k-mer graphs (all possible substrings of a given sequence), which leads to
contig construction by identifying overlapping sequences (Compeau et al., 2011).

Other popular algorithms include the Overlap/Layout/Consensus (OLC), which relies
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on overlap graphs as a method for constructing contig sequences and greedy
algorithm, which functions by using sequences with the highest overlapping scores
to construct contig sequences (Li et al., 2012). Assembly algorithms are challenged
and confounded by factors such as low quality, low read count and short reads of
read libraries. The lack of quality and lack of redundancies can confound
assemblers as they cannot resolve conflicting base calls. This manifests as false
negative and false positive overlapping sequences and culminates to an inaccurate
genome assembly. Short reads lack coverage for the identification of overlapping
sequence and yield assemblies that are gapped and fragmented into a high nhumber
of contigs. Crucially, these gaps undermine annotation efforts to generate a

functional genome.

4.1.4 Producing functional genomes

Ontology, in a biological context, represents formal biological semantics for
describing a gene. Thus, identifying ontological terms is important in annotation
pipeline as they provide a comparable description of genes within an annotated
genome. Successful annotation of ontologies can yield biologically meaningful data
such as the function of a gene or the assembly of de novo pathways. This evidence
may be integrated with metabolome, proteome, and transcriptome studies to allow

for an ‘omics’ level investigation to identify new pathways.

In bioinformatics there has been an increase usage of machine learning to analysed
large and complex datasets. One such machine learning algorithm is Hidden Markov
Model (HMM). In biology, HMMs are use to model unique profiles related to a
particular genotype but not limited to intron/exon, gene finding, motif finding, single-
nucleotide and polymorphisms (Stanke et al., 2004, Johnson et al., 2008, Finn et al.,
2011). In all of these cases, HMMs were applied to recover hidden data states, such
as genes, from an initial un-obvious dataset, such as DNA sequences. This is the
inherent advantage of using HMMs. They describe and construct a full probabilistic
model specific to a given dataset. Once an HMM-derived model is completed, it is

applicable to similar datasets to recover data states by observing the data.

It is common for de novo annotation tools to handle draft genomes with minimal
reference source. This can be overcome when these tools incorporate HMM
approaches into their workflow. Tools such as BUSCO (Benchmarking Universal
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Single-Copy Orthologs) leverage Augustus HMMs to match orthologs independent
of evolutionarily distance (Simao et al., 2015). An HMM profile of the orthologs is
built which incorporates the characteristics of the genes within the dataset. The
HMM profile is then used to interrogate other datasets for distant orthologs. By
using single copy orthologs, datasets such as genomes, transcripts and predicted
proteins can be scored by matching them to a curated database of highly conserved
orthologs. Being able to measure a dataset is crucial in de novo pipeline as it can be
difficult to gauge the data fidelity derived from such pipelines. Furthermore, by
recovering sequences of orthologs it also allows for phylogenetic comparisons of

highly conserved orthologous genes.

HMMs are commonly used in ab initio gene prediction to recover genes (the hidden
state) from genomes (complex unobvious dataset). In eukaryotic genomes, ab initio
gene prediction without transcriptomic data is often confounded by gene structures
(e.g. Introns, exons, and slice sites). MAKER2 gene annotation pipeline deploys
HMMs to model the structure of genes of a specific genome for the purpose of gene
prediction (Holt et al., 2011). An HMM can be train with multiple heterogenous
evidences to generate a gene model. This can include high quality reference dataset
from closely related organisms or experimentally derived transcriptomic and
proteomic data. These evidence are incorporated into an HMM model and is retrain
to be specific to a given genome. Thus HMM can be use to conduct an exhaustive

and specific gene prediction.

Lastly, the PANTHER ontology classification system contains an HMM module to
conduct a more comprehensive search for genes that return no significant hit with
BLAST algorithms (Thomas et al., 2003, Mi et al., 2013). A weakness associated with
the BLAST algorithm is its inability to recognise a gene’s characteristics in terms of
position-specific information (This excludes PSI-BLAST, which includes HMMs of
genes in its pipeline). And when BLAST is use for annotating distant homologous
gene, it lacks the sensitivity required to return an appropriate annotation. The lack of
sensitivity is due to the BLAST algorithm penalising mismatches or gaps, with no
additional weighting for matching conserved motifs. When annotating a gene
sequence that is too divergent, the BLAST algorithm is no longer able to resolve the
identity of the match. In PANTHER, by contrast, an HMM is built for queries with no
significant BLAST hits. These HMMs look for features within a sequence which then
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match these to the PANTHER ontology database. This approach balances
computational resources with sensitivity as BLAST can be efficiently leverages for
identifying close orthologs while resource intensive HMMs can be used only when
required to match distant orthologs. Thus, pipelines like PANTHER are crucial to

assign ontology semantics to distant orthologs from de novo annotations.

4.1.5 Aims and Objectives
In this Chapter the sequencing and annotation of six A. sarcoides genomes will be
presented and discussed. In particular this data will provide the foundation for the
subtractive analysis described in Chapter 6. Here we describe:

« Acquisition of NGS data

« Post-processing of NGS data in the form of trimming

« Assembly into draft genomes

» Predict the presence of ORFs

« Annotate predicted ORFs

« Identify biologically interesting features such as GO, synteny and phylogeny
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4.2 Results

The generation of 6 de novo genome is outlined in Figure 3.1. This details the
general pipeline used for sequencing, read quality control, genome assembly, and
gene prediction. It also details downstream analysis and data mining approaches to

recover biologically relevant data.

4.2.1 Trimming read libraries

Next generation sequencing (NGS) is a DNA sequencing method that produces a
sequence library containing high number and short read length. This is both highly
accurate and time efficient manner of sequencing compared to contemporary
sequencing methods such as Sanger sequencing and Nanopore. However, large
frequency reads require stringent quality control. Current methods employ trimming
to remove low quality bases and sequencing artefacts from reads. This ensures that
low quality bases are trimmed and low quality reads are discarded, thereby
improving the quality of downstream processes such as assembly and gene

annotations.

Two rounds of sequencing were undertaken to sequence six isolates of A. sarcoides.
These were cultured on PDA, as described in Section 2.1.2. The 100 bp included
isolates 170.56, 171.56, 246.80 and 309.71. The genomic DNA was isolated with
QIAGEN Genomic DNA kits and sequenced with HiSeq 2000 system. This
sequencing run produced libraries that were 100 bp in length. The 250 bp libraries
included isolates 309.71, 44013 and 64019. Genomic DNA and sequencing for this
set was performed by MicrobesNG. Reads were analysed with FastQC to assess the
quality and features of the read libraries. This checks for symptoms of a failed
sequencing. In such an event, trimming would not be able to rescue the sequence
library and resequencing would be required. Each set was perfomed on the same
sequencing run and so each library has similar qualities. Trimming decisions was
made and applied on a set by set basis rather than specific to a library. These

decisions were fed into Trimmomatic to produce the trimmed read libraries.

Page 81



Flow of data
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Figure 4.1 Overview of different bioinformatics pipelines and processes used for

the production of six functional genomes of A. sarcoides.
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Post-sequencing quality

In bioinformatics, base quality is measured according to Phred scale. The Phred
scores is a metric that measures the accuracy of any given called base. Phred
scores are expressed as a logarithmic probability of incorrectness. Therefore, the
lower a Phred score the higher the probability a given base is incorrectly called and
vice versa. In practice, Phred score allows us to estimate the error of a called base
(Bokulich et al., 2013).

As a whole, reads derived from 100 bp libraries are of good quality for both the
forward and reverse pair (Figure 4.2A, 4.2B and 4.3A, 4.3B). Although there are
islands of low quality, these do not present a major issue for downstream trimming.
The majority of reads from both forward and reverse libraries contain Phred scores
of higher than 30 (Figure 4.2A and 4.3A) and indicate a normal distribution of quality
within the dataset (Figure 4.2C and 4.3C). We did not observe abnormal quantity of
N content in any of our reads; high N content in reads are undesirable as it signifies

uncalled base and are functionally unknown bases.

Reads from the 250 bp libraries did not present any major sequencing failures. The
forward libraries contain better sequence quality (Figure 4.5A and 4.5B) relative to
the reverse libraries (Figure 4.6A and 4.6B). This can be observed in per base
sequence quality plot (Figure 4.5A and 4.6A), where the drop in quality is more
aggressive in the reverse libraries. Approximately 20% of all bases in the reverse
libraries have a mean Phred score of under 20. Again, this can be observed in both
libraries' per sequence quality score plots (Figure 4.5C and 4.6C), where the plot for
the forward libraries peaked around Phred score of 38 while reverse libraries peaked
at Phred score of 34. An issue like this manifests in higher base pair error rate and
abnormal quantities of N content in reads. The difference in quality in the reverse
libraries is attributed to the loss of quality in the sequencer flow cells. This can be
observed in the Per Tile Sequence quality score plot (Figure 4.6B). It has to be noted
that it is common for lllumina sequencers to suffer loss of quality at the end of their
reads. Although this is a major issue, it can be resolved because the loss of quality
is primarily located at the distal end of their reads. This mean that the low quality
bases can be cropped from the reads without significantly reducing read length.
Moreover, any resulting reads can be further subjected to quality trimming to further
improve the quality of the reads.
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Sequencing artefacts

Artefacts can be considered as sequences that are artificially introduced during
sequencing. This can be deliberately introduced, in the case of adapters and oligos,
as part of the sequencing workflow. Artefacts could also be highly erroneous and
bias sequences do not reflect the fidelity of an organism’s genome. It is not unusual

for artefacts to manifest themselves in the final read libraries.

When checked for artefacts, the first 100 bp did not indicate the presence of any
artefacts or anomalous sequence as indicated by Figure 4.1D and 4.2D. In contrast,
in libraries from the 250 bp libraries, the per base sequence content indicate that
250 bp reads contained bias sequences, known as hexamers, in the first 15 bp of
the reads (Figure 4.5D and 4.6D). Ideally, read sequences represent randomly
sequenced portions of the genome thus such a plot should be parallel or
converging. Deviations from the parallel or from divergence indicate the bias
sequencing in a particular base pair. Such an anomaly can lead to incorrect bases in
reads, resulting in poor assembly if enough bases are affected. Since there is no
loss of quality in the 1-15 bp region (Figure 4.5A and 4.5B), this is likely to be caused
by the presence of hexamers and adapters. A similar observation was made in all
forward and reverse libraries within this set. Hypothetically, hexamer libraries contain
a diverse set of sequences to avoid base pair biases. In practical terms, these
diversities are still detectable during base detection. In such a case, adapter
trimming and cropping of the first 15 bp can remove such biases from the read
libraries. The advantage of trimming th