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ABSTRACT

Meeting the food demand of a growing population whilst dealing the with effects of climate
change is one of the biggest challenges facing humanity this century. The current food system
is considered unsustainable, and alternatives are required to face the challenges. Some
microorganisms can provide an alternative, sustainable and high quality source of dietary
protein which, due to the organisms’ short generation times and general amenability to
laboratory studies, also offers unique opportunities for improvement including by non-GM
methods. The mycoprotein product from the fungus Fusarium venenatum has a high quality
amino (AA) profile which, as shown here, is stable in different growth conditions. There was
no significant difference in AA composition of F. venenatum cultured at industry or
laboratory scale, supporting the extrapolation of laboratory-based experimental results to
industrial production. The growth medium (RHM) used for industrial scale production of F.
venenatum is not a prerequisite for the mycoprotein AA profile as culture of the fungus in
different growth media did not change the AA profile and neither did substituting glucose
with sucrose, an alternative carbon source. Supplementing cultures with agents that stimulate
AA mis-incorporation (mistranslation) during protein synthesis by cells did not induce a
detectable change to the AA profile of the fungus. High branch chained AA selection
medium caused an enrichment in the AAs in the F. venenatum hydrolysate, but subsequent
adaptive evolution experiments did not enhance the effect as intended. Furthermore AA
(leucine) over-producing isolates of F. venenatum, selected via culture on the leucine
derivative 5°5’5-tri-fluoro-leucine, showed no change in protein-AA profile despite up to a
~10 fold increase in free leucine. The stability of the F. venenatum AA profile supports the
possibility of using alternative fermenter conditions and growth substrates (e.g. waste streams
as components of the growth medium).
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1 Chapter 1 - General Introduction
1.1 Challenges facing the food system

The growing worldwide population and climate change are among the most important issues
that humanity will have to deal with within this half of the century. The current food system
is already strained, and it is unlikely that in its current form it can be expanded to
accommaodate for the growing population. Additionally, the farming practices and effects of
climate change contribute to decrease in current food yields due to factors like animal and
crop disease, floods, or draughts. To address these challenges, it is necessary to understand
the problems with the current way food is produced to avoid similar pitfalls in the future. At
the same time a plethora of solutions are being proposed to both find novel ways of
producing food as well as making the current food production process less environmentally
damaging and more efficient. The first half of this chapter will attempt to briefly summarise
the current dynamic between agriculture and environment as well as give an overview of
some of the proposed solutions.

1.1.1 Global food production and food security

The global human population is projected to reach 10 bn by 2050 (UN, 2017). However by
some estimates the population is supposed to peak in 2064 and decline afterwards (Vollset et
al., 2020), others think that growth will continue but likely at lower rate (UN, 2022). In any
case past 2050 the growth in global population is projected to slow down significantly, stop,
or even reverse. A significant part of the increase in the population is a result of increasing
life expectancy, this is likely to add pressure to the food system, as an increasing amount of
studies show the importance of enhanced nutrition in the elderly to delay onset of age related
diseases (expanded in 1.1.2) (Lonnie et al., 2018). High levels of meat consumption in
western countries are associated with wealth and as a consequence many countries with
developing middle classes are projected to increase their meat consumption, e.g. India is
projected to shift to levels of meat consumption typical of western diets (Alexandratos and
Bruinsma, 2012). To meet this demand the global food production should be 60% higher in
2050 than it was in 2005/2007 (FAO, 2009). This may be challenging because the water and
land resources are already stretched and overall crop yields have decreased -a trend that is
feared to possibly be irreversible. In general the sustainability of the current food system is
fairly questionable (expanded in 1.1.3)(FAO, 2021).

In summary, the increasing demand for food production due to a growing population will
likely not continue indefinitely and start plateauing after 2050. That said, trying to achieve
levels of food production needed by simply expanding current operations is unlikely to be
feasible. The decisions of how to meet the demand of this final biggest increase in human
population is likely one of the key contemporary issues.

1.1.2 Importance of protein quality in human nutrition.

The estimated required energy intake - kcal/per person/per day (k/p/d) is 2500 kcal for men
(2000 kcal for women). As of 2005/2007 28% of the population consumes on average over
3000 kcal (overconsumption) and 35 % of the world population consumes under 2500 kcal
(malnutrition) (FAO, 2013). The amount of kcal per day is not the only factor required for
good nutrition, enough micro and macronutrients, dietary fibre etc. are also required. In the
diet, energy itself can be produced from carbohydrates, fats or proteins, but essential AAs can
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only be obtained from dietary protein (or as free AAs). In humans, there are nine essential
amino acids (EAAS) (histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, tryptophan and valine) meaning they cannot be synthesised at all, or in sufficient
amounts so need to be provided through diet (FAO, 2013).

Protein intake mirrors the global caloric intake to an extent. In developed countries, many
individuals consume considerably more protein (and calories) than required to maintain
health and some evidence suggests this could contribute to high incidence of obesity, diabetes
and related conditions putting a strain on healthcare systems, quality of life and ability to
work (Drummen et al., 2018; Neff et al., 2018). Additionally, because excess protein is not
stored in the human body, it is secreted out as ammonia — making overconsumption not only
wasteful but also contributing to environmental pollution. In other parts of the world,
populations may suffer from insufficient protein/AA intake. As mentioned earlier, EAAS
must be provided through diet in sufficient amounts for development/maintaining health.
High quality protein is characterised by an appropriate balance of EAAs, good digestibility
and absence of anti-nutritional factors (e.g. trypsin inhibitors in unprocessed legumes or
uricogenic nucleobases in certain microorganisms) (Gilani et al., 2012; Gorissen et al., 2018).
An ideal protein source meets EAA requirements without further supplementation (Figure
1.1). According to the FAO-preferred method of AA profile evaluation (DIAAS; Digestible
indispensable amino acid score, used to replace PDCAAs (Protein digestibility corrected
amino acid score) in 2013) protein sources scoring close to ideal include eggs and milk
(WHO, 2007; FAO, 2013).

These factors highlight that for sufficient nutrition not only is the quantity of the protein
important but also quality. In parts of the world where dietary protein relies on poor variety
of crops, some EAAs might not be taken in sufficient amounts from the diet (Figure 1.1),
resulting in developmental issues in children e.g. due to insufficient dietary lysine in Nigerian
children (de Vries-Ten Have et al., 2020). Protein is also an important modulator of satiety,
so its lack in the diet can lead to abnormalities regarding appetite (Lonnie et al., 2018).

In situations where high quality protein is not available, but other sources of food are, this
protein starvation may paradoxically lead to obesity, as individuals are likely to keep
experiencing the feeling of hunger if the diet consists only of, e.g. carbohydrates (Siddiqui et
al., 2020).

The daily recommended intake of high-quality protein for young adults is 0.8 g/kg/day,
however, this should be seen as a bare minimum to prevent net protein loss. In adults over 40
years, there is a progressive loss of muscle mass at a rate of around 8 % per decade from 40-
70 years of age and 15 % per decade afterwards known as sarcopenia (Larsson et al., 1979).
As increasing life expectancy is one of the main drivers of population growth, for elderly
adults, whose numbers are increasing in many developed countries, 1.2-2 g/kg/day is
recommended to help prevent sarcopenia (Baum et al., 2016; Lonnie et al., 2018). Despite
these elevated protein intake requirements, many older adults are not consuming enough
dietary protein. Reportedly, in North America ~ 40 % of older adults consume less protein
than recommended (Houston et al., 2008). Data from the UK suggests that the protein intake
decreases with increasing age, e.g., protein intake in adults over 75 years was 11-19 % lower
than in adults aged 64 and below (Public Health England, 2020). Despite this many elderly
people feel like they consume appropriate amounts of protein and are sceptical about
increasing the intake (Banovic et al., 2018). This is problematic as elderly adults with poor
protein knowledge are more likely to suffer from sarcopenia related symptoms (Visser et al.,
2021)
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In summary, in addition to providing quality nutrition to the existing populations, the
growing and ageing population will require additional sources of high-quality protein to
allow for high quality life and to decrease the burden on healthcare systems, so the future
challenges lay not only in producing more food but also increasing its quality and availability
worldwide.
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Figure 1.1 Potential protein-quality scenarios and effects on dietary essential amino acid
(EAA) supply. (a) EAA profile (x axis) of 60 g of a protein source of an ideal quality (based
on (WHO, 2007). (b) EAA profile of a near ideal protein source deficient in

Leu. (c) Poorly digestible protein or protein containing antinutritional compounds may not be
completely utilised despite having a good EAA profile (d) Consuming more poor-quality
protein to compensate for particular deficiencies (b) leads to excess consumption of EAAS
that are already available in sufficient amounts (Figure taken from (Szepe et al., 2021) .

1.1.3 Climate and sustainability

As mentioned above (1.1.1), maintaining the current trajectory of the food system is likely to
accelerate climate change, but also is likely to be further affected by changing temperatures.
Increases in beef production — as a result of the overall trend of increased meat demand is a
significant factor driving deforestation in the Amazon. Building transport infrastructure and
pastures for cattle to meet the growing predicted trend of increased global demand for meat is
likely to exacerbate this deforestation trend (Recanati et al., 2015). This pasture expansion is
linked to 80% of all of Amazon deforestation in the last 30 years, and despite policies and
public pressure to stop this precedent, it continues to this day (Skidmore et al., 2021).
Deforestation also leads to depletion of animal habitats, decreases biodiversity and increases
the chances of pathogen jumping from wild animals to livestock and humans (Esposito et al.,
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2023). In general, high intensity farming of animals produces prime conditions for the
development of zoonosis, e.g., the 2013 outbreak of H7N9 avian influenza infections in
Shanghai in 2013 (Li et al., 2016). In general, attempts to scale up meat production by
expansion of land on which to rear livestock or increasing the intensity of farming are likely
to lead to increased emergence of novel zoonotic pathogens that risk more pandemics
(Hayek, 2022). Livestock production also contributes significantly to emissions of
greenhouse gasses in form of methane (produced via fermentation of plant material in the
guts of ruminants) and nitrous oxide emitted from manure, which have 28 and 265 times
higher global warming potential respectively compared to CO2 (Grossi et al., 2018). For
some time, aquaculture was seen as an alternative because it can produce large amounts of
protein efficiently, but this becomes increasingly unsustainable. Mangrove forests are
removed to construct new aquafarms and the system is reliant on fishmeal (often produced
from caught wild fish) increasing demand which contributes to overfishing (Macusi et al.,
2023; Martinez-Porchas and Martinez-Cordova, 2012).

The global temperatures are rising at unprecedented rates because of increasing CO> and
other greenhouse gas emissions. This phenomenon is at the centre of the issues, yet the
precise consequences are only beginning to be understood. For example, increasing CO>
emissions to process and designate more land as arable can be counterproductive as increased
CO: levels have already been shown to lower yields of crops like soybean and maize
(Jagermeyr et al., 2021). Our monoculture based agricultural system as well as increasing
temperatures contribute to accelerating spread of crop pathogens which is likely to further
limit the efficiency of the food production (Singh et al., 2023a). In similar vein increasing
crop and animal production requires additional water which is already becoming more scarce
due to climate change that causes increasing amounts of draughts every year (UN, 2023).

In summary, the food system in the current state can be considered both a driver of climate
change as well as being negatively affected by the consequences of climate change risking
falling into a vicious cycle.

1.2 Alternative proteins

The current way agriculture is run is very resource heavy and reliant on monocultures. 75 %
of global food (and consequently energy and proteins) comes from just 12 crops (rice, wheat,
sugarcane, corn, soy, potatoes, palm oil, cassava, sorghum, millet, groundnuts and sweet
potatoes) and 5 animals (cattle, chicken, buffalo, pig and goat) (FAO, 2000). Grains are the
largest contributors to proteins sources with the exception of a few countries where meat and
dairy are the biggest contributors. 94% of all non-human mammalian biomass comes from
livestock, with livestock birds making up 71 % of total bird biomass (Bar-On et al., 2018).

70 % of global fresh water supplies are used for agriculture and 78 % of all global water body
pollution is related to agriculture (Poore and Nemecek, 2018; FAO, 2021). Food production
also accounts for an estimated 26 % of global greenhouse gas emissions (FAO, 2021). This
state of things is generally unsustainable as explained in the preceding sections.
Simultaneously, the lack of variety in diet, due to hegemony of only a few food sources can
lead to less diverse diets and a lack of necessary nutrients in parts of the population.
Alternative protein is a term that can be used to collectively describe sources of protein that
do not belong to the 17 mainstream food sources, this can include sources of protein that have
been used for centuries like underutilised crops or insects, or more recent inventions like
single cell proteins or lab grown meat.
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1.2.1 Types of alternative proteins

A lot of commercially used crops are nutrient poor and show low resilience to the less stable
climate (IPCC, 2019). However, there are a multitude of other crops that were not
commercialised on mass scale but have been known to local populations historically, these
come under a collective term of underutilised crops. Legumes are a group of underutilised
crops that show nutritional variability as well as adaptability to European agricultural system.
Species like Vicia faba or Pisum sativum were shown to contain high quality protein and
good digestibility making them good candidates for diversification of crop production in
Europe (Mecha et al., 2023). Another example of an underutilised legume that gained
interest in recent years is the winged bean (Psophocarpus tetragonolobus). Winged bean
grows in hot, humid, equatorial countries of Southern Asia, Melanesia and the Pacific area
(Tanzi et al., 2019). It is a good candidate for a crop in subtropical and tropical area, and its
high efficiency in nitrogen fixing and storage make it a perfect candidate for use as a
rotational crop. What is more, all parts of the winged bean are edible and contain a similar
nutrient and AA profile to that of soybean, with similar digestibility after processing, making
it a good alternative to reduce the reliance on soybean (Mohanty et al., 2020). Another
example of an underutilised crop of high interest is Quinoa (Chenopodium quinoa Willd.)
also known as the “Golden Grain” which is native to the Andean region of South America.
The latter name of the crop comes from its resilience to cold, draught, and high salinity, as
well as its unique highly nutritional value (Angeli et al., 2020). Due to its environmental
resilience Quinoa can be farmed on marginal soils. Additionally, Quinoa contains a higher
amount (11 — 19 %) of protein than other cereals (like wheat and barley) or soybean, whilst
simultaneously being a good source of vitamins like riboflavin and thiamine and
micronutrients (calcium, magnesium, iron, copper and zinc). Unlike many other cereals,
Quinoa also does not contain gluten to which may be considered as many conditions such as
celiac disease, irritable bowel syndrome, and Crohn’s disease that are or can be triggered by
consumption of gluten (Roszkowska et al., 2019; Azizi et al., 2020).

Using insects as animal feed or directly for human consumption is another possible
alternative. Insects were historically, and are to this day, consumed in many cultures around
the world but due to hegemony of western culture which did not typically contain insects,
over time insects became seen as a less desirable (van Huis, 2013). However, insects
constitute a good source of protein and rearing is estimated to be more efficient and
environmentally sustainable compared to traditional livestock. Like traditional livestock,
insects produce CO. and ammonia, however current knowledge suggests that these levels are
lower compared to livestock emissions (van Huis and Oonincx, 2017; Alexander et al., 2017).
The land and water use are also lower with added potential for rearing insects using industry
side streams. Among other benefits are, better feed to biomass conversion ratio and lower risk
of zoonotic disease due to a more distant evolutionary relationship with humans (van Huis,
2013).A digestibility study showcased that insect protein can be a viable protein source for
humans (Hermans et al., 2021). However, chitin from the insect exoskeleton might be a
potential drawback as it can trigger allergic reactions in people with shellfish allergy, which
is one of the leading causes of allergy globally (Tham and Leung, 2018; De Marchi et al.,
2021). As mentioned earlier, the acceptance of insects as food source in western culture can
be low due to negative associations, but insects can also be used in other ways, e.g. by
replacing fish meal as feed for fish in aquaculture, or used as an ingredient (e.g. insect flour)
to increase the protein content of food products (Hartmann et al., 2015). Other cultures see
insects as a source of food with more acceptance so studies aimed at identifying the causes of
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the approach can be useful to designing strategies to promote insect proteins in the western
culture.

Lab grown meat is a more recent way of producing meat and other animal products in a more
sustainable way. The idea is to use animal cell lines to cultivate animal muscle tissues or fats
and use them to produce meat products that do not rely on rearing the actual animal (Ching et
al., 2022). Even though this may never turn out to be cheaper than animal derived meat it
would diversify the food market, increasing its resilience and providing consumers with
“ethical” ways of getting high quality protein (Stephens et al., 2018). Examples of other
alternative proteins include treatment of keratin (protein found in e.g., sheep wool, an
abundant waste product of sheep rearing) to break down the sulphate bonds of the protein and
allow digestibility (Dias et al., 2022). This protein was shown to be comparable to casein in a
rat model, providing an alternative source of protein free from fats or carbohydrates (Dias et
al., 2022).

Highlighted here is only a brief overview of various alternative proteins, all of which have
their own advantages and disadvantages but are not the focus of this thesis. A large area of
alternative protein also lies in using microbial organisms to either produce animal/plant
derived molecules or to use microbial organisms such as bacteria, fungi and microalgae as a
direct source of food for animals or humans. This latter is referred to as single cell proteins
(SCP)

1.2.2 Single cell proteins —the past

Single cell proteins are referred to as proteins derived from microbial organisms that are used
as a food source. The term was coined in the 1960s but the idea was described and
implemented half a century earlier. Use of excess yeast from the beer brewing process as a
source of food for people and livestock, due to their high nutritional value, was first
highlighted by Max Delbriick and colleagues in Germany (Véltz, 1916) (Delbruck, 1910).
During WW1, Germany compensated for the loss of imports by incorporating this yeast into
diets, and even starting operations dedicated to directly producing yeast biomass as a food
source. After the war improvements to the method were made and batch-fed fermentation as
a method was first developed. This allowed a higher final biomass yield to be achieved from
fermentation or to trigger desired metabolic pathways (Ugalde and Castrillo, 2002).

The use of yeast as a food continued in Germany and during WW?2 the interest in microbe
derived protein spread across the world, spawning projects such as use of Candida utilis in
USA to produce biomass from waste sulphate liquor from wood production (Harris, 1949). In
the 1960s, the UN published a report that predicted a global protein crisis by the year 2000,
when the population was projected to grow from 2.5 bn to 5 bn people, based on available
crop yields and prices of the time (Ugalde and Castrillo, 2002). This report spawned an
increasing interest in alternative protein sources including SCP. During that time, even more
developed nations started their own SCP projects, such as Finnish SCP using fungus
Paecilomyces varioti in a Pekilo process to produce animal feed (Koivurinta et al., 1979).
Similarly in Britain, bacterial SCP that used Methylophilus methylotrophus to ferment
methanol and produce pig feed trademarked as Pruteen was developed (Marstrand, 1981).
Another British company, Quorn developed an SCP product using fungus Fusarium
venenatum intended for direct human consumption (Whittaker et al., 2020). In the USSR,
large scale operations intended to produce SCP from yeast using hydrocarbons were also in
place (CIA, 1977).
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In the 1980s, the improvement in plant breeding and geopolitical changes increased the
agricultural output and decreased the cost below what was previously thought possible. The
green revolution combined with local developments such as agricultural reforms in China
contributed to significant increases in global crop production (FAO, 2000). Additionally, the
prospects of the end of the Cold War brought hopes for liberalisation of the global food
markets which culminated in signing of the General Agreement on Trades and Tariffs in 1994
in Marrakesh that was signed by 118 countries and introduced new rules for a global open
free market (WTO, 1994; Ugalde and Castrillo, 2002). These factors combined drastically
increased the availability and reduced the cost of staple crops worldwide rendering many
SCP operations not commercially viable, which resulted in discontinuations, rendering almost
the whole sector effectively dormant until more recently. For more detail about the historical
perspective of the SCP the reader is encouraged to read the review written by Ugalde and
Castrillo (2002).

1.2.3 Microbial renaissance

Since its temporary dormancy the SCP sector seems to be entering a global reawakening with
microbial protein gaining a lot of publicity and investment in the last couple of years (Ritala
etal., 2017; Graham and Ledesma-Amaro, 2023). In the first seven months of 2020, 435
million USD were invested in fermentation globally, the highest investment levels recorded
to that point (GFI, 2020). The EU, which is already the largest market for alternative proteins
sales, continues to provide further funding for innovation, research and legislation for the
development and upscaling of alternative proteins including a lot of SCP projects (GFl,
2023). The new SCP projects come in many shapes, from reviving previously discontinued
ventures like the Pekilo project, now in the phase of upscaling under the Finnish company
EniferBio (https://enifer.com/), building on existing solutions like production of vegan meat
substitutes done by Swedish Mycorena (https://mycorena.com/), or to novel ventures such as
the use of Knallgas bacteria to produce biomass using COz as carbon source in fermentation
developed by Solar Foods (https://www.solein.com/) which recently was approved for the
first time for human consumption in Singapore (Solar Foods, 2023).

The growing interest and investments in recent years has produced and rejuvenated a lot of
ideas in terms of methods of cultivation and organisms used in the area of SCP. A common
disadvantage of SCP is that they generally contain relatively high levels of nucleic acids (a
necessary prerequisite for their fast growth) which need to be lowered to safe levels if the
product is intended for human consumption. Broadly, SCPs can be divided into three groups,
being derived from bacteria, microalgae or fungi, with each group possessing unique features
(Ritala et al., 2017). Typical bacterial candidates for SCP contain 50 — 80 % protein by dry
weight and tend to be rich in methionine content (up to 3%) as well as containing a variety of
micronutrients, vitamins and phospholipids (Ritala et al., 2017). An added benefit is that
production of bacteria is relatively easy as they can often grow on very simple minimal media
e.g. utilising methane or CO> as a source of carbon with some hydrogen fixing bacteria like
Nocardioides nitrophenolicus being cultivated using gas fermentation (Ritala et al., 2017)
(Nyyssola et al., 2021). Microalgae can grow using photosynthesis meaning the minimal
requirement is sunlight and COa. Species like Chlorella vulgaris and Dunaliella salina
contain 50-80 % protein by dry weight and are a good source of A, B, C, E vitamins,
chlorophyll and omega fatty acids (Janssen et al., 2022). To date however, microalgae
derived products are mostly used as supplements in other products rather than a whole source
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of protein (Ritala et al., 2017). The last general group of SCP candidates are fungi which for
SCP purpose will typically contain between 30 — 50 % of protein by dry weight with protein
usually high in lysine and threonine but with low methionine content when compared to
meat. Additionally, fungi contain a lot of B-complex group vitamins and good fibre content,
the in vivo dietary impact of fungal SCP is probably best described among all sources of SCP
(expanded on in 1.3.5) Filamentous fungi can form more diverse morphologies providing
additional benefits for texturing (that have been first capitalised by Marlow Foods Quorn
Mycoprotein) or even creating “whole cut” fungal meat substitutes like products being
developed by Adamo Foods (https://www.adamofoods.com/).

Another application of microbes in alternative protein production is precision fermentation
where microbial organisms genetically modified to express molecules derived from animals
are used to produce an animal derived product without the use of an animal, e.g. producing
cow’s milk by expressing proteins from cow in yeast cells (Nyyssola et al., 2022). Use of
these methods of protein cultivation though are reliant on shifts from public perception and
legislation perspective towards the use of genetic modification in food (expanded in 1.2.4).

1.2.4 Opportunities and challenges of single cell proteins

Use of microbes to produce protein either as SCP or in precision fermentation brings a lot of
exciting ideas and opportunities to not only find more sustainable ways of producing food, to
also upcycle a lot of materials, which currently are simply waste or even contribute to
pollution. Some microbial protein sources are less resource intensive than production of
animal meat e.qg., replacing beef protein with fungal derived mycoprotein is estimated to not
only have lower emissions but also able to reach price parity with beef in terms of g per g of
high-quality protein (Humpendder et al., 2022). The versatility of microbes and the variety of
sources these can be grown on open a lot of possibilities for integration into a circular
economy. The goal of a circular economy is an increase in sustainability by focusing on
returning product components and materials back into the production cycle so that they can
be used multiple times, with the overarching goal of reducing as much as reasonably possible
the use of non-renewable natural resources (Klenk et al., 2020). A simple example of such
reduction in wastage is the use of waste from processing date fruits which was shown to be
useful as a medium component to culture SCP producing filamentous fungus Fusarium
venenatum (Hashempour-Baltork et al., 2020). Elsewhere it was demonstrated that municipal
wastewater has the potential to be converted biomass by fermentation with a mixed culture of
methanotrophic bacteria composed in large of Methylomonas and Methylophilus species
(Zha et al., 2021). More intricate ideas for applying a circular economy approach to SCP
production also exist. Cupriavidus nectator is a bacterium able to produce
polyhydroxyalkanoates (PHA) an alternative to synthetically produced plastics, however
separating the bioplastic from surrounding protein rich biomass can be costly (de Mello et al.,
2023; Chee et al., 2019). To purify the plastic and utilise the surrounding protein it was
proposed that the C. nectator biomass can be fed to larvae of mealworm beetle (Tenebrio
molitor) which are able to digest the protein and pass on the plastic effectively purifying it to
be ready for downstream uses, the insects themselves then can then be used as source of food
for humans or as feed for livestock (Chee et al., 2019). Another idea is the use of industrial
residues to produce biomass for aquaculture feed, this has a double benefit of reducing
reliance on fishmeal but also prevents discharges of these residues into water bodies and
reduces overall levels of contamination (Pereira et al., 2022; Jones et al., 2020). Important
factors to consider in such ideas however are the costs and energy required to run such
operation. Depending on the type of waste it might need to be treated to be usable by
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microbes, e.g., by liquification. Presence of toxins like heavy metals in the waste substrate
can also lead to accumulation of toxins in the resulting biomass (Hashempour-Baltork et al.,
2020). Another aspect is logistics of operations — will an enterprise be able to maintain a
steady stream of waste of sufficient quality to maintain uninterrupted production whilst
balancing the cost of transport of said waste to the production facilities.

Another idea feeding into circular economy and sustainability aspect of SCPs is using mostly
renewable sources of energy for production of biomass. An example of this is the use
photovoltaics to run electrolysis to produce hydrogen, methanol or formate to be used as
electron donors and simultaneously using solar energy to run direct carbon capture (DAC) to
provide CO; as a carbon source for the fermentation process (Leger et al., 2021). This
solution was estimated to give more efficient biomass production per land area vs traditional
crops. However, the question here is whether such an enterprise on industrial scale is, at this
point in time, actually more sustainable. DAC systems use high amounts of energy to capture
relatively small amounts of CO> with many critics saying that use of renewable sources of
energy to use DAC system would actually harm attempts to reduce CO, emissions as the
renewable energy sources would be more effectively used to displace the use of fossil fuels
directly (Realmonte et al., 2019; Collins, 2021). Overall development of circular economy
frameworks is in itself novel with many challenges and pitfalls (Klenk et al., 2020).

Most if not all SCP projects are carried out in closed sterile systems. This makes the
emergence of pests that could impair production unlikely compared to industrial crop and
animal production. Similarly due to the nature of production in a closed system as well as a
large evolutionary distance from humans, emergence of pathogens able to infect humans
from SPC production is virtually impossible. However, it is worth noting that depending on
the organism various levels of sterility of equipment and media will be required, which is
associated with additional costs. Production of SCPs is more conservative in terms of water
and land usage compared to traditional livestock, e.g., producing 1 kg of F. venenatum
mycoprotein ( which has a comparable nutritional quality to animal meat ) requires 10 times
less water and land compared to 1 kg of beef or 3 times less land and 2 times less water
compared to producing 1 kg of poultry meat (Finnigan et al., 2017a). Another benefit of
working within a closed system is that fermentation is not affected by external factors like
unpredictable weather — an increasingly common phenomenon related to climate change
(Gornall et al., 2010; Ebi et al., 2021). Working within a closed system also brings
opportunities for better waste management and water recycling. Of course, these closed
systems do not exist in a vacuum and factors like transportation of components to the
production site and costs related to production of growth media e.g. plant derived sugar or
CO: obtained from direct air capture have to be taken into consideration to properly assess
the sustainability aspect (Voutilainen et al., 2021). Additionally, some SCPs like
mycoproteins can constitute an overall beneficial addition to human nutrition (expanded in
1.3.5).

Another aspect adding to the versatility of microbes as food source is that their biology does
not pose many ethical issues like wellbeing in case of animals, and that their quick generation
times and rapid adaptability can be exploited for attaining specific parameters for the
biomass. Because of their fast cell-doubling times, fungi or bacteria can be selected over
hundreds or thousands of generations in weeks or months, in marked contrast to most animals
and plants. Thus, adaptive evolution is often used for strain improvement, and this avoids use
of genetic engineering and its attendant restrictions for food purposes. Knowledge of
metabolite biosynthesis pathways in fungi and bacteria provides additional opportunities for
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targeted manipulation of AA profiles (Szepe et al., 2021). For example, culturing yeast with
5,5,5-trifluoro-bL-leucine (TFL) — a non-metabolised leucine analogue — can select cells
that overproduce leucine due to loss of feedback inhibition of leucine production (focused on
in Chapter 5) (Oba et al., 2006). Other approaches may not require targeted manipulation of
specific biosynthesis pathways. Simple changes in sugar source can alter the AA content

of Fusarium species (Anderson and Solomons, 1984). Continuous adaptive selection was
used to find mutants of the bacterium Corynebacterium glutamicum (which is used for
industrial AA production) that could grow rapidly without the need for addition of expensive
growth-boosting additives (Graf et al., 2019). A potential method for manipulation of the AA
composition of the microbial biomass may lay in targeting the translation mechanism of the
cells Chapter 4 (4.1) (Szepe et al., 2021).

Use of genetic modification (GM) is also a natural fit for work with microbes due to their
relatively simple genomes and extensive use as model organisms in some species. However,
the use of GM in food remains a topic that is not widely accepted by the wider population and
regulations hamper application and innovation in the area (Halford, 2019). Lastly customer
acceptance of novel foods including SCPs cannot be neglected and appropriate
communication of research on safety and promotion of novel foods will be required for mass
adoption needed to drive further development (Siddiqui et al., 2022).

Overall SCP and precision fermentation represent very young fields relative to traditional
agriculture i.e., livestock and crops, so groundbreaking discoveries might still be on their way
and equally some of the currently proposed solutions may show to be unviable as our
knowledge and expertise increases.

1.3 Quorn Mycoprotein

Quorn mycoprotein is a food product made from mycelium of the filamentous fungus
Fusarium venenatum sold by Marlow Foods Ltd. The first product was introduced on the
shop shelves in the UK in 1985 but the inception of the company predates this event by over
2 decades (Whittaker et al., 2020). Marlow Foods Ltd. currently sell their products in 20
different countries. In the UK, Quorn mycoprotein was also used to introduce vegan products
into ranges of prominent fast food companies in the UK e.g. vegan sausage roll (and vegan
bake) at Greggs or vegan chicken at KFC (KFC, 2019; Quorn, 2020). The company has seen
strong growth in the past with a recent slowdown due to partial collapse of the plant based
protein market (Devlin, 2023). In spite of that, it persists with innovation and exploring new
ways of popularising mycoprotein by establishing a sister company Marlow Ingredients that
aims at providing raw ingredients and solutions for companies that plan to use mycoprotein in
their own products (Marlow Ingredients, 2023). One of the selling points of mycoprotein is
its higher sustainability compared to meat. Production of mycoprotein uses less land and
water per 1 kg of protein compared to beef and can be considered resulting in net gain to
protein production as the carbohydrate fraction of crops is used as the glucose source for
growing the fungus. In addition, a recent analysis indicates that mass production of
mycoprotein can compete with global beef production in terms of cost, making a good
candidate for replacing/limiting expansion of beef production (Risner et al., 2023).
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1.3.1 History of Quorn mycoprotein

As stated above, Quorn branded mycoprotein was commercialised sold in 1985 and until
recently it was the only SCP product on the market intended for direct human consumption.
The concept however, began much earlier, in fact prompted by the previously mentioned (in
1.2.2) 1960’s UN report predicting a global protein shortage. The initial idea came from Lord
Rank [of Rank Hovis McDougal (RHM)] who wanted to create an alternative protein source
that would be suitable for direct human consumption. RHM was a major producer of cereals
so the original idea intended to use starch from the production process as a carbon feedstock
for the candidate organism (Whittaker et al., 2020). The type of organisms chosen as
candidates were filamentous fungi, due to the ease with which filaments can be extracted
from liquid culture and the potential for the mycelial strands to create a better texture which
would be more appealing to consumers by mimicking the texture of meat. The search began
by spraying starch on a field in hopes of isolating candidate organisms by selecting for
effective growth on starch (Angold et al., 1989). The first candidate obtained by this method
was Penicillium notatum which reportedly had an AA profile that resembled that of casein.
After 3 years of trials, the organism unfortunately needed to be abandoned because it was
unsuitable to grow in continuous culture as it was rapidly colonising internal structures of the
fermenter (Finnigan, 2012). Later, the search for a new candidate was broadened worldwide.
Between 1967 and 1972, 3000 isolates were harvested, catalogued and screened for
parameters like mycotoxin production, pigmentation, pathogenicity and growth in continuous
culture (Whittaker et al., 2020; Moore et al., 2011). Ultimately, Fusarium graminearum A3/5
(later reclassified as F. venenatum A3/5) was selected on the basis of suitability for fermentor
growth, low odour and favourable protein production (O'Donnell et al., 1998; Anderson and
Solomons, 1984). Ironically, despite sampling from all over the world, the final candidate
was found in a heap of compost in Marlow Bottom, 4 miles away from Lord Rank Research
Centre in Marlow Buckinghamshire (Whittaker et al., 2020).

Following the isolation of the strain, 10 years were spent on safety testing between 1970-80.
Potential for mycotoxin presence was a major food safety concern as Fusarium species, in
particular F. graminearum (which the strain was then classified as) are prolific producers of
mycotoxins (expanded on in 1.3.2)(Ji et al., 2019; Nelson et al., 1993). Feed trails on 11
animals species, including larger mammals such as pigs or cows were performed to assess the
safety of F. venenatum biomass. The results indicated no negative effects of F. venenatum
diet (Whittaker et al., 2020). Later the new food named “mycoprotein” was approved by UK
Food Standards Agency, because the product contains significant amounts of protein derived
from fungi. This was followed by a human trial with 2500 volunteers that identified no
immunological reactions or other symptoms related to consumption of mycoprotein. In 1985
the product was approved for sale in UK and given name Quorn™ which originates from a
name of a village in Leicestershire. In 1994 further toxicology test were performed and
submitted to United States Federal Food and Drug Administration (FDA) (Miller and Dwyer,
2001).

A more detailed history of Quorn mycoprotein, the search and ultimate discovery of the F.

venenatum A3/5 as a mycoprotein producing organism was researched and compiled by Jack
Whittaker (Whittaker et al., 2020; Whittaker, 2022).
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1.3.2 Genus Fusarium

The genus Fusarium is a ubiquitous filamentous fungus taxon, demonstrating worldwide
distribution with greater than 300 distinct species discovered to-date, comprising 20 species
complexes (Figure 1.2) (Summerell, 2019). The members of the Fusarium genus were first
catalogued based on the shape of their characteristic banana shaped conidia in 1809 with the
name “Fusarium” being sanctioned in 1821 with new species being discovered and added
since then. The taxonomy of these fungi has had a confusing history with many species being
erroneously classified as Fusarium but with the advancement of molecular techniques e.g.
classification by comparing the sequence of RNA polymerase 1 and 2, many organisms
within the family group were reclassified with higher confidence (Summerell, 2019). At the
same time, novel species are still being discovered e.g. recently 6 new fungi classified as
Fusarium were found in Australia (Laurence et al., 2016).

Fusarium spp. are an important food crop pathogen e.g. head blight of wheat is currently the
most economically important disease of wheat worldwide caused principally by F.
graminearum. However, recent analysis indicates that other Fusarium species may also have
a significant contribution to the wheat disease (Alisaac and Mahlein, 2023). Another major
pathogen from the Fusarium genus is F. oxysporum affecting a variety of crops. Perhaps most
famously, F. oxysporum was responsible for the outbreak of, “Fusarium wilt” also known as
Panama Disease that completely wiped out Gros Michel banana industry in globally in the
mid of the 20" century (Dita et al., 2018). Worryingly new strains of F. oxysporum were
confirmed to cause outbreaks in the currently used Cavendish banana variety going as far
back as 2015 (Pegg et al., 2019). Members of Fusarium genus are not exclusively plant
pathogens, F. oxysporum and F. solani in particular can be found as opportunistic pathogens
in humans and animals and due to their relative abundance can often be found as
opportunistic pathogens in immunocompromised patients with mortality rates reaching nearly
100 % (Nucci and Anaissie, 2007; Batista et al., 2020). The cases of infections in humans and
animals have been on the rise in recent years possibly due to the widespread use of
antifungals in agriculture (Séenz et al., 2020). Despite some members of the genus being
prolific pathogens, not all Fusarium are pathogenic e.g. many non-pathogenic Fusarium
species were found to be co-occurring alongside pathogenic Fusarium species in infections of
cacao plant (Theobroma cacao L.) (del Castillo et al., 2016). Interestingly, non-pathogenic
strains of F. oxysporum are known to protect plants from infection from virulent strains and
ideas exist to use them as biocontrol agents against the pathogenic F. oxysporum and Pythium
aphanidermatum infections of crops (Sajeena et al., 2020).

Outside of killing crops, Fusarium pathogens present other threats, namely they are prolific
producers of many types of mycotoxins — a group of secondary metabolites produced by
fungi. These metabolites can contaminate crops and cause poisoning in humans and animals
when the mycotoxins make their way into the food, this is a major problem as recently it was
estimated that up to 25 % of global food production ends up contaminated with mycotoxins
(Eskola et al., 2020). For this reason Initial hypothesis for the reason of mycotoxin synthesis
postulated that it helps compete with other organisms for nutrient sources like seeds or fruits
(Janzen, 1977). To date however, many other functions of mycotoxins were revealed
including acting as chemical signals, virulence factors or as a defence mechanism against
insect predation (Reverberi et al., 2010). There are three prominent classes of mycotoxins
produced by Fusarium spp.: trichothecenes, zearalenone (ZEN), and fumonisins (FBS).
Among these trichothecenes are the most important class of mycotoxins in Fusarium. The
compounds in this group can range in size from 200 to 500 Da with over 200 toxins known
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(Ji etal., 2019). Trichothecenes have been divided into four subgroups (A-D) that are
characterised by the substitutions mode of the core structure of 12,13-epoxytrichothec-9-ene
(ETP) (McCormick et al., 2011). Of these toxins, type A and B are most common as food
contaminants due to their higher toxicity compared to types C and D.
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relationship between the major species complexes in the Fusarium genus based on the
phylogeny published in (Laurence et al., 2016). Abbreviations: CI, confidence interval; PIC,
preinitiation complex; RI, repeat interval. Figure taken from (Summerell, 2019)
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1.3.3 F. venenatum A3/5 as Quorn mycoprotein producer

As mentioned above (1.3.1) F. venenatum A3/5 was accidentally discovered on the heap of
compost and initially classified as Fusarium graminearum. In 1998, the strain was
reidentified as F. venenatum based on morphological, molecular and mycotoxin analysis
(O'Donnell et al., 1998). This finding was later corroborated in another independent study
(Yoder and Christianson, 1998). This finding was a promising development for Marlow
Foods due to the lower potential for virulence compared in F. venenatum compared to F.
graminearum. Indeed, in 2018, genome analysis of F. venenatum identified that although
some genes encoding production of mycotoxins are present in the genome, the potential for
pathogenicity and mycotoxin production is overall significantly lower compared to F.
graminearum (King et al., 2018). Additionally, experiments assessing the extent of F.
venenatum virulence have shown that the fungus was not capable of infecting wheat and
caused only a mild infection on a tomato plant after long period of incubation (King et al.,
2018).

However, F. venenatum is still capable of producing mycotoxins which was demonstrated
under laboratory conditions (Laraba et al., 2021) . Factors like nitrogen starvation,
deregulation of carbohydrate metabolism or growth in presence of sucrose all were identified
as triggers of mycotoxin production in F. venenatum A3/5 (Altomare et al., 1995; O'Donnell
et al., 1998; Whittaker, 2022; Miller and MacKenzie, 2000). When F. venenatum is cultured
in appropriate conditions (expanded in 1.3.4) mycotoxin production is not triggered (Miller
and Dwyer, 2001). During mycoprotein production routine checks for presence of
mycotoxins are in place, and to date mycotoxin presence has never been detected (Whittaker
et al., 2020).

As mentioned earlier, most microbes contain relatively high levels of nucleic acids that can
cause disease in humans if consumed in excess (1.2.4). In F. venenatum fermentation, the
nucleic acid levels are between 8-9 % of the biomass. Consequently, during production, the
nucleic acid levels need to be lowered to ~1 % (expanded in 1.3.4 so that consumption of
higher amounts of mycoprotein does not exceed 2 g of nucleic acid intake per day). The
benefits of F. venenatum mycoprotein include relatively high protein content and quality
compared to some meats and overall good nutritional profile (discussed more in depth in
1.3.5).

F. venenatum A3/5 strain used in mycoprotein production is haploid and to date is only
known to reproduce asexually. However, there is an interest in finding a sexual cycle as this
would allow for selective breeding regimes to e.g., improve the growth rate in different media
compositions or slow down the emergence of undesirable morphological variants (discussed
in Chapter 3). Sexual breeding of fungal strains can be an efficient method of selection of
desirable traits without the need for genetic engineering — which is currently advantageous in
production of food (Ashton and Dyer, 2016).This approach has been successfully
implemented in Penicillium roquerforti where discovery of a sexual cycle allowed for
selection of a variety of cheese producing strains with custom attributes such as flavour or
colour (Dyer and Kiick, 2017). The reasoning for the existence of a sexual cycle in F.
venenatum is that closely related species like F. graminearum and F. sambucinum have
identified sexual cycles (Trail, 2009; Crous et al., 2021). Additionally mating type genes that
are a necessary pre-requisite for sexual reproduction in fungi have been recently discovered
in F. venenatum (Dyer et al., 2016; Whittaker et al., 2020). The efforts to identify a sexual
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cycle in F. venenatum are currently ongoing in other F. venenatum related projects (Dyer, P.,
Pate, A., pers. comms.).

1.3.4 Industrial scale production of F. venenatum mycoprotein

After F. venenatum was selected as the source of the eventual food product the suitable
method of production needed to be selected. Batch, fed-batch and continuous fermentation
processes were tested for production of mycoprotein selecting continuous fermentation as
most suitable. This was because a continuous fermentation method allowed to run the
fermentation for longer periods of time whilst continuously extracting biomass as well as
allowed for better control of the filamentous fungi culture compared to batch techniques
(Whittaker et al., 2020).

The fermentors used by Quorn Foods utilise airlift technology as opposed to more common
stirred reactors. This is beneficial for growth of mycelial cultures as the airlift design prevents
hyphae from shearing, allowing for longer strands to develop — a desirable trait for generating
intended meat like texture of the products. The added benefit is lower energy consumption
compared to stirred reactors which adds to sustainability of Quorn. The oxygen saturation and
mixing in airlift fermenters is achieved via influx of sterile air into the culture medium which
then mixes the culture. This contrasts with mechanical impellers used in stirred fermenters.
The oxygen transfer occurs primarily at the base of the riser where the air is pumped into the
vessel taking advantage of high hydrostatic pressure (Figure 1.3). The turbulence generated
via the pumped air, together with the hydrostatic pressure result in good transfer of oxygen
from gaseous to aqueous phase. As a result, the riser is filled with a mix of air and mycelial
culture in which air bubbles make up to 50 % of the volume. Past the riser the air levels
decrease to about 10 % of the volume present near the riser, the drop in pressure results in
nitrogen, leftover oxygen, and CO: to be released from the culture via the gas disengager.
Then the culture enters the downcomer depleted of oxygen, there fresh oxygen is being
pumped in to prevent cell death. Once the culture passes the downcomer it is directed back to
the riser where it is aerated again closing the cycle. During the fermentation cycle the culture
is kept at 30 °C and the pH is kept at 6.0 via addition of ammonia (that also constitutes
nitrogen source for the culture). The culture is operated as a glucostat — a condition where
glucose is always in excess allowing the fungus to constantly maintain growth speed close to
its maximum specific growth speed (Anderson et al., 1975). This maximum specific growth
rate is usually achieved 4 days after inoculation at which point biomass can start to be
continuously removed from the fermenter and being replaced with fresh growth medium
allowing for continuous biomass production.

After extraction from the main loop of the fermenter, the mycelium is heated at 68 °C (Figure
1.3) to decrease the levels of nucleic acids to a level that is safe for human consumption, as
discussed earlier in this chapter (1.2.4). The minimal length of the extracted hyphae must be
between 400-700 um otherwise the final product would exhibit a crumbly texture (Finnigan
et al., 2017b; Finnigan, 2011). Egg albumin or other non-animal binding agents like agar or
locust bean gum (Ceratonia siliqua) are used to a mimic a cross linking structure prominent
in muscle fibres but absent in fungal hyphae. The final texture is produced by freeze
texturization of the fibre-gel complex, where the controlled growth of ice crystals pushes the
fungal mycelium together resulting in a fibrous bundle that resembles the texture of muscle
fibres. This process is described in more depth in (Finnigan et al., 2017b).
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Quorn currently operates three fermentors which are the biggest units of this type worldwide.
A single 155 m?® fermentor is capable of producing 6500 tonnes of mycoprotein per annum.
Once the extraction of biomass starts ~4 day post inoculation, the production has a theoretical
potential to go on indefinitely as long as fresh media are being provided (Moore et al., 2011).
Unfortunately, in reality, the fermentation is stopped around every 1000 h upon which the
fermenter needs to be emptied, cleaned and sterilised causing drop in productivity. This is
because growth in a glucostat results in selection of undesirable morphological variants, in
the case of F. venenatum biomass production in airlift fermenters over time increasing the
presence of highly branched, short hyphae C-variant (covered more in depth in Chapter 3 of
this thesis) that affect the texture of the final product by increasing crumbliness (Finnigan,
2011; Wiebe et al., 1994a).
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Figure 1.3 Schematic of the airlift fermenter used by Quorn Foods. Taken from (Whittaker, 2022)
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1.3.5 Mycoprotein and nutrition

From the moment of its inception, the selling point of mycoprotein was intended to be its
“nutritional competitiveness” with meat. When the protein quality was assessed, mycoprotein
has gained a near perfect PDCAAS (covered in 1.1.2) score of 0.99 (out of maximum 1)
making mycoprotein a better source of protein than some types of meat e.g., beef scores 0.92
(Cummings and Edwards, 2010). The mycoprotein also contains a good variety of nutrients.
Per 100 g of dry weight, it was shown to contain 45 g protein, 25 g fibre, 13 g fat, 10 g of
carbohydrate, and a range of micronutrients and vitamins (Finnigan et al., 2017b). Allergic
reactions to mycoprotein are known but these are estimated to have lower incidence in
population than allergies to soy or eggs (Hunter, 2014).

More importantly the effects of mycoprotein on the human body were and continue to be
extensively researched in humans in vivo. Previously, mycoprotein consumption was
correlated with lowering the blood levels of cholesterol (Finnigan et al., 2017b; Turnbull et
al., 1992).This was confirmed with more recent studies and additionally it has been have
shown that replacing red meat and processed meat with mycoprotein can improve
cardiovascular disease risk markers (Farsi et al., 2023a; Coelho et al., 2021). This, in addition
to the sustainability argument gives consumers another strong incentive to replace some or all
of their beef/processed meat intake with mycoprotein. Another important aspect of
mycoprotein vs meat is its ability to facilitate muscle synthesis. A randomised control trail in
older adults showed that a vegan mycoprotein based high protein diet stimulated muscle
synthesis in the participants to the same extent as equivalent omnivorous diet (Monteyne et
al., 2021). Similarly, another trial revealed that a mycoprotein diet stimulated muscle
synthesis in young exercising men to the same extent as a high meat diet (West et al., 2023).
Despite this, meat remains a much more protein dense food: 100 g of wet weight mycoprotein
i.e. how it is found in food products, contains only 11.5 g of protein vs 30.2, for roasted
chicken breast (Finnigan et al., 2017b; Marangoni et al., 2015). The upside of this is that it
can prevent overeating whilst giving a feeling of satiety to the consumer (Burley et al., 1993).
The downside is that it may hamper potential use as a high protein source for e.g., elderly
who typically have reduced appetite and may struggle to reach their recommended daily
protein intake even with more protein dense food sources like meat (Banovic et al., 2018).
One way to address this problem could be to mix smaller amounts of mycoprotein with a
dose of branch chained AAs (BCAAs), AAs known to be involved in muscle synthesis. High
intake mycoprotein was shown to increase the muscle synthesis to a higher degree compared
to a lower dose supplemented with a mix of BCAAs (Monteyne et al., 2020). This indicates
that supplementing mycoprotein with BCAAs as is, is unlikely to give better results in
stimulating muscle synthesis in elderly compared to meat. The comparison of mycoprotein
with meat diet also was shown to decrease the genotoxicity of faecal and amount of excreted
nitroso compounds (that are carcinogens) compared to red meat diet showing potential for
decreasing the risk of colorectal cancer (Farsi et al., 2023b). Additionally, the mycoprotein
was also shown to increase the amounts of beneficial microbes (Lactobacillus, Roseburia and
Akkermansia) in the microbiome compared to meat diet.

Overall, in the last 30 years a lot of research on the effects of mycoprotein has been done not

only proving it a valuable nutrient but also potentially cementing it as a future benchmark for
comparison for new alternative proteins entering the market.
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1.4 Thesis aims

The need for alternative protein and increase in investment in SCP sector means a lot of work
is required for the sector to “catch up” with the traditional livestock and plant agriculture
sector. In this thesis, this is attempted by exploring the possibility of amino acid (AA) profile
manipulation in F. venenatum A3/5, a well-established producer of mycoprotein sold as
Quorn. The far reaching goal of this is to inform of possible ways of tailoring the AA profile.
To achieve this the following goals were set out:

1.To set up a laboratory method for the analysis of the AA profile of F. venenatum that is
representative of F. venenatum from continuous fermentation in airlift fermenters by
comparison of the AA profiles of from the industrial process with samples produced on bench
scale.

2. To assess the extent to which the AA profile of F. venenatum is reliant on the specific
medium used during the current industrial process by monitoring changes in the AA profile in
response to changes in the culture medium.

3. To explore the possibilities for altering the AA profile by targeting protein translation via
chemical treatment with substances known to increase the translational error rate, adaptive
evolution regimes promoting incorporation of branch chained AAs into the AA profile, and
selection of F. venenatum isolates with deregulated leucine synthesis.

4. To test any promising isolates to assess factors relevant to potential use in large scale
fermentation such as growth rate or changes to mycotoxin production.
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2 Chapter 2 Investigation of properties of F. venenatum AA
profile and its response to different growth conditions
2.1 Introduction

The amino acid (AA) profile of organisms can be, to a varying extent, influenced by
environmental conditions and genetics (Szepe et al., 2021). In livestock animals this
variability in the protein content can be seen in different sexes or breeds of an animal (Hollo
et al., 2001), diet and habitat (Mohanty et al., 2014), or parts of the animal carcass (Hamm,
1981). Diet can also have a modest effect on other animal products, e.g., the AA profile of
milk from dairy cows can change in different dietary regimes (Jenkins and McGuire, 2006)
but other research suggests that these regimes only have a limited effect on the expression
levels of different milk proteins and consequently the overall potential to change the AA
profile (Haug et al., 2007). Pathological conditions such as wooden breast myopathy
affecting industrial poultry was shown to result in a decrease in the levels of specific AAs
resulting in a negative change to the AA profile (Zotte et al., 2020). Overall, besides the
effects of disease, protein quality in each type of animal is not largely sensitive to changes in
growth environment and so can provide reliable protein quality in diverse conditions.

The plant AA profile on the other hand is more malleable both to targeted manipulation as
well as general growth conditions. Factors like quality of the soil, type of fertiliser, elevated
levels of CO> or presence of tropospheric ozone can change the amounts of AAs in plants.
The elevated levels of CO2 and presence of the ground level ozone both decrease the amount
of AAs in the crops and therefore decrease their nutritional value (Taub et al., 2008; Broberg
et al., 2017). Different fertilisers can also result in plants with varying levels of AAs
depending on the rate at which the nitrogen from the fertiliser is released throughout the
plants development (Carillo et al., 2012; Armesto et al., 2020). Historically, humans have
capitalised on the malleability of the plant proteome through advances in selective breeding
techniques, e.g., by producing “quality protein maize” (Prasanna et al., 2001). Adoption of
genetic engineering methods allowing for expression of specific proteins can affect the
overall AA profile of plants without detrimental effects on growth. For example, high lysine
maize (LY038) has reported increases in both protein- and free-lysine from 2.55 and 0.09
mg/g to 3.70 and 0.96 mg/qg respectively (Lucas et al., 2007). This was achieved by embryo-
specific expression of feedback-insensitive dihydrodipicolinate synthase from bacteria — the
native enzyme in plants is sensitive to inhibition by pathway end-product valine, but its
bacterial counterpart is less sensitive to inhibition by valine resulting in overall higher levels
of valine production (Dizigan et al., 2007; Lucas et al., 2007; Grant Pearce et al., 2017). In
conclusion plant AA profiles are much more tolerant of changes than those of animals (Galili
and Amir, 2013; Szepe et al., 2021) which bring an opportunity for improvement of protein
quality, but it also means that certain external conditions, such as increased CO- levels, can
lead to lowering of agricultural protein output (Jayawardena et al., 2021).

Because many microorganisms, including fungi, possess a good ability to adapt to varied
conditions, e.g., by modifying their protein expression according to environmental demands,
their proteomes can be reasonably plastic. A further advantage of microbial protein as a food
source is the fact that industrial waste/side streams can be used as potential sources of growth
medium (Spalvins et al., 2018). Fusarium venenatum, the filamentous fungus used for
mycoprotein fermentation at Quorn Foods, is grown in airlift fermenters in continuous culture
where glucose levels are kept constant and the organism grows at constant maximum specific
growth rate (Simpson et al., 1998). Since its original use for this purpose, the industrial
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growth regime of F. venenatum (strain A3/5) has barely changed. Therefore, not much is
known about the influence that changing the composition of the medium might have on, for
example, protein quality. F. venenatum A3/5 has the capacity to produce mycotoxin.
However, mycotoxin was never detected throughout production history in the industrial
setting (R Johnson, pers. comm.), giving a disincentive to try changing the growth method. In
an experimental setting, changing the carbon source from glucose to ribose in batch cultures
was shown to reduce the total AA content of F. venenatum (494 mg/g vs 394 mg/g
respectively) (Anderson and Solomons, 1984). Another study aiming to identify cheaper
alternatives to glucose found that F. venenatum growth speed and biomass accumulation in
sucrose was comparable to that of glucose up to the 10 | fermenter scale (Whittaker, 2022).
However, because the structure of fructose — a subunit of sucrose - is similar to that of ribose,
there is a risk of an undesirable change to the AA profile of F. venenatum cultivated with
sucrose. One of the benefits and selling points of Quorn mycoprotein as a meat substitute is
its protein quality, mycoprotein has a protein digestibility corrected amino acid score
(PDCAAS) of 0.99, which is nutritionally comparable to chicken meat and more nutritious in
terms of AA content than that of beef (Finnigan et al., 2019). Therefore, any consideration of
change to the mycoprotein production process, like switching of carbon source or using an
industrial waste stream as medium, requires that the nutritional quality of the mycoprotein is
not negatively affected.

2.2 Chapter aims

As mentioned above, the industrial growth regime for F. venenatum mycoprotein has barely
changed since the 1960s. This chapter focuses on:

a) Establishing a laboratory method for cultivation of F. venenatum biomass that gives a
total-protein and AA profile representative of the fungus in the industrial growth
regime.

b) Investigating the extent to which altered growth conditions alter the AA profile of F.
venenatum.

2.3 Materials and Methods

2.3.1 Chemicals

All chemicals used in this project were obtained from Sigma, UK unless stated otherwise.

2.3.2 Fungal strains and growth conditions

The filamentous fungus F. venenatum A3/5 was provided by Marlow Foods Ltd. F.
venenatum was maintained and grown on potato dextrose agar (PDA) (Oxoid, UK) at room
temperature (21°C). Conidia (asexual spores) were harvested in 0.1% [v/v] Tween 80 after 5-
10 days on PDA plates and filtered through miracloth. Spore concentrations were determined
by hemocytometry.

2.3.3 Growth media and culture in shake flasks

Cultures were grown in 250 ml or 500 ml Kimble™ baffled flasks (Dixon, Kent, UK) at 28
°C with shaking at 150 rev/min. The starting spore concentration used was 10,000 spores/ml.
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Starter cultures were grown for 24 h after which 1% v/v of starter culture was used to
inoculate experimental flasks.

2.3.4 Microplate reader culture conditions

In 96 a well microplate (Greiner Bio-One, UK) 300 pl of medium containing 10 000
spores/ml were aliquoted in each well. The plate was taped with masking tape over the edges
to minimise evaporation. The microplates were statically incubated in EPOCH 2 plate reader
(Agilent, USA) at 28 °C with readings taken every 1 h. The software used was Gen5 v3.08.
Exported data was analysed using Microsoft Excel, background absorbance was corrected for
by subtracting the OD values of wells containing uninoculated medium,

2.3.5 Calculating the doubling times

Doubling times of the culture were determined for each growth curve by selecting two time
points on the exponential phase of growth on the growth curve and calculated using
Equation 2.1 (Vidal et al., 2006), where “Duration” is the amount of time between the two
selected points, final cell concentration and initial cell concentrations are the OD values of
the later and earlier selected timepoints respectively.

Equation 2.1 Equation used to calculate doubling time of a cell culture.

Duration X In (2)

| (Final cell concentration)
Initial cell concentraion

Doubling time =

2.3.6 Media

Cultures were grown in 250 ml or 500 ml Kimble™ baffled flasks (Dixon, Kent, UK ) at
28°C with shaking at 150 rev/min. The starting spore concentration used was 10,000
spores/ml. Starter cultures were grown for 24 h after which 1% v/v of starter culture was used
to inoculate experimental flasks. The broth media used for shake flask culture were: RHM
(KH2PO4 20 g, NH4Cl 4.4 g, K2S040.3 g, MgSOs - 7H20 0.25 g, biotin 0.03 pug, 5 ml of
RHM trace element solution [FeSOs4 - 7H20 2.8 g, ZnCl21 g, MnCl2 - 7H20 1 g, CuCl20.2 g,
CoCl; - 6H20 0.37 g, Na2M004 0.2 g, CaCl> - 2H20, citric acid 1.5 g per 1L] per 1L;
Aspergillus complete medium (ACM) (10 g glucose, 1 g yeast extract, 2 g bacteriological
peptone, 1 g casamino acids, 0.075 g adenine, 10 ml Aspergillus vitamin solution per 1L),
vitamin solution was prepared as described in Paoletti et al. (2005) , Aspergillus minimal
medium (AMM) (20 g glucose, ZnSO4 - 7 H20 1 crystal, FeSO4 - 7H20 1 crystal,
bacteriological peptone 2 g, KH2PO4 1.52 g, MgSQas - 7 H20 0.52 g, KCI 0.52 g, NaNO3 6 g
per 1L)

2.3.7 Biomass measurements and preparation.

Flask contents were vacuum filtered through pre-weighed Whatman qualitative 110 mm filter
papers (No .1001-110) (Merck, Darmstadt, Germany). The flasks were rinsed with sterile
deionised water (SDW) until all visible biomass was washed out. The biomass was then
rinsed with SDW to remove traces of growth medium. The paper filter with biomass was
placed in a falcon tube at — 80°C and freeze dried using Thermo Savant Modulyod benchtop
freeze dryer (Thermo Fisher, UK) with a RV8 vacuum pump (Fisher Scientific, UK). The
final mass of the sample was measured by subtracting the original weight of the paper from
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the total and correcting for the loss of mass produced by drying a clean paper (with no
biomass). Dried biomass was then separated from the filter paper and ground in liquid
nitrogen using a mortar and pestle.

2.3.8 Protein hydrolysis and sample preparation for LCMSMS analysis.

Freeze dried and powdered biomass samples containing ~5 mg nitrogen were suspended in
2.5 ml oxidation solution (1 part 30% hydrogen peroxide, 9 parts formic acid/phenol solution
v/v); the formic acid/phenol solution was prepared by mixing 735 ml 98-100% LCMSMS-
grade formic acid, 111 ml dH»0, 4.73 g phenol. Samples were left in the fridge for 16-18
hours after which the oxidation reagent was neutralised by adding 0.42 g of sodium
metabisulphite. Then 2.5 ml of 12M HCI and 0.5 ml of hydrolysis reagent (49.2 ml 12 M
HCL, 1 g phenol, made up to 100 ml with dH.O) were added. Tubes were sealed and placed
in a 110°C pre-heated oven (GP/20/SS/F/250/DIG; LABQUIP LTD, UK) for 24 h. After
hydrolysis the pH of the samples was adjusted to 2.8 pH with 4 M ammonium formate
solution (252.4 g ammonium formate dissolved to 1 | volume with dH20) and made up to 50
ml with 20 mM ammonium formate buffer pH 2.8. The samples were centrifuged for 10 min
at 1509x g. The supernatant was passed through a 22 um microfilter (Sartorius, Goettingen,
Germany) and diluted as described in section 2.3.9.

2.3.9 Preparation of LCMSMS standards and sample dilution

Amino acid LCMSMS standard and internal standard were prepared by using a combination
of a pre-made AA LCMSMS grade standard mix and stocks of individual AAs, the chemicals
used in preparation of the standards were: amino acid standard, 2.5 pumol/ml (Cat. No. AA-S-
18) (containing 2.5 umol/ml of L-alanine; ammonium chloride; L-arginine; L-aspartic acid,;
L-glutamic acid; glycine; L-histidine; L-isoleucine; L-leucine; L-lysine, L-methionine; L-
phenylalanine; L-proline; L-serine; L-threonine; L-tyrosine; L-valine, and 1.25 pmol/ml
cystine), cysteic acid (Cat. No. C7630), methionine sulfone (Cat. No. M0751), Cell free
amino acid mixture (CFSIL) — 13C,15N (Cat No. 767964).

Concentrated standard solution of cysteic acid and methionine sulfone (1.25 umol/ml) was
prepared by dissolving 0.234 g of cysteic acid and 0.2265 g of methionine sulfone in 200 ml
pH 2.75 20 mM ammonium formate buffer and made up to 1 | with pH 2.75 20 mM
ammonium formate buffer.

Internal standard (ISTD) preparation

CFSIL 1/2000 dilution was prepared by diluting 0.5 ml of CFSIL in 20mM ammonium
formate pH 2.75 buffer to 1 | volume in volumetric flask.

LCMSMS Standard preparation
AA standard stock was prepared by mixing previously prepared solutions as outlined in

Table 2.1. The concentrations of standards used for LCMSMS calibration are as listed in
Table 2.2. Preparation of internal standards is described in above.
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Table 2.1 Preparation of standard stock

Stock . .
. Concentration Final
concentration Volume (M) concentration
(mM) "
2.5 mM (except 400 uM (except 200 ul of
AA standard . . plo
mix (18 AAs) cystine - 1.25 64 pl cystine - 200 stock is then 200/100 pM
mM) pM) mixed with
Cysteic acid + 200 pl of
Methionine 1.25 mM 64 ul 200 uM ISTD (1/2000 100 uM
Sulfone CFSIL
Tryptophan 10 mM 16 pl 400 uM dilution) 200 uM
Ammonium CFSIL
formate 20 272 ul dilution
mM pH 2.75 1/4000

Table 2.2 Concentrations of AA standards used for calibration of LCMSMS for
guantification of AAs in samples.

2.3.10UHPLC-MS/MS Instrumentation

UHPLC

Standard number

Concentration (uM)

AAl4 200/100
AA13 100
AA12 50
AAll 25
AA10 12.5
AA9 6.25
AAS8 3.125
AA7 1.563
AAG 0.781
AAS5 0.391
AA4 0.195
AA3 0.098
AA2 0.049
AAl 0.024
AA0 0

All calibration standards and hydrolysed samples prepared as described above (2.3.8, 2.3.9)
were separated and analysed using a Thermo-Fisher VVanquish (UHPLC) and Altis Triple
Quadrupole Mass spectrometer (MS/MS) with heated electrospray ionization (H-ESI) probe.
Positive ion mode was used for all amino acids. A 1 pl aliquot was injected on a Thermo
Scientific™ Acclaim™ Trinity P1 mixed mode column (150 mm x2.1 mm, 3 uM) at 30 °C.
Mobile phases consisted of ammonium formate in water at pH 2.75 for phase A and a
mixture of ammonium formate in water and acetonitrile (80/20 v/v) for phase B.

Chromatographic separation was achieved by gradient elution under the conditions described

in Table 2.3

33




Table 2.3 UHPLC gradient used in this work.

Time

(min) Flow Rate (ml/min) %A %B
0 0.3 100 0
5 0.3 100 0
7 0.3 0 100
14 0.3 0 100

14.5 0.35 100 0

16.5 0.35 100 0
17 0.3 100 0
18 0.3 100 0

Mass Spectrometry

A Thermo Scientific™ TSQ Altis™ triple quadrupole mass spectrometer equipped with a
Thermo Scientific™ Opta-Max NG ion source with a heated electrospray ionization probe
has caused. Sheath gas was set at 45 arbitrary units, auxiliary gas at 15 arbitrary units, and
spray voltage at 3500 V for positive ionization and at 2700 V for negative ionization. The
vaporizer temperature was set to 370 °C and transfer tube temperature to 270 °C, while
source fragmentation was applied at 15 V. Data was acquired in Selected Reaction
Monitoring (SRM) mode using a resolution of 0.7 full width at half maximum (FWHM) for
both quadrupoles. All compounds were detected at positive mode.

2.3.11 LCMSMS chromatograph analysis.

Trace Finder 4.1 software was used to quantify the detected amounts of AAs. Peaks were
individually inspected and manually curated where automatic detection failed.

2.3.12 HPLC conditions
Preparation of reagents

HPLC grade water was produced with a Purelab Flex (ELGA, High Wycombe, UK) water
purifier. O-phthalaldehyde (OPA) reagent was prepared fresh each time by mixing under
nitrogen 20 mg phthaldialdehyde (Alfa Aesar, Heysham, UK) and 20 mg of 3—
mercaptoprionic acid (Alfa Aesar) made up to 1 ml with 0.4 M boric acid (Sigma, UK) and
adjusted to pH 10.2 with NaOH, then passed through a 22 um filter into an HPLC vial.
Borate buffer was prepared by adjusting 0.4 M boric acid to pH 10.2 with NaOH. For phase
A, 20 mM phosphate buffer was prepared by dissolving 2.76 g NaH2PO4 - H20 (Sigma, UK)
in 800 ml dH20, adjusting to pH 7.80 with NaOH and making up to 1000 ml with dH2O. The
solution was then passed through a 22 um filter. Mobile phase B comprised acetonitrile,
methanol, water at ratios of 45/45/10 (v/v/v). Amino acid standards were prepared by using
equal molar amounts of 18 analytical grade AAs (L-Asp, L-Glu, L-Asn, L-Ser, L-GIn, L-His,
Gly, L-Thr, L-Arg, L-Ala, L-Tyr, L-Val, L-Met, L-Trp, L-Phe, L-lle, L-Leu, L-Lys) and
dissolving them in 0.1M HCI. The solution was passed through 22 um microfilter and was
diluted with 0.1M HCI to 1000, 600, 400, 100, 10 M per amino acid.
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HPLC analysis

Analysis was performed using a Dionex Ultimate 3000 HPLC (Thermo Scientific, UK)
equipped with a solvent rack with degasser (SRD-3400), pump (HPG-3200 SD), autosampler
(WPS-3000TSL), column compartment (TCC-3000) and diode array detector (DAD-3000).
The OPA method used was as described by Agilent and validated by Bartolomeo and
Maisano (2006). Briefly, borate buffer, dH-O vial without cap for washing the needle, OPA
reagent, water vials were in positions A1-A4 on the sample rack respectively. The
autosampler was programmed as described by Bartolomeo and Maisano (2006).

The column used was a Zorbax Eclipse AAA 4.6 x 150 mm, 5um (Agilent, Santa Clara,
USA). The analysis was performed at 40°C with detection at 338 nm. The separation was
obtained at a flow rate of 2 ml min with gradient programme. The % of liquid phase A or B
being pushed through the system were: 1.9 min at 0% B, then a 16.3min step that gradually
raised phase B to 53%. Then washing at 100% B and equilibration at 0% B was performed in
a total analysis time of 26 min. Peaks were analysed using Chromeleon 7.2 SR4 software and
amino acid amounts quantified using the calibration function built into the software, by
comparison with peaks for the amino acid standards.

2.3.13 Free amino acid extraction for HPLC analysis

Freeze dried powdered samples were resuspended in 1ml of 0.1M HCI and boiled at 100°C
for 15 min. Afterwards, samples were centrifuged for 30min at 21130x g. The supernatant
was passed through a 22 um filter into a HPLC vial (Thermo Scientific, UK). Samples were
stored frozen at -20°C until analysis.

2.3.14 Protein extraction and Bradford assay analysis.

Total protein was extracted from freeze-dried powdered mycelium with a modified version of
a previous method (Mahre et al., 2016) . Samples were suspended in 1ml of extraction buffer
(0.1M NaOH, 3.5% NaCl dissolved in dH20) and vortexed until homogenous. Tubes were
incubated in dry heat thermostat (Grant instruments, Shepreth, UK) at 60°C for 3h. The
samples were then centrifuged at 21130x g for 30 min at 4°C. The supernatant was collected
and diluted with dH20 (usually 1/800). 800 pl of diluted supernatant followed by 200ul of
Bradford reagent (Bio-Rad, UK) was pipetted into a 1.5 ml cuvette (Thermo Scientific,
Massachusetts, USA) and left to incubate for at least 5 minutes at room temperature.
Absorbance was measured by spectrophotometry (DS-11FX+, DeNovix, Wilmington, USA)
at 595 nm. A calibration curve for the protein calculation was prepared fresh before each
experiment using bovine serum albumin (BSA) (Sigma, UK) as protein standard in
concentrations of 1.2, 2.4 ,4.8 and 10 pg/ml of BSA.

2.3.15 Statistical analysis

To compare the absolute and relative AA profiles within each experiment a Principal
Components Analysis (PCA) was performed using R studios software on the combined
hydrolysate AA dataset. The data were standardised by normalisation, a covariance matrix
was produced and examined (Figure 2.1, A) and PCA was performed on the data. The PCA
produced 17 principal components (PCs) the first three of which explained 81.28 % of
variability in the dataset (Figure 2.1, B). Eigen values of the PCs were examined with only
PC1-3 having eigenvalues > 1 (9.37, 2.87, 1.51) respectively, confirming that these three PCs
should be used for further analysis. The loading factors of the first three PCs (Table 2.4)
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were examined, and it was determined that PC1 measures the total AA production and
indicates changes to the overall AA profile between treatments. PCA2 contrasts Ala, Asp,
Gly and Pro with His and Val, with higher values indicative of a treatment that produces a
profile enriched in the former group of AAs and lower/negative values for a profile enriched
in the latter. PC3 contrasts Cys with Leu, lle, Gly and Asp with higher values indicating a
higher Cys enrichment and lower enrichment in the latter group. For analysis of the
individual experiments PC1-3 values were extracted for each treatment group and compared
by One-Way ANOVA and post hoc tests (Tukey’s multiple comparisons — unless stated
otherwise).

For free AA experiments where the total amount of data was lower and number of the
variables too high to warrant a PCA, the means of individual AAs were compared between
treatments by multiple T-tests/One-Way ANOVA:S.

The statistical analysis was conducted using R studio software (version 2024.04.0+735).

Table 2.4 Factor loadings of principle components 1-3.

PC1 PC2 PC3
Ala 0.036 0.443 0.018
Arg 0.279 -0.086 0.127
Asp 0.126 0.377 -0.466
Cys 0.025 0.183 0.651
Glu 0.248 0.237 0.076
Gly 0.129 0.344 -0.437
His 0.255 -0.305  -0.119
e 0.276 -0.181  -0.098
Leu 0.303 0.012 -0.091
Lys 0.309 -0.047 -0.017
Met 0.257 0.145 0.208
Phe 0.312 -0.130 0.022
Pro 0.234 0.307 0.211
Ser 0.275 0.085 0.042
Thr 0.266 0.143 0.138
Tyr 0.282 -0.216 -0.063
Val 0.231 -0.335 -0.026
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Figure 2.1. Visual representation of relevant Principal Component Analysis data. A)
Covariance matrix of the normalised AA dataset, magnitude of the correlation is described in
terms of colour type and intensity with more positive correlation in red and negative
correlation in blue (right hand Y axis). B) Scree plot representing the variance accounted for
by the principal components (PC) of the PCA (PCA 11-17 not included).
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2.4 Results

2.4.1 Growth of F. venenatum in microplate cultures

Initial experiments to establish the growth pattern of F. venenatum under laboratory
conditions were conducted in 96 well microplates, using a microplate reader (Figure 2.2).
The plates were incubated in the microplate reader statically at 28 °C for 72 h with OD
readings at 600nm every 1 h. No shaking was used at any stage of incubation in the
microplate readers to prevent formation of undesirable pellets from the mycelium (Whittaker,
2022). This meant that it was likely that in a flask culture with shaking where the aeration and
nutrient availability is higher the growth would be quicker, but this experiment provided a
timeframe in which F. venenatum is likely to grow exponentially. The growth of F.
venenatum in these conditions appeared to follow two distinct phases of exponential growth:
between ~16 and ~28h and between ~40 to ~56 h, with a brief period between these phases
during which growth was decelerating. The shortest doubling time occurred between 20-24 h
(4.1 h), whereas the second growth phase between 40-56 h had an average doubling time of
9.02 h.
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Figure 2.2 Growth curve of F. venenatum in microplate culture. RHM medium was
inoculated with 10,000/ml of spores and 300 ul of the suspension was deposited into wells
and incubated statically at 28° C for 72 hours with OD measurements taken every 1 h for 72
h. Data points indicate mean average, + SD, n = 3.

38



2.4.2 Growth in baffled flask cultures

The growth curve of F venenatum was examined in RHM medium in 250 ml baffled flasks.
Freeze-dried biomass was weighed at intervals (as described in 2.3.2 and 2.3.3). The biomass
increased exponentially between approximately 24 and 36 h (additional time points in this
period would delimit exponential-phase growth more accurately) with a calculated mean
doubling-time of 3.32 h between 24 — 36 h. Growth subsequently slowed, and no further
biomass increase was observed after 41 h indicating that the culture had reached a stationary
phase. This entry to stationary phase occurred sooner than in microplate cultures. Visual
examination revealed that before 24 h of growth the hyphae are not long enough and
therefore not representative of F. venenatum biomass extracted from the airlift fermenters at
Quorn. Therefore, timepoints between 30 and 41 h were selected as points of extraction for
the future experiments.
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Figure 2.3 Growth curve of F. venenatum in flask cultures. RHM medium was inoculated
with 10 000/ml of spores and 50 ml of the suspension was deposited into 250 ml baffled
flasks and incubated statically at 28° C with shaking (150 rev/min). The biomass was
extracted at 24, 30, 36, 41, 48, 56 and 74 h. Data points indicate mean average, = SD, n = 3.

2.4.3 Validation of total protein content measurements with Bradford assay.

In addition to measuring the biomass (above), for this thesis it was important to consider
whether protein content changes during growth in batch culture. The mycoprotein obtained
from airlift fermenters exhibits a consistent protein quantity (Figure 2.4) throughout
extraction. Assessing total protein content of a sample by expressing it as a % of the total
AAs detected by LCMSMS analysis vs the dry weight of the sample is considered one gold
standard (Mahre et al., 2016). However, LCMSMS analysis is time consuming, costly and
requires ~5 mg of nitrogen per sample which can be problematic for monitoring early growth
timepoints where biomass is low. Nitrogen analysis is low cost and requires small amounts of
biomass but can be problematic for less commonly tested samples as specific nitrogen to
protein conversion factors are not available and for fungal derived samples, presence of chitin
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(nitrogen containing polysaccharide) in fungal cell walls can also skew the results (Mahre et
al., 2016). The Bradford protein assay with an appropriate protein extraction method was
reported to give comparable values to those derived by LCMSMS analysis. Here, four
replicate samples of F. venenatum biomass were extracted from flask cultures at 30 h and
each was split into two for analysis by either LCMSMS (after biomass hydrolysis — 2.3.8) or
Bradford assay (after protein extraction - 2.3.14). The derived total protein amounts were
comparable between the two assays (p = 0.49), around a value of 40% protein in the dry
biomass (Figure 2.4).
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Figure 2.4 Comparison of % protein for the same biomass samples measured by
LCMSMS and Bradford assay. Data points indicate individual values for biological
replicates from flasks cultures extracted at 30 h after inoculation. The dotted lines indicate
mean values. SDs (not shown) were 3.74 and 4.64 for LCMSMS and Bradford assay,
respectively. The sets were compared using the Mann-Whitney test: U =5, Two-tailed p =
0.4857,n=4.

2.4.4 The relationship between growth stage and protein content

After validating total protein content measurement by Bradford assay (based on comparison
with those by the LCMSMS AA analysis), the Bradford assay was used to monitor changes to
the total protein content throughout growth in flask cultures. This was not done for
microplate cultures because the culture growth conditions were different to those in a
continuous fermenter. The cultures were grown in flasks in RHM medium. The samples used
for biomass measurement were subsequently used for total protein extraction and the protein
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content determined by Bradford assay. As expected, there was a marked increase in protein
content from the spore stage used for inoculum and the vegetative state after 20 h growth, the
earliest growth timepoint at which sufficient biomass enabled protein determination (Figure
2.5 A). After 24 h, there was a downward trend in protein content as growth progressed
through exponential phase and slowed towards stationary phase, with biomass having lower
protein % per gram of dry mass from 24 to 72 h (p = 0.021) (Figure 2.5 B). The relationship
between dry mass and % protein was considered further (Appendix Figure 1). Here,
replicate data were plotted separately as it had been noted that replicate cultures for the same
treatment were not identical in their protein content. Dry total masses of individual samples
inversely correlated with protein content of the sample — samples of lower total culture mass
tended to have higher protein content (Appendix Figure 1). This relationship between the
downward change in protein content as biomass increased during exponential phase may help
explain the large variation in protein content across replicates at certain timepoints noted
above, i.e., due to potential divergences in growth progress between replicate cultures. It also
suggests that experimental conditions which affect growth progress in flask cultures (e.g., use
of a different growth medium) might affect the total protein content purely on the basis of
growth stage attained by particular timepoints rather than specifically because of the
condition (e.g., composition of the tested medium).
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Figure 2.5 Protein content of F. venenatum during flask culture in RHM medium. A)
Cultures were inoculated with 10 000 spores per ml and grown at 28°C and 150 rev/min. At
indicated timepoints, biomass from a flask was extracted, freeze dried and weighed to give
extracted dry mass (+ SD). The dry mass was then powdered and analysed via Bradford assay
to determine protein % per 1 g of dry mass. The 0 h timepoint was determined in the same
way but with ~10 million freeze dried spores. B) Pearson correlation: r (22) =—-0.8791, p (
two-tailed ) = 0.021
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2.4.5 Comparison of AA profiles of F. venenatum in flask culture and airlift
fermenter cultures

As for the case of F. venenatum growth in 96 microwell plates versus flask cultures, the
conditions will differ between the latter and industrial scale continuous fermentation in airlift
fermenters. Therefore, the AA profiles of F. venenatum biomass sampled from airlift
fermenters at the Quorn production facility were determined. The samples came from two
Quorn airlift fermenters (Q3 and Q5) and were sampled 5 times from each fermenter over a
40-hour period during routine fermentation cycles (I. Geoghegan, pers. Comm., Marlow
Foods Ltd.). Analysis of protein content via Bradford assay showed that the protein content
fluctuated around 40% as a proportion of biomass dry weight. There were no significant
differences between the total protein contents of biomass derived from flask cultures and
either of the airlift fermenters (p = 0.8626) (Figure 2.6).

Biomass from the samples was hydrolysed and the AA profile was measured via LCMSMS.
The AA composition of samples from flasks and airlift fermenter cultures was comparable:
One-Way- ANOVA of the PC1 values from the experiment revealed no statistically
significant effect of growth in flask versus fermenter on AA profiles of F. venenatum
biomass (p = 0.699) (Table 2.5). There were also no significant differences in PC2 and PC3
(p =0.7699, p = 0.8601) indicating no change in levels of individual AAs between the
samples. The absolute and relative AA profiles of the samples are shown in (Table 2.5,
Figure 2.7, Appendix Table 2). Overall, no significant differences in individual AAs or total
AA amounts between flask grown and Quorn fermenter biomass were found suggesting that
exponential phase biomass grown in flask cultures can be used as reasonable proxy for
determination of potential changes to AA profile of F. venenatum under different conditions.
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Figure 2.6. Total protein content of F. venenatum biomass from flask cultures is
comparable to samples from industrial scale continuous fermentation. Here WT
indicates samples from flask cultures, Q3 and 5 indicates samples extracted from respective
airlift fermentors. 30 h extracted flask culture samples were compared Kruskal-Wallis test
with Dunn’s multiple comparisons (H = 0.3600, df =2 p =0.8626) n =4 (WT),n=5 (Q3
and Q5)

44



Table 2.5. Comparison of AA profiles of F. venenatum biomass hydrolysate extracted
from flask cultures at 30 h and airlift fermentors. Values indicated g/kg of dry mass + SD.
The bottom three rows indicate the principal component values + SD. The PC1-3 from
different treatments were compared by One-Way ANOVA ( F =0.3804, df =2, p =0.699; ,
F=0.7699, df =2 p = 0.5039; F = 0.1546, df = 2, p = 0.8601) respectively. n = 3.

QQ Flask Airlift Q5 Airlift Q3
Ala 38.5 + 4.2 402 0.4 40.4 £ 6.9
Arg 20.1+2.8 29.6 + 1.0 31.0+3.1
Asp 347 +3.9 325+ 2.0 329+ 1.1
Cys 3.0+0.4 29+03 2804
Glu 785+ 165 66.3 + 5.2 613+ 4.5
Gly 185+1.38 16.3+0.9 163409
His 100+12 10.3+0.6 9.9+0.3
lle 202+ 2.4 19.9%2.1 207 £0.7
Leu 312+ 45 29.4%2.2 30.8 + 1.2
Lys 33.9+37 33.6+23 32.5+0.9
Met 11.2£26 102+15 9.9+0.1
Phe 18.8%2.2 17.6+16 17.6+ 0.6
Pro 18.0+1.38 18.2+14 17.8+0.7
Ser 171423 154+14 157409
Thr 21.3+2.9 200+ 1.1 200+ 1.2
Tyr 9.7+138 85+0.8 8.7+0.3
val 26.0 + 4.1 26.4+ 1.9 25.8+ 0.8
Total  419.6+37.3 397.3+25.7 393.7+21.8
PC1 0.12 % 2.0 0.73+13 0.78+06
PC2 0.5+0.8 0.10£0.3 0.04+05
PC3 143+ 055 1.47+0.34 1.29+0.32
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Figure 2.7. Heat map illustration of individual-AA levels of F. venenatum from airlift

fermenter samples relative to those for flask cultures. The values (converted to heat map

according to the right-hand scale) are normalised to the flask cultures and expressed as Log2
of the values, n=3.

2.4.6 Comparison of the relative and absolute AA profiles of flask grown F.
venenatum cultures at 30 hand 36 h

As shown in section (2.4.4) the protein content within flask cultures tends to decrease with
increasing biomass even through exponential growth phase. To see whether this decrease in
protein content over time in flask cultures also affects the relative AA composition — that is
the proportion that each AA makes up in the total AA content — relative AA profiles of
samples from flask cultures extracted at 30 and 36 h were compared. Between flask samples
extracted at 30 and 36 h the absolute levels of individual AAs remained comparable as
expected for both replicas as evidenced by no significant differences in when PC1 values
were compared by One-Way ANOVA (p = 0.74, p = 0.35, for replicas 1 and 2 respectively)
(Appendix Table 2). In replica 1, comparison of PC2 and 3 did not reveal any significant
differences to the AA profile (p = 0.16, p = 0.58, respectively), likewise in PC3 in replica 2 (p
=0.08). However PC2 in replica 2 did indicate a significant change in the levels of AAs
described by this PC (p = 0.035). Lower value of PC2 at 36 compared to 30 h suggested a
decreased level of Ala in both absolute (32 vs 49 g per kg) (Appendix Table 2) and relative
terms (6.55 vs 9.39 %) (Appendix Table 3).

Hydrolysate AA profiles at 30 vs 36 h are fairly similar, and it seems like most of the
variation in AA profiles of flask cultured F. venenatum samples comes from the variation in
the levels of Ala.
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2.4.7 Comparison of free AA profiles

Although the relative composition AA of the hydrolysates from flasks between 30 and 36 h is
comparable (2.4.6) AAs like glutamate and alanine tend to fluctuate the most both within the
timepoint and between them. Free glutamate is stored in cells to be converted into other AAs
and support protein translation and AA signalling (Yoo et al., 2020). In yeast the free AA
pool may change in response to shift metabolic shift or change in growth conditions
(Martinez-Force and Benitez, 1995) and this change is more rapid than in case of the
proteome. This change to the free AA profile was corroborated by additional analysis in the
present study comparing the free AA profiles in F. venenatum across different growth points.
The free AA profile of F. venenatum was changing throughout growth, with alanine and
glutamine levels generally getting lower at later growth points with levels of some other AAs,
especially lysine getting higher (Appendix Figure 2).

To determine the extent to which changes to the free AA pool can influence the overall AA
profile of F. venenatum hydrolysate (AAs in proteins + free AAs), free AAs from F.
venenatum biomass grown in flasks cultures were extracted at 30 and 36 h and the profiles
were measured via LCMSMS. The two free AA profiles were different with biggest absolute
change in the amount of glutamate and alanine (p = 0.005, p = 0.0014, respectively) (Table
2.6). At 36 h a change to the AA profile can be seen presumably as an effect of metabolic
shift as a result of growth slowdown (Appendix Table 2, Appendix Table 3, Figure 2.8). In
some experiments however, free AA profiles of samples extracted at 36 h resembled the
profile of 30 h extracted samples, presumably due to slightly slower growth in the flask (data
not shown). 30 h was concluded to be more suitable point to look at the free AA profiles
because it consistently produced a replicable free AA profile. Comparing the free AA
profiles and hydrolysate proteins from the 30 h samples (Table 2.4 and Table 2.6) showed
that the free AAs make on average 14.8 % of the total cellular AA content (Table 2.7). Free
alanine and glutamate make up the highest proportion of their respective AA pools 12.91 and
39.9 % these two free AAs also make up 58 % of the whole free AA pool. Other free AAs
make up a varying degree of their respective AA pools, e.g., free leucine makes up only 0.7
% of the leucine pool, but free histidine makes up 7 % of the total histidine pool, but with
exception of alanine and glutamate the other free AAs individually represent > 0.56% of the
total AAs found in the hydrolysate (Table 2.7). Changes to the free AA profile could explain
the fluctuations in the levels of free glutamate and alanine between different samples pointed
out earlier in this chapter, but due to relatively low abundance of other free AAs it is unlikely
that fluctuations in their level would noticeably affect the AA profile of the F. venenatum
hydrolysate.
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Table 2.6. Comparison of free AA profiles of F. venenatum biomass extracted from flask
cultures at 30 h and 36 h. Values of amino acids are expressed as g/kg + SD. Different
letters in superscript between cells in the same row indicate statistically significant difference
between values (p < 0.006) derived multiple unpaired T-test (df = 4) with false discovery rate
at 1 %. Lack of any superscript letters indicates lack of significant difference within a row.
N/D - not detected, N/I - not included.

AAgkg RHM 30h(n=3) RHM 36 h (n = 3)
Ala 4.97 +0.55 A 8.33 + 0.50°
Arg 2.35+0.03 1.55 +0.38
Asx 0.51+0.01 N/I
Asp 2.28+0.17 2.02+0.78
Cys 0.06 +0.01 N/D
Glu 31.34+2.1A 17.48 +3.878
Glx 0.14 +0.03 N/I
Gly 0.82+0.04 A 0.46 +0.03 ©
His 0.7+0.1 0.84 +0.14

lle 0.19 +0.02 A 0.87+0.13°8
Leu 0.22+0.02 A 0.60 +0.07 ©
Lys 0.69 + 0.04 1.41 +0.47
Met 0.34+0.018 0.06 +0.01 8
Phe 0.32 +0.02 0.48 + 0.06
Pro 0.61 +0.02 0.49 +0.17
Ser 1.61+0.05 1.22 +0.22
Thr 1.97 +0.06 1.56 +0.21
Trp 0.12 +0.01 0.49 +0.24
Tyr 0.15+0.01 A 1.35+0.198
val 0.9 +0.06A 0.10 +0.03 ©
Total 62.15 + 2.56 A 39.30+7.528B
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Table 2.7. Table outlining the amount of the free AAs found in the hydrolysate. The AA
profile is expressed as % abundance of individual free AAs within the free AA pool and
within the hydrolysate profile and as % abundance of individual AAs relative to the total
amount of AAs in the hydrolysate.

% of the individual

AA g/kg AA % of total profile
Ala 12.91 1.19
Arg 8.07 0.56
Asp 6.56 0.54
Cys 2.04 0.01
Glu 39.90 7.48
Gly 4.46 0.20
His 7.01 0.17

lle 0.95 0.05
Leu 0.70 0.05
Lys 2.03 0.16
Met 3.04 0.08
Phe 1.69 0.08
Pro 3.38 0.15
Ser 9.42 0.38
Thr 9.24 0.47
Tyr 1.50 0.03
Val 3.47 0.22

Total 14.84 14.84
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Figure 2.8. Change to free AA profile between 30 and 36 h extracted samples of F.
venenatum grown in RHM medium. The points on the graphs are the levels of each AA
from the 36 h sample normalised against the relevant AA level from the 30 h sample (Table
2.6). The values are expressed as log fold-change (n = 6, biological replicates).

2.4.8 Comparison of AA profiles and growth in other fungal media

To test whether the above observations were specific to growth in RHM, the AA profile and
protein content were examined in F. venenatum cultured in two other commonly used fungal
growth media (ACM and AMM).

Exponential-phase F. venenatum growth was slightly faster in AMM and ACM media (which
contain yeast extract and bacteriological peptone) than in RHM (which does not). Fastest
growth was identified between approximately 24 and 36 h with average doubling times of 6 h
21 min, 6 h 51 min, 6 h 21 min in AMM, ACM and RHM media respectively (Figure 2.9 A,
Figure 2.10 A; RHM shown in Figure 2.5 A). There was a significant downward trend in
protein content (% protein per gram dry mass) between 24 to 72h (p = 0.0096, 0.0442) for
AMM, ACM respectively (Figure 2.9 B, Figure 2.10 B). Biomass grown in ACM, AMM
media was collected at 30 and 41 h, hydrolysed and analysed by LCMSMS to compare AA
profiles with the profiles of hydrolysate from biomass grown in RHM medium.
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At 30 h there was no significant effect of the medium used on the absolute, overall
hydrolysate AA profiles of samples grown in the three different media as indicated by
analysis of the PC1 (p = 0.199) (Table 2.8). Comparison of PC2 and 3 revealed no further
differences between the treatments (p = 0.9, p = 0.09) indicating no change in levels of
individual AAs between the samples.

At 41 h analysis of the PC1 showed, that there was a significant effect of the medium on the
overall abundance of the AAs in the hydrolysate profiles (p = 0.0018) (Table 2.8). Tukey’s
multiple comparisons test revealed a significant difference between the RHM and ACM
treatment (p = 0.0017) and RHM and AMM treatment (p = 0.013), in both cases the overall
level of AAs is lower than in RHM control. Analysis of PC2 indicated a significant effect of
the treatment (p = 0.0118), Tukey’s multiple comparison test revealed a significant difference
between the RHM and ACM treatments (p = 0.009). This result indicates a relative increase
in Ala, Asp, Gly and Pro relative to His and Val in the ACM treatment (PC2 = 1.52)
compared to the RHM treatment (PC2 = -3.98) (Table 2.8, Appendix Table 4, Figure 2.11).
Analysis of the PC3 showed no significant difference between the treatments (p = 0.0941).

The absolute and relative values for both experiments are presented in (Table 2.8, Appendix
Table 4, Figure 2.11)

The results show that the AA profiles of cell hydrolysates from the three media are more
similar after 30 h growth than after 41 h growth. One factor that could have influenced this
difference is that there were differences in growth rate between media — e.g., F. venenatum
grown in ACM (Figure 2.9) at 41 h had spent longer outside of exponential phase than RHM
(Figure 2.5) grown fungus.
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Figure 2.9. The relationship between biomass density during growth and protein
content of F. venenatum grown in ACM medium. Cultures were inoculated with 10 000
spores per ml and grown at 28°C at 150 rev/min. At indicated timepoints biomass from whole
flask was extracted, freeze dried and weighed to give extracted dry mass (£SD). The dry
mass was then powdered and analysed by Bradford assay to determine protein % per 1 g of
dry mass. The 0 h timepoint was determined by weighing ~10 million freeze dried spores and
calculating the corresponding mass for the inoculum used. The same samples were then
analysed with Bradford assay to estimate protein. A) Dry weight (red) and protein content
(black) of samples plotted for different timepoints, B) The relationship between the dry mass
of the sample and its protein content. Pearson correlation: r (20) = —0.-9677, p (two-tailed) =
0.0096.
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Figure 2.10 The relationship between biomass density during growth and protein
content of F. venenatum in AMM medium. Cultures were inoculated with 10 000 spores
per ml and grown at 28°C at 150 rev/min. At indicated timepoints biomass from whole flask
was extracted, freeze dried and weighed to give extracted dry mass (xSD). The dry mass was
then powdered and analysed via Bradford assay to determine protein % per 1 g of dry mass.
The 0 h timepoint was determined by weighing ~10 million freeze dried spores and
calculating the corresponding mass for the inoculum used. The same samples were then
analysed with Bradford assay to estimate protein. A) Dry weight (red) and protein content
(black) of samples plotted for different timepoints, B) The relationship between the dry mass
of the sample and its protein content. Pearson correlation: r (20) = —0.8880, p (two-tailed) =
0.0442
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Table 2.8. Absolute amino acid profiles of F. venenatum biomass hydrolysate in
different media after growth for 30 h and 41 h. Values of amino acids are expressed as
g/kg £ of dry mass SD. The bottom three rows indicate the principal component values = SD.
The PC1-3 from different treatments were compared by One-Way ANOVA (F =1.942, df =
2,p=0.199;, F=0.0954, df =2 p =0.909; F = 3.1082, df = 2, p = 0.094) respectively for
30 h growth subset and (F = 13.716, df =2 p =0.002; F = 7.570, df =2, p = 0.0118; F =
3.108, df = 2, p = 0.094) respectively for 41 h growth subset. For the PC rows, different letter
in superscript indicates a significant difference between the compared PCs, lack of any letters
indicates lack of statistically significant difference. n = 4. The corresponding relative %
values for AA composition are given in (Appendix Table 4) and represented by heat map

below (Figure 2.11).

AA 30 h growth 41 h growth
g/kg
dry
biomass
RHM AMM ACM RHM AMM ACM
Ala 36.7+4.9 36.4+2.3 29.6 + 3.6 31.9+3.9 355+8.3 26.0+ 45
Arg 29.1+23 23.0+1.7 27.1+4.6 31.58 +6.47 33.59 +11.39 26.9+ 3.0
Asp 35.6+£3.6 30.6+£3.9 36.0+£6.1 485+49 36.7+1.7 334+1.3
Cys 3.0+0.3 35+1.1 3.6+1.1 5.3+£0.9 43+0.6 3.8+0.2
Glu 79.9+13.7 63.7+10.9 71.6+16.6 745+ 4.3 66.0 +5.9 51.6+12.3
Gly 189+1.7 170+ 25 19.3+4.0 23.3+2.8 184 +1.1 17.0+1.3
His 99+1.0 8.0+0.3 94+14 7.1+3.3 55+3.4 5.3+3.4
lle 19.1+2.8 16.6 £ 0.9 17.7+2.2 18.9+0.9 150+15 14.4+0.7
Leu 31.1+3.7 26.8+ 3.1 285+45 30.7+1.7 245+ 2.8 229+1.8
Lys 343+3.1 282+1.9 355+5.9 30.6 +45 225+4.0 247+7.9
Met 11.4+2.2 9.1+2.3 10.6 £ 3.1 10.2+2.2 8.2+1.7 8.3+2.7
Phe 18.8+1.8 15.1+1.0 17.1+2.9 18.0+0.8 144+14 13.7+1.2
Pro 18.0+15 159+ 1.6 177+ 2.8 20.3+2.4 16.1+0.9 144+1.7
Ser 16.8 + 2.0 141+1.9 16.0+ 2.8 17.9+1.0 143+0.7 13.1+1.6
Thr 21.3+23 17.3+2.1 19.9+ 3.6 223+1.3 17.3+0.8 15.8+ 1.6
Tyr 10.0+1.6 8.0+1.3 9.1+25 10.6 +1.0 8.7+0.9 8.1+0.7
Val 25.3+3.6 21.1+1.1 244 +3.2 249+1.7 20.1+1.6 18.2+1.0
Total 418.8 + 37.3 354.2 + 36.7 392.65 + 68.0 419.7 +14.9 357.5+39.4 334.2+26.5
PC1 01+17 0.56 + 0.6 141+04 0.21+0.74 1.76 + 098 2.37+058
PC2 -0.81+£29 0.38+1.1 1.64+0.9 -398+184 -0.14+0.64 152+048
PC3 -278+15 0.27+1.0 151+0.9 -2.82+09 0.76 £0.5 1.98+0.5
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Figure 2.11. Relative AA abundance of F. venenatum biomass hydrolysate. Absolute
amounts of individual AAs in each condition were expressed as % of total AAs in the
condition and plotted on the heat map.

2.4.9 Effect of carbon source substitution on the AA profile of F. venenatum

Sucrose has been identified as a potential alternative to glucose as a carbon source for
supporting growth of F. venenatum (Whittaker, 2022). However, changing the carbon source
might affect the organism’s AA profile (Anderson and Solomons, 1984). To consider sucrose
as an alternative sugar source, it was important to evaluate whether substituting glucose with
sucrose changes the AA profile. F. venenatum was cultured in flasks for 30 h and 36 h in
RHM medium with either 3% glucose, 3% sucrose or a 50/50 glucose/sucrose mix (1.5%
each) as a carbon source. It has previously been shown that growth of F. venenatum in these
alternative sugar sources does not change the growth parameters of the culture compare with
standard 3 % glucose (Whittaker, 2022).

comparisons of the PC1-3 by One-Way ANOVA for the 30 h grown subset of samples
revealed no significant differences (p = 0.4903, p = 0.127, p = 0.1487) respectively (Table
2.9). Similarly, there were no significant differences between the PC1-3 from the 36 h grown
samples subset (p = 0.7374, p = 0.7458, p = 0.617). The absolute and relative values of the
AA profiles are presented in (Table 2.9, Appendix Table 6, Figure 2.12) The unusually high
total AA level of the hydrolysate of the sucrose grown samples from the comparison made at
30 h (>600 g/kg) might be related to low biomass at the extraction time (Appendix Table 5).
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Overall, the AA profile of F. venenatum does not seem to change when glucose is substituted
for sucrose as a carbon source. This finding is valuable as it means that from protein content
and quality perspective sucrose is as good of a sugar source as glucose for production of F.
venenatum mycoprotein.
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Table 2.9. Absolute AA profiles of F. venenatum biomass hydrolysates following growth
in RHM with different carbon sources. Values of amino acids are expressed as g/kg + SD.
The bottom three rows indicate the principal component values + SD. The PC1-3 from
different treatments were compared by One-Way ANOVA ( F = 0.8248, df = 2, p = 0.4903; ,
F=3.2069, df =2 p =0.127; F = 2.8576, df = 2, p = 0.1487) respectively for 30 h growth
subset and (F = 3.9258, df =2 p =0.7374; F = 0.3081, df = 2, p = 0.7458; F = 0.5238, df = 2,
p = 0.617) respectively for 36 h growth subset.

30h 36 h
AA Glucose/Sucrose  Glucose 3% Sucrose 3% Glucose/Sucrose
g/kg  Glucose 3% (n=3) Sucrose 3% (n=2) 1.5/1.5% (n=3) (n=3) (n=3) 1.5/1.5% (n=3)
Ala 56.2+13.3A8B 68.1+14.74 477+558 33.3+84 39.7+34 379+£29
Arg 30.8+3.0 31.7+£1.2 31.2+4.2 21.3+7.3 229+39 255+6.8
Asp 75.5+£185 108.7 £ 21.7 71.6+438 60.4+6.1 594+16 59.6+44
Cys 1.7+0.6 14+0.2 1.8+0.3 1.3£0.6 1.1+04 14+0.3
Glu 89.2+11.7 945+15 88.2+10.8 55.0+185 590.2+12.1 70.0+16.1
Gly 32.7+£8.7 46.4+£9.2 31.1+£1.2 259+ 3.6 28.8+£6.2 25.7+1.2
His 10.3+£1.3 105+04 10.3+15 75+23 81+15 9.2+23
lle 227126 23.3+£1.2 228+25 17.1+£55 16.3+34 19.8+55
Leu 36.0+54 459+ 8.6 359+16 2714+738 28.3+5.1 31.1+£6.2
Lys 37.5+44 39.2+43 37.4+£5.6 25.6+8.2 27.1+£5.1 32.2+8.0
Met 102+£1.3 109+04 105+1.0 7.7+2.7 81+18 8.9+26
Phe 195+20 205+£0.7 19.6+24 142 +47 147+£23 17.0+46
Pro 19.3+£20 19.8+1.0 19.2+25 14.0+438 143+26 165+44
Ser 17.0+24 19.6 + 0.6 177122 13.0+4.1 135+238 147+35
Thr 22.1+£28 221+ 0.6 21.6+24 164+54 17.4 £3.6 195+5.6
Tyr 11.3+14 129+1.2 11.0+1.2 8.7+£28 8.7+£1.2 9.8+2.6
Val 25.8+2.8 30.2+4.2 25.4+3.00 19.4+5.0 195+£22 20.3+£3.7
Total 517.7 £ 62.0 605.7 £ 70.5 4544 +73.4 369.3+96.9 387.2+47.1 419.0+£79.4
PC1 185+21 3.86+1.6 1.79+21 -3.20+4.1 -2.68+23 -1.01+38
PC2 3.02+14 517+£16 248+ 0.6 0.75+£1.1 1.22+05 1.14+0.6
PC3 -199+18 -436+14 -1.67+0.3 -2.13+0.7 -229+1.0 -1.61+0.8
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Figure 2.12. Relative AA abundance of F. venenatum biomass hydrolysate grown for 36
h. Absolute amounts of individual AAs presented in in each condition were expressed as %

of total AAs in the condition (Appendix Table 6) and plotted on the heat map. Suc/Glu mix
is composed of 1.5% sucrose and 1.5% glucose (totalling 3%).

58



2.5 Discussion

2.5.1 Use of flask cultures for testing effects of growth medium

The use of baffled flasks cultures for the initial stages of the investigation seemed to be a
suitable system for the purpose of assaying for changes to AA profiles, given that there was
no significant difference between hydrolysate AA profiles in these compared with those
sampled from the industrial fermenters (2.4.5). The method does have drawbacks compared
to continuous fermentation, e.g., the window of fastest growth during which samples
representative of exponential-phase growth were assumed to occur can be reliably extracted
lasts only ~6 h for hydrolysates and probably less for free AA profiles (between 30 and 36
hours the free AA profiles can change dramatically (Figure 2.7): the AA profile changed
after exponential phase and was no longer representative of the profile of mycelium from the
continuous culture (2.4.8). Moreover, extraction of exponential-phase mycelium at ~30 h can
sometimes be problematic due to insufficient biomass from flasks at this stage. This resulted
in a lower number of assayable replicates in some treatments (where listed n < 3). This could
be mitigated by setting up larger numbers of cultures for each experiment and selecting only
those where biomass accumulation was adequate or using larger-volume cultures, but either
option would have resource- or space-implications. Additionally, the identified changes in
protein content of F. venenatum during the assumed exponential phase must be kept in mind,
especially when testing media that significantly change the growth rate as profiles for
cultures extracted at the same timepoint may be influenced by different biomass densities.
Nevertheless, with awareness of these limitations the flask culture setup seems to offer a
convenient alternative to growth by airlift fermentation for studying the condition-
dependency of AA profiles. The method could be improved by employing real time growth
measurements through the shake flask, e.g., by optical backscatter measurements (Riel,
2020). This would allow for precise extraction of replicate samples from flask cultures at the
same target culture density rather than fixed timepoints.

2.5.2 Robustness of the AA profile of F. venenatum

Overall, the AA profile of F. venenatum seems to be stable and not sensitive to general
changes to growth conditions, such as change in the growth medium (2.4.8) and in carbon
source from glucose to sucrose (2.4.9). It needs to be acknowledged that the LCMSMS
analysis of different biological replicates for samples grown in the same conditions could
produce results that differed in the quantified AA values (Appendix Table 2). When the
same datasets were expressed as relative AA profiles such differences were no longer visible
(Appendix Table 3). The difference in the absolute AA values between LCMSMS runs
could arise from the relationship between hyphal development and protein content — as
explained previously lower biomass in an exponentially growing culture appeared to correlate
with higher protein content (2.4.4). This effect could be enhanced by the fact that between
replicas of flask cultures extracted at the same timepoint the total biomass could differ due to
higher or, lower growth in particular flask. This could be a result of a quorum sensing
mechanism that coordinates germination of spores in individual flask culture (Mehmood et
al., 2019). Because throughout this project the LCMSMS AA analysis method was being
developed after installation at the University, only data from the same runs were ever
compared directly. For other projects using an established framework for LCMSMS analysis,
there should be less potential issues with varying AA values between different LCMSMS
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runs. This variation can additionally be mitigated by incorporating a standard reference
material in each run and correcting the values of quantified AAs accordingly.

Overall, the apparent stability of the AA profile of F. venenatum is a promising outcome
from the perspective of mycoprotein production as it supports the possibility of alternative
growth regimes (at least as regards AA profile), e.g., incorporation of more sustainable
components such as waste/side streams into the growth media. It is also promising for the
work in the later chapters of this project which looks at deliberate manipulation of the AA
profile of the fungus — because the profile is generally stable it should be easier to identify
changes specifically induced by experimental treatments. However, it is worth pointing out
that in each case where changed growth condition affects or not the AA profile of F.
venenatum, additional tests in continuous fermentation cultures should be carried out if to
extrapolating the results to industrial production, as flask culture versus fermenter may not
give the same outcomes in every test scenario.

2.5.3 Limitations and future work

The reproducibility of measurements from the flask cultures method could be optimised by
considering OD measurements that directly reflect real-time growth in each flask culture as
suggested in 2.5.1. This would reduce materials usage and workload by removing the need
for creating growth curves by extracting total biomass from flask cultures at multiple points.
Additionally, ability to select the growth points more precisely could increase sensitivity to
pick up any genuine changes to the AA profile.

The total AA content of an organism is the sum of the free AAs and all the AAs contained in
all the proteins of the cells. By performing a proteome analysis and identifying proteins that
are most abundantly expressed within cells, it is possible to develop a picture of which
proteins are mainly responsible for the AA profile of F. venenatum (Carberry and Doyle,
2007). This could be used to predict AA changes in different growth conditions according to
anticipated changes to regulation of metabolic pathways (Wang et al., 2021) and proteome
composition (Kolkman et al., 2006). Work in this chapter focused solely on the AA
composition of the F. venenatum. However, to obtain the full picture of physiological
differences of the organism between flask culture and airlift fermentation other factors of
course need to be taken into consideration, including (but not limited to) lipid profiles
(Grapes et al., 1989), vitamin and micronutrient content (Md Noh et al., 2020) or hyphal
morphology (Riquelme et al., 2018). In addition, the mycoprotein digestibility assays (Bryan
et al., 2018) need to be in place if bioavailability of nutrients in any modified product is a
concern. Overall, setting up a standardised framework for monitoring all the nutritional and
sensory aspects not only of F. venenatum but also other single cell protein candidate
organisms will help to assess the stability of microbial food sources under varying conditions.
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3 Chapter 3 - Investigation of the AA composition of F. venenatum c-
variant mutants

3.1 Introduction

The process of continuous fermentation used for production of F. venenatum mycoprotein
puts selective pressure on the organism that results in the selection of morphologically
distinct variants (Wiebe et al., 1994a; Withers et al., 1994). In F. venenatum continuous
growth in high glucose conditions, after 500-1000 h results in the reproducible emergence
and replacement of the wild type F. venenatum with a specific morphological colonial variant
(C-variant) (Figure 3.1) (Wiebe et al., 1994a; Wiebe et al., 1994b; Trinci, 1992). This
phenomenon is not limited to F. venenatum as emergence of morphologically distinct
variants in continuous cultures has been described in Aspergillus niger and Aspergillus
nidulans (Swift et al., 2000) and Aspergillus oryzae (Withers et al., 1994). The emergence of
these morphologically distinct variants is the result of selection of mutations that increase
maximum specific growth rate in the absence of nutrient limitation and/or decrease the
saturation constant (the concentration of nutrient that supports half-maximal rate of growth)
of the organism (Trinci, 1992). The short hyphae, a result of the highly branched morphology
of these so-called C-variants of F. venenatum does not produce the desirable strand like
structure of mycoprotein that mimics the texture of meat, although the nutritional quality is
reportedly unchanged (Figure 3.1). Due to the emergence of the C-variant during
mycoprotein production the fermentation process is routinely stopped after around 1000
hours to maximise the mycoprotein yield before the c-variant accumulation affects the
sensory properties of mycoprotein, with the process then restarted after cleaning and
sterilisation of the fermenter which causes a down-time in production (Whittaker, 2022).
Because of this there is an interest in stopping or delaying the emergence of C-variant. In the
past, co-culture of different F. venenatum strains during the fermentation has been employed
as this increased the time before emergence of the C-variant (Wiebe et al., 1994a; Wiebe et
al., 1994b). A more recent approach aimed to exploit insights gained by identifying the
mutations that accumulate in the F. venenatum genome and which give rise to the C-variant
phenotype, a task made feasible following the sequencing of the F. venenatum genome (King
et al., 2018). A previous project (Connel, J., NIAB, unpublished data) identified a group of
mutations in 19 C-variant isolates and current efforts aim to understand which genes are
important in control of hyphal branching and growth and could offer opportunities for
improving the strain robustness (UKRI, 2023). Another idea has been to utilise product
arising from the C-variant for the pet food market (R. Johnson, Marlow Foods Ltd.
pers.comms.) as reportedly the AA profile of the C-variant is not different to that of the wild
type (Trinci, 1994). In use as pet food the heating step designed to lower the amount of RNA
in the mycelium could probably be foregone as, unlike apes, the majority of animals possess
uricase enzymes that allow for metabolism of higher levels of dietary RNAs (Li et al., 2022).
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Figure 3.1 Morphology of Fusarium venenatum variants visualised under microscope
(A-C) or on agar (D). A) Standard morphology of F. venenatum (A-variant). B)
Morphological mutant (C-variant) with decreased hyphal and internodal length, increased
branching frequency. C) direct comparison between C-variant (left) and A-variant (right). D)
agar plate (90 mm) after incubation at 25 °C for 48 hours, showing wild type colonies of F.
venenatum in addition to the morphological mutant indicated by the white arrow. Figure
taken from (Whittaker et al., 2020)

3.2 Chapter Aims

As mentioned in the introduction the emergence of the c-variant negatively affects the texture
of mycoprotein and results in loss of productivity. Here using genotyped C-variant isolates
from another study the aim is to:

1. Investigate the branch chain amino acid (BCAA) profile in hydrolysates in F.
venenatum C-variant isolates with known mutations in BCAA catabolism linked
genes.

2. To assess the broader AA profiles of F. venenatum C-variants, including in
hydrolysates and free AAs of the mycelium.



3.3 Methods

3.3.1 Procurement and maintenance of F. venenatum C-variant strains

C-variant isolates (C1-19) (Table 3.2Error! Reference source not found.) were sent from
NIAB (East Malling, UK) on agar plates sealed with parafilm. Agar samples with colonies
were cut out with a sterile scalpel and diced into small pieces before using these as inoculum
to RHM medium adjusted to 10% of the normal NH4ClI content. Flasks were sampled
between 5-15 days for the presence of macroconidia. Where the presence of macroconidia
was confirmed, the culture was filtered through a 40 um cell strainer and centrifuged at
4000x g. The supernatant was removed, and spores resuspended in 0.1 % Tween 80 with 10
% glycerol, flash frozen in liquid nitrogen and kept at -80 °C for further use.

3.3.2 Culture growth

Baffled flasks (250 ml) were filled with 50 ml of standard RHM medium containing 3%
glucose. The medium was inoculated with 10,000 spores/ml of medium. The cultures were
incubated with orbital shaking at 150 rpm at 28 °C.

3.3.3 Sample preparation

Preparation of samples for hydrolysate LCMSMS analysis was carried out as described in
Chapter 2 (2.3.8).

3.3.4 Analysis of free AA by LCMSMS

Preparation of reagent stocks: A solution of 20 mM ammonium formate pH 2.75 was
prepared as described in Chapter 2 (2.3.9). An internal standard cell-free amino acid mixture
(ISTD CFSIL) labelled with stable isotopes: *C and **N : 1/4000 dilution was prepared by
diluting 0.25 ml of CFSIL (5-100 mM in water, concentrations of individual AAs vary and
are as described on Sigma-Aldricht website, product ID: 767964) in 975 ml of 20 mM
ammonium formate pH 2.75 buffer in a volumetric flask. A 30 % (w/v) solution of 5-
sulphosalicylic acid (SSA) (Merck, UK, Cat No 15640900) was prepared by dissolving 30 g
of SSA in 80 ml of 20 mM ammonium formate pH 2.75 then making up to volume in a 100
ml volumetric flask. Stock was stored at 4 °C.

Amino acid standard solutions:

Physiological amino acids standard containing acidic and neutral amino acids (PAN) for
calibrating amino acid analysers (Cat. No. A6407) in 0.1 N HCL contained: 2.5 pmol/ml each
of p-alanine; L-Alanine; L-a-aminoadipic acid; L-a-amino-n-butyric acid; D,L-B-
aminoisobutyric acid; L-asparginine; L-aspartic acid; citrulline; cystathionine; L-cystine; L-
glutamic acid; glycine; hydroxy-L-proline; L-isoleucine; L-leucine; L-methionine; L-
phenylalanine; O-phospho-L-serine; O-Phospo-ethanolamine; L-proline; L-sarcosine,; L-
serine; taurine; L-threonine, L-tyrosine; L-valine, and 1.25 umol/ml of L-cystine.

Physiological amino acids standard containing basic amino acids (PB) for calibrating amino
acid analysers (Sigma. Cat. No. A 1585) in 0.1 N HCI contained each: 2.5 umol/ml of y-amino-
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n-butyric acid, ammonium chloride, L-arginine, L-carnosine, ethanolamine, L-histidine, 6-
hydroxylysine, L-lysine, 1-methyl-L-histidine, 3-methyl-L-histidine, L-ornithine and 1.25
umol/m of L-anserine and L-homocysteine.

A concentrated solution of L-glutamine was prepared by dissolving 0.7305 + 0.0001 g in 100
ml 20 mM ammonium formate buffer pH 2.75, transferred to a 500 ml volumetric flask and
made up to volume with the ammonium formate buffer. A concentrated solution of D-
tryptophan was prepared by dissolving 0.1021 + 0.0001 g transferred to a 500 ml volumetric
flask and made up to volume with ammonium formate buffer.

Calibration and internal standard preparation

A standard solution for calibration purposes was prepared by mixing 80 pl each of the PAN
and PB standards (above) and 20 pl each of the concentrated solutions of D-tryptophan and L-
glutamine, resulting in final concentration of 1000 uM of each amino acids (500 puM each for
L-cystine, L-anserine and L-homocysteine). Standards were then diluted with 20 mM
ammonium formate buffer pH 2.75 according to Table 3.1. Finally, 50 pl of each standard
dilution was transferred to HPLC vials and 5 pl of 30% SSA solution and 450 ul of 1/4000
CFSIL were added.

Table 3.1 Concentrations of AA standards used for calibration of LCMSMS for
detection. The concentration column describes the uM concentration of each AA in the AA
standard mix (L-Alanine; L-a-aminoadipic acid; L-a-amino-n-butyric acid; D,L-f-
aminoisobutyric acid; L-asparginine; L-aspartic acid; citrulline; cystathionine; L-cystine; L-
glutamic acid; glycine; hydroxy-L-proline; L-isoleucine; L-leucine; L-methionine; L-
phenylalanine; O-phospho-L-serine; O-Phospo-ethanolamine; L-proline; L-sarcosine,; L-
serine; taurine; L-threonine, L-tyrosine; L-valine, y-amino-n-butyric acid, ammonium
chloride, L-arginine, L-carnosine, ethanolamine, L-histidine, 3-hydroxylysine, L-lysine, 1-
methyl-L-histidine, 3-methyl-L-histidine, L-ornithine, L-Glutamine, D-Tryptophan) *with
exception of L-cystine, L-anserine and L-homocysteine for which the concentration is always
Y of the value indicated in the table.
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Sample preparation

The free AAs were extracted as previously described in Chapter 2 (2.3.13). The free AA
extract samples were cooled to 4 °C and 10 pl of 30% SSA was added for every 100 pl of
free AA extract. The samples were vortexed for 30 s, incubated on ice for 30 min and
centrifugated at 21130 g for 5 min. The supernatant was filtered through a 0.2 pm filter and
diluted as needed (usually 1:1) with 20 mM ammonium formate pH 2.75. An aliquot (55 ul)
of the sample was then transferred to a HPLC vial and 450 pl of CFSIL 1/4000 was added. 1
pl of sample was used for injection in LCMSMS analysis.

LCMSMS conditions

The running conditions and apparatus were the same as described in Chapter 2 (2.3.10).
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3.4 Results

3.4.1 Acquisition and selection of mutants

In other projects co-sponsored by Marlow Foods, nineteen F. venenatum A3/5 c-variant
isolates that arose from independent fermentation cycles have been genome sequenced and
mutations in 26 different genes were identified across these 19 isolates. Seven of the most
prevalent mutations were present in 15 or more out of 19 genotyped strains (Table 3.2).
Another two types of mutation were present in 9 and 7 out of all isolates, with remaining
mutations appearing in only 1 to 4 out of all genotyped strains. One mutation of interest for
this project was a SNP in gene ‘3588’. This gene is predicted to encode the alpha subunit of
2-oxoisovalerate dehydrogenase, which participates in the degradation of the branch chained
amino acids (BCAA) leucine, isoleucine and valine (Avarsson et al., 1999). Another gene of
interest was gene 1654, suspected to encode methylmalonate semialdehyde dehydrogenase (1.
Geoghegan, pers. comms.) which is another enzyme involved in BCAA degradation (Sokatch
etal., 1968). A SNP in gene 3558 was present in two of the 19 c-variant isolates, while a SNP
in gene 1654 occurred in 17 out of the isolates 19 strains. In both cases, mutation to each of
these genes was limited to a single, common SNP across the isolates (Table 3.2) Three
isolates were selected for AA analysis: isolate C4, containing the SNP in gene 3558 but not
gene 1654; isolate 11, containing the SNP in 1654 but not 3558; isolate C5 containing both
the SNPs in both genes. It should be noted that these three isolates also contained mutations
in other genes from Table 3.2. The three mutants all contained mutations in genes 1595,
3891, 4254, 9757, 12587, in addition C4 and C5 had mutations in 2745, 3465, C5 and C11 in
1942, and C5 in 9315, 8011, 11498 and C11 in 1483.Because of this any differences between
the AA profiles cannot by ascribed to the mutations in genes 3558 and 1654 that informed the
choice of isolates.
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Table 3.2 Mutations previously identified from genome sequencing of a set of F.
venenatum c-variants isolated from commercial fermentations. Each of the 19 isolates
arose from independent fermentation cycles (unpublished sequencing results kindly provided
by John Connell (NIAB) via lvey Geoghegan (Marlow Foods); gene functions were
determined from BLAST searching using AA sequences derived from the F. venenatum
genome sequencing).

Gene Number of Number of isolates

number  different SNPs with mut?g)on (out of Predicted protein function (F. venenatum)
2745 6 7 Hypothetical protein
2243 5 4 Hypothetical protein
Rho-type GTPase-activating protein 1 (F.
3465 4 4 langsethiae 98.61%b)
4254 4 15 Hypothetical protein
203 3 1 Uncharacterized protein
1942 3 15 Hypothetical protein
Putative amino acid-n-acetyltransferase (F.
7536 3 2 flagelliforme 97.48%)
9315 3 1 Pectin lyase precursor (F. oxysporum 97.33%)
1483 2 9 Hypothetical protein
4774 2 4 Uncharacterised protein
N amino acid transport system protein (F.
5882 2 2 culmorum 99%)
9657 2 17 Vegetative incompatibility protein HET-E-1
Small GTPase rab family (F. sporotrichioides
1595 1 19 99.03%) Hypothetical protein
1654 1 17 Hypothetical protein
2208 1 2 Hypothetical protein
3588 1 2 2 — oxoisovalarate dehydrogenase subunit alpha
3891 1 19 SERACI (F. oxysporum 83.93%)
4995 1 2 Catalase-peroxidase 2
5018 1 1 Hypothetical protein
Heterokaryon incompatibility protein-domain-
5477 1 1 containing protein
5796 1 1 Vitamin H transporter (F. culmorum 98.34%)
S-adenosyl-L-methionine-dependent
8011 1 2 methyltransferase
10099 1 1 Serine/threonine-protein kinase CLA4
Fungal-specific transcription factor domain-
11498 1 1 containing protein
12523 1 1 Hypothetical protein
12587 1 16 Hypothetical protein
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3.4.2 Growth of C variant mutants in flask cultures

The growth curve of F venenatum mutants C4, C5 and C11 was examined in RHM medium
in 250 ml baffled flasks. Biomass was sampled at intervals and weighed after freeze drying
(as described in 2.3.2 and 2.3.3). Baffled flasks were used for growth as it had been found
that the C-variants do not grow well in microplate reader conditions (I. Geoghegan, Marlow
Foods Ltd., pers. comms.). The glucose content of the RHM medium was increased to 3 %
for these experiments (1% is standard) as 3 % glucose was the condition in which these
mutants evolved and they grow poorly in RHM medium containing 1 % glucose (Appendix
Figure 3). In RHM medium with 3 % glucose content the C-variant mutants grew at a rate
similar to that of the WT (Figure 3.2 A). The growth in C-variants was slightly faster which
is expected from a morphological mutant that outcompetes WT F. venenatum in continuous
culture by achieving higher growth rate. This is evidenced by on average lower doubling
times between 24 and 36 h for mutants C4 and C5 (Kruskall-Wallis test, p = 0.0108, no
significance from multiple comparisons analysis), as well as higher doubling times between
30 — 36 h of growth (Kruskall-Wallis test: p = 0.0382, Dunn’s multiple comparisons: WT vs
C5, p = 0.0287) indicating that C-variant mutants in flask cultures got closer to achieving
stationary growth phase at 36 h (Figure 3.2 B). Samples extracted at 36 h were selected for
further hydrolysation and AA analysis.
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Figure 3.2 Growth curves of F. venenatum C variant isolates in flask cultures. A) RHM
medium containing 3 % glucose was inoculated with 10,000/ml of spores and 50 ml of the
suspension was deposited into 250 ml baffled flasks and incubated at 28° C with shaking (150
rev/min). The biomass was extracted at 24, 30, 36, 48 h. B) Doubling times were compared
using Kruskall-Wallis test with Dunn’s multiple comparisons for 24-30 h (H = 8.436, df = 3,
p =0.0108) for 30 — 36 h (H=7.205, df = 3, p = 0.0382, Dunn’s multiple comparisons WT
vs C5 p = 0.0276) Data points indicate mean average, = SD, n = 3.
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3.4.3 The AA profile of C-variant mutants C4 and C5

The AA profile of hydrolysate from the C variant isolates 4, 5 and 11 was compared to the
hydrolysate AA profiles of WT samples. Analysis of the PC1-2 in sets 1 (p = 0.62, p = 0.98,
respectively) and 2 (p = 0.24, p = 0.09, respectively) showed no significant differences in the
overall AA levels between the WT and mutants as well as no difference in the relative
abundance of Ala, Asp Gly and Pro vs His and Val (Table 3.3). One-Way ANOVA analysis
of the PC3 for the set 1 revealed a statistical difference between the datasets (p = 0.0164),
with Tukey’s multiple comparisons revealing a significant difference in PC3 between the WT
and C4 mutant (p = 0.016) and for set 2 there was a nearly significant difference in the PC3
values of WT and C5 mutant (p = 0.0526). In both cases the values of PC for the mutants C4
and C5 were more negative indicating a relative decrease in the Cys to Leu, Gly and Asp.
The absolute and relative data of the AA profiles are presented in (Table 3.3, Appendix
Table 8). There was no clear indication of BCAA-specific changes in the mutants versus the
wild type. A decrease in cysteine content was common between the three variants, with an
average ~40% drop in the cysteine contents (Figure 3.3), this was corroborated by the
significant difference between the PC3 values from WT and C4 mutant and of potential
interest to the industrial collaborators (I. Geoghegan, Marlow Foods Ltd., pers.comms.). In
C5 there was also an indication (from the absolute values, albeit not measured by the PCA) of
lowered content methionine content and overall drop in levels of all AAs compared to WT
(Table 3.3, Figure 3.3). This again was of interest to industrial partners and led to the mutant
C5 begin chosen for further analysis.
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Table 3.3 The AA profiles of hydrolysates from C-variant mutants. All the samples were
produced by growth in flask cultures in RHM medium with 3 % glucose and extraction 36 h
after inoculation. Values of amino acids are expressed as g/kg of dry mass + SD. The bottom
three rows indicate the principal component values = SD. The PC1-3 from different
treatments were compared by One-Way ANOVA (F=0.5199, df =2, p =0.6236;, F=
0.0231,df =2 p=0.9773; F = 10.438, df = 2, p = 0.0164) respectively for the set 1 and (F =
1.8887,df =1 p=0.2413; F =5.1246, df = 1, p = 0.0863; F = 7.4407, df = 1, p = 0.0527)
respectively for the set 2. Different letters in superscript in the last three rows indicate
statistically significant difference between values derived from One-Way-ANOVA with
Tukey’s multiple comparisons. Lack of any superscript letters indicates lack of significant

difference within the relevant part of a row.

Set1l Set 2

WT (n = 3) C4 (n = 3) Cll(n=2) WT (n =3) C5 (n = 3)
Ala 36.05 +£1.94 31.76 £ 3.65 35.18 +0.17 45.73 £ 7.08 35.36 +4.21
Arg 32.42 + 0.62 30.77+£4.16 33.83+0.04 31.21 +0.64 27.61+3.26
Asp 50.11+0.72 53.30 + 13.47 53.05 + 2.99 4541 +1.18 45.04 + 3.81
Cys 2.88 £ 0.03 1.93+0.21 2.03+0.11 2.20+£0.36 1.47 +0.57
Glu 77.26 +4.05 62.01 + 5.54 78.60 £ 3.75 75.54+1.48 63.93 +7.92
Gly 21.29+1.33 29.02 £ 10.93 27.04 +£3.29 18.78 £ 0.75 19.05 £ 3.57
His 12.60 £0.39 11.40 £ 2.26 12.03+£0.14 9.95+0.32 8.32+1.66
lle 21.89+0.91 19.53+£2.90 23.94 £ 1.00 23.09+0.74 20.22 + 2.77
Leu 34.75+0.74 34.62 +6.81 39.72+1.18 33.99 £ 0.22 30.67 + 4.08
Lys 39.13+1.00 36.18 + 6.04 38.18 +0.74 35.23+0.70 32.45 +3.27
Met 11.36 £0.25 11.57 £ 2.80 11.73+£0.04 11.29+1.03 9.78+£1.30
Phe 20.08 + 0.22 17.09 £ 2.60 19.22 £ 0.02 19.10 £ 0.65 17.73 £ 1.87
Pro 20.05+0.40 17.47+£1.95 20.10 £ 0.54 19.04 £ 0.60 18.19+1.76
Ser 15.94 £ 0.64 15.47 £ 3.82 16.47 £1.07 16.30£0.42 15.78 £2.34
Thr 29.30 + 0.63 26.56 £ 6.17 26.30 £ 0.54 21.01+154 18.84+£1.91
Tyr 10.52£0.35 9.24 +£1.58 10.80 £ 0.16 12.21£0.50 11.59+1.52
Val 25.59 + 0.59 22.50 £ 3.47 26.30 £ 0.39 3146+ 1.19 29.75+£4.70

Total 461.21 +£11.89 430.39 £ 70.18 474.52 £ 3.06 451.54 £ 4.43 405.75£4741

PC1 1.85+0.38 052+3.2 22+0.1 1.00+£0.3 -06+£20

PC2 1.04+£0.1 1.13+£1.1 1.17+£0.2 052+0.1 -09+04
PC3 0.91 + 0.06" -0.71+£0.68 -0.32+05 046+£04 -0.34+£0.31
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Figure 3.3. Relative differences versus wild type in absolute AA amounts in C-variant mutants C4 and C5. The datapoints are expressed as
a fold change relative to the mean of absolute AA values from WT F. venenatum biomass hydrolysate extracted from flask cultures at 36 h
(Table 3.3) WT,n=6; C4 and C5, n = 3; C11, n = 2. Values are derived from the data in Table 3.3.
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3.4.4 Changes to free AA profile in the C5 isolate.

To further investigate changes to AA composition in the C-variants, free AA profiles were
examined. The C5 variant was selected for this as it had the most significantly altered
hydrolysate AA profile. A physiological free-AA standard containing 41 AAs was used for
the free AA analysis (18 AAs were used as calibration standard for LCMSMS analysis of
hydrolysate). This was in order to be able to assay a wider range of the free AA pools. The
absolute free-AA profile of the C5 isolate overall was different to that of the wild type (2-
Way ANOVA, p <0.0001). Regarding specific amino acids, the C5 variant had 47 %, 76 %
and 92 % lower amounts of methionine, aspartate and taurine, but a >10-fold greater amount
of glutamine (multiple t-test, p < 0.0001, p = 0.0001, p < 0.0001 respectively, Table 3.4). In
addition, similar to the observation made between the hydrolysate AA profiles, the levels of
free cysteine were lower in the C5 variant, where they were not measurable. It was noted that
AAs which are substrates in the transsulphuration pathway (Ripps and Shen, 2012) (cystine,
cystathionine, methionine, taurine, glycine) were all present at a lower abundance in the free
form (decreased by 41, 47, 36, 92 % respectively, excluding cystine) in the C5 variant
compared to the WT.
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Table 3.4. Comparison of the free AA profiles of wild type and C-variant C5 isolate of
F. venenatum. The values in the table are expressed as g of free AA per kg of dry weight
biomass. The data were analysed by multiple unpaired T-test (df = 4) with false discovery
rate of 1 % and significance threshold at p < 0.01. *Cystine peaks were present on the
chromatograph, but the area was too small to quantify reliably being outside of the calibration
range. Different letters in superscript between cells in the same row indicate statistically
significant difference between values derived the multiple T-test. Lack of any superscript
letters indicates lack of significant difference within a row.

Fold Change in

WT 30 h C530h abundance relative to WT
ag-aminoadipic acid 0.45+0.04 0.51 +0.03 1.14
o -aminobutyric acid 0.20 £0.00 0.19+£0.01 0.93
Alanine 4.97 £0.55 4.82+041 0.97
Arginine 2.35+0.03 2.64 £ 0.50 1.13
Asparagine 0.51+0.012 0.27 £0.08° 0.54
Aspartate 2.28+0.172 0.55+0.10" 0.24
B-Alanine 0.04+0.01° 0.02+0.00° 0.51
Citrulline 0.26 +0.02 0.37 £ 0.05 1.42
Cystathionine 0.27+0.03° 0.16+0.01° 0.61
Cystine 0.06 +0.01 N/D * N/A
Ethanolamine 0.48 + 0.02 0.51 +0.03 1.05
y-aminobutyric acid 0.94+0.32 0.13+0.02 0.14
Glutamate 31.34+£2.10 30.74 £ 0.73 0.98
Glutamine 0.14+0.03% 1.38+0.25° 9.86
Glycine 0.82 £ 0.04 0.52£0.15 0.64
Histidine 0.70+£0.10 0.53 £ 0.06 0.76
Hydroxy-proline 0.06 £0.01 N/D N/A
Isoleucine 0.19 £ 0.02 0.15+0.01 0.76
Leucine 0.22 £ 0.02 0.15 £ 0.03 0.7
Lysine 0.69 +0.04 0.58 +0.04 0.85
Methionine 0.34+0.01° 0.18+0.01° 0.53
Ornithine 1.83+0.24 1.92+£0.32 1.05
Phenylalanine 0.32+0.022 0.18+0.00° 0.55
Phosphoethanolamine 0.05+0.00 0.06 +0.01 1.34
Phosphoserine 0.05+0.002 0.02+0.00° 0.47
Proline 0.61 £+ 0.02 0.79+£0.04 1.29
Serine 1.61+0.052 1.12+0.04° 0.7
Taurine 7.23+056°2 0.57+0.10° 0.08
Threonine 1.97 £ 0.06 2.03+£0.08 1.03
Tryptophan 0.12+0.01% 0.06 +0.00° 0.51
Tyrosine 0.15+0.00 2 0.08 +0.00° 0.57
Valine 0.90 £ 0.06 1.02 £ 0.05 1.13
Total 62.15 + 2.56 52.30 £ 0.87 0.84
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3.5 Discussion

3.5.1 General conclusions

The work in this chapter was carried out at the request of our industrial partners who in one
of their other projects identified mutations to genes involved in BCAA metabolism in some
of the C-variant mutants that evolved during continuous fermentation process during routine
mycoprotein production. The AA analysis did identify some changes between the AA
profiles of 3 tested C-variant mutants and the WT but these were not specific to the BCAAs.
From the three tested mutants, only C5 had a significantly different absolute AA profile to the
WT (Table 3.2). However, the other two mutants did exhibit changes in the levels of
particular amino acids relative to WT and these were mostly similar between the C4, C5 and
C11 mutants, with methionine being exception and lower only in the C5 mutant, this change
was not statistically significant but of interest to our industrial partners which prompted
further investigation (I. Geoghegan, Marlow Food Ltd., pers. comms.) (Figure 3.3).

The comparison of the free AA profiles of the C5 mutant and WT did not exactly reflect the
changes observed with the hydrolysate. The levels of free glutamate and alanine were
comparable in free AA pools, but lower in the hydrolysate in the case of isolate C5 (Table
3.3, Table 3.4). The free aspartate was 76 % lower in free AA pools of the C5 isolate versus
WT, but the aspartate level was comparable in their hydrolysates. Such discrepancy between
the hydrolysate and free aspartate levels could suggest higher incorporation of aspartate into
proteins or increased loss from cells in the C5 variant; a proteomic analysis or aspartate-
radiotracing assay could help to distinguish such possibilities.

Due to our industrial partner interest further focus was placed on the observed non-significant
decrease in cysteine and methionine (substrates of the transsulphuration pathway (Ripps and
Shen, 2012)) appeared 43 and 13 % lower in the C5 isolate than WT hydrolysates, while in
free AA pools detectable substrates of the transsulphuration pathway were all lowered in the
C5 mutant, with a statistically significant 92 % decrease in taurine. Aside from the taurine,
there were no significant differences between the levels of other substrates of
transsulphuration. Up and downregulation of the transsulphuration pathway in Aspergillus
flavipes was shown to change fungal morphology and dramatically alter protein expression
(El-Sayed et al., 2015). In other examples differences, in methionine biosynthesis may also
occur upon morphological transformation of fungal cells e.g. Blastomyces dermatitidis in a
non-pathogenic mycelial form are cysteine prototrophs but lose the ability to synthesise
cysteine in their pathogenic yeast form (Jastrzebowska and Gabriel, 2015). Additional
experiments, e.g. transcriptomic analysis would be necessary to support any suggestion
whether the whole pathway may be downregulated in the C5 mutant.

As described earlier, the isolates for the present analysis were selected based on the presence
or absence of known mutations in genes 1654 and 3558, predicted to encode methylmalonate
semialdehyde dehydrogenase and 2—oxoisovalarate dehydrogenase subunit alpha,
respectively. The C5 isolate that showed significant change to its AA profile bore mutations
in both genes whereas the C11 and C4 isolates had a mutation in either 1654 or 3558,
respectively. This however is not enough to ascribe the phenotype to these mutations as
multiple other mutations are present. The main interest in the 1654 and 3558 gene mutations
was to see whether these affect BCAA synthesis and consequently impact the BCAA content
in the AA profile of the mutant. Methylmalonate semialdehyde dehydrogenase (1654) was
shown, among other functions to have role in cell growth and regulation BCAA catabolism
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and synthesis in Magnaporthe oryzae and 2—oxoisovalarate dehydrogenase subunit alpha
(3558) was shown to be essential for BCAA catabolism in Aspergillus nidulans (Norvienyeku
et al., 2017; Maggio-Hall et al., 2008). However, BCAA levels in the mutants were not
significantly altered. Analysis of both hydrolysate and free AA profiles of more C variant
isolates could help to establish any general trends of change to AA profiles in these mutants.
C-variant rich biomass is currently not used as a source of mycoprotein but plans exist to
utilise it e.g. as a pet food where sensory component of the product is not that important
(Johnson, R. pers. comms.) — in this case however the AA profile of C-variants needs to be
monitored to ensure continued high nutritional value. Additionally, morphological growth
and virulence in fungi are interconnected with activity of AA metabolic pathways. The
understanding the changes to expression of major pathways in C-variant might give valuable
clues as to what underlying change drives the formation of C-variant morphologies
(Jastrzebowska and Gabriel, 2015; Beremand et al., 1988; Subramaniam et al., 2015).

3.5.2 Presence of taurine in F. venenatum

Taurine is one of the most abundant AAs found in humans and other eukaryotes, but it is not
used in protein synthesis. Nevertheless, it is considered conditionally essential in humans and
an essential amino acid in cats. In humans it can be synthesized from cysteine but a lot of
taurine is obtained through the diet (Redmond et al., 1998), being present in high
concentrations in mussels, clams, shellfish, turkey and dark chicken meat (Spitze et al.,
2003). Taurine is increasingly thought to have important cellular roles in humans and
animals, e.g., antioxidant properties, cell membrane stabilisation and a role in the production
of bile acids (Ripps and Shen, 2012; Bae et al., 2022), and is generally considered beneficial
in human nutrition (Lourengo and Camilo, 2002). Taurine deficiencies are linked to a variety
of disorders, such as obesity, hypertension, defects in neurotransmission and development. A
recent study also identified taurine deficiency as a driver of ageing in worms, mice and
monkeys (Singh et al., 2023b).

The presence of taurine in F. venenatum was previously not known (T Ingmire, Marlow
Foods Ltd., pers. comms.) so its discovery in the free AA profile of F. venenatum may be
considered a factor adding to the nutritional quality of the mycoprotein. The levels of taurine
detected here in wild type F. venenatum are comparable to meats rich in taurine (7.23 vs 7.77
g/kg taurine for F. venenatum vs ground turkey meat fried with juices) and higher than others
(0.61 g taurine per kg of raw boneless skinless chicken breast) (Spitze et al., 2003). As a free
AA, a lot of taurine can be lost from meat depending on the cooking process, e.g., boiling of
meat causes leakage of taurine into the water (e.g. leakage of ~50 % of taurine in case of
boiled vs raw chicken breast) (Spitze et al., 2003). After extraction from the airlift fermenter
F. venenatum biomass is briefly heated up to 68 °C to lower the levels of nucleic acids in the
mycelium (Whittaker et al., 2020). Such heating results in leakage of free amino acids out of
the mycelium and, therefore, is likely to reduce the level of taurine in the final product
(Finnigan et al., 2017b). Nevertheless, the presence of taurine in the centrate — a term used to
describe the broth left over after the mycoprotein heating step — could increase its value as a
nutrient rich waste stream that currently is discarded but which is being considered for its
potential uses (T. Ingmire, pers. comm.).

Seemingly not much research has been done on taurine synthesis in fungi with some sources
claiming no known taurine synthesis pathways in fungi (Tevatia et al., 2015). Three distinct

pathways of taurine metabolism are known in biology: synthesis from methionine/cysteine in
animals, synthesis from serine/sulphate in chick embryos and microalgae, and breakdown of
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taurine into acetate and acetyl-CoA in bacteria (Tevatia et al., 2015). A publication by
(Hebert et al., 2013) reports finding for the first time evidence of taurine and hypotaurine
synthesis in a yeast, Yarrowia lipolytica. Since hypotaurine is a precursor to synthesis of
taurine in the methionine/cysteine pathway, and the work noted increased levels of taurine
and hypotaurine in the yeasts that were fed high levels of methionine, it is likely that the
taurine synthesis pathway in Y. lipolytica may be similar to the methionine/cysteine pathway
of animals. In the F. venenatum C5 variant, AA profile data weakly hinted at a possibility
that the transsulphuration pathway is downregulated which could suggest a possibility that
taurine in F. venenatum is synthesised by a pathway similar to animals and Y. lipolytica.
Further investigation into the synthesis and role of taurine in F. venenatum and other fungi is
needed. This includes alternative methods for validating its presence (e.g., NMR) and
characterisation of the relevant biosynthetic pathway(s) and gene functions. A biological role
of taurine in fungi aside from general antioxidant and antifreezing functions is unclear
(Hébert et al., 2013). Understanding the role of this AA in the wider transsulphuration
pathway could help to better understand mechanisms that drive the formation of C variants in
F. venenatum. In other fungi the transsupluration pathway was shown to be essential for
pathogenicity in both plant and human hosts (Traynor et al., 2019; Saint-Macary et al., 2015).
Such broader understating may also help pave a way to more efficient large- scale production
of this nutritionally valuable AA.
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4 Chapter 4 — Targeting translation as means of amino acid
profile manipulation
4.1 Introduction

The AA composition of proteins is determined by the information encoded in organisms’
genomes. During protein synthesis, the relevant DNA sequence is first transcribed into
MRNA, which serves as a template for ribosomes to link individual AAs that are carried by
tRNA molecules. Each tRNA molecule has an anticodon that matches a codon sequence on
the mRNA strand to an AA-specific for that anticodon (Figure 4.1). However, this process of
MRNA translation is not error free, creating potential for some variability in the AA
composition of synthesised proteins. Translation errors arise primarily during either tRNA
aminoacylation, where an AA may associate with the incorrect tRNA molecule resulting in a
tRNA loaded with an AA that is not encoded by the anticodon on the tRNA, or polypeptide
chain formation where an mRNA-codon: tRNA-anticodon mismatch is accepted by the
ribosome (Berg et al., 2017; Wong et al., 2018; Ou et al., 2019).

Erroneous changes to the AA chain during translation can have a range of effects on the final
protein, from benign through affecting the structure and function of the protein to causing
toxicity and/or loss of function, e.g., errors in tRNA aminoacylation were linked to multiple
neurological disorders in humans (Kapur and Ackerman, 2018). Another study has shown
that limiting the rate of errors via limiting the speed of translation can lead to a longer
lifespan in cells (Xie et al., 2019). Despite these negative consequences of mistranslation, the
rate of error during translation is orders of magnitude higher (102-10"°) than during DNA
replication (10°-10!) or mRNA transcription (10#-10"°) (Fijalkowska et al., 2012;
Imashimizu et al., 2013; Ribas de Pouplana et al., 2014, Ellis and Gallant, 1982).

In fact, some organisms have evolved high rates of certain mistranslation events, e.g., the
yeast Candida. albicans can misincorporate leucine in place of serine at rates up to 28%, with
beneficial consequences for its fungus-host interactions by masking the fungal cell molecule
B-glucan that is normally recognised by the host immune system (Miranda et al., 2013).
Whereas such high levels of serine to leucine mistranslation are a result of a unique CUG
codon in C. albicans, methionine misacylation is reported as more universal phenomenon.
Methionine misacylation is mediated by a fully functional methionyl-tRNA synthetase and
appears to be present in all domains of life. For example, in mammalian cells under optimal
conditions approximately 1% of all tRNAs were misacylated with methionine, while this
effect was reported to increase 10 fold under stress (Netzer et al., 2009). A similar
phenomenon was also documented in yeast and bacteria (Jones et al., 2011; Wiltrout et al.,
2012). Overall, higher global levels of mistranslation were linked to adaptability in stressful
environments through increased phenotypic variability and fitness, resulting in improved
survivability (Sambhita et al., 2020; Samhita et al., 2021).

While specific types of mistranslation such as these can be positively selected, organisms
may also actively suppress stop codon misreading to limit nonsense errors. Codon usage can
also play a role, with rarer codons having lower rates of mistranslation and often being found
in highly conserved critical areas of proteins which results in lower translational error rates in
these important regions (Sun and Zhang, 2022).

The examples above paint a picture in which some organisms have evolved a variety of tools
to mitigate the potential for negative effects from mistranslation but also to better tolerate or
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even benefit from increases in the levels of these errors. This phenomenon where organisms
show increased levels of translational errors under conditions (e.g. stress) where such a
response may be beneficial is referred to as adaptive mistranslation (Mohler and Ibba, 2017).
Although mistranslation may help organisms actively adapt to stressful environments,
resultant changes to the proteome are not a consequence of altered genotype of the organism
and therefore are not expected to be heritable. Nevertheless, mistranslation was shown to
affect the dynamics of evolution by changing the adaptive landscape (a relationship between
genotypes and reproductive success), in a variety of ways, e.g., by increasing the evolution of
fitness on rugged landscape (adaptive landscape containing multiple fitness peaks), or
increasing the probability of fixation of mutations (Schmutzer and Wagner, 2023).

The patterns of mistranslation are not random. In examples such as mistranslation linked to
deficiency of a particular AA, another near cognate — that is AAs encoded by codons that
differ by only one or two bases compared to the mistranslated codon — are preferentially
misincorporated (Wong et al., 2018). Higher levels of mistranslation can also be induced
chemically. Paromomycin is an aminoglycoside drug that is a known promoter of
mistranslation, impairing the cells’ abilities to correctly translate protein by binding to the
16S ribosomal RNA, which switches the ribosome into a high-affinity conformation
regardless of whether cognate or non-cognate -tRNA is bound to the A site of the ribosome
(Gromadski and Rodnina, 2004). This mistranslation inducing effect was documented in both
prokaryotic and eukaryotic organisms including bacteria (Kramer and Farabaugh, 2007),
yeast (von der Haar et al., 2017; Holland et al., 2007) and human cell lines (Wilhelm et al.,
1978). Exposing E. coli and yeast cells even to sublethal levels of paromomycin modifies
i.e., changes the types of misincorporation errors and elevates the overall number of
translational errors (Mordret et al., 2019).
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Figure 4.1 A simplified schematic illustrating the process of translation and
mistranslation. A) When protein is translated correctly it contains amino acids
corresponding to the codons contained in the mRNA sequence. B) When codon and
anticodon pair are mismatched, or tRNA carries an amino acid not matching to the tRNA
anticodon, an amino acid not encoded by the mRNA can be incorporated into the peptide
chain resulting in mistranslation.
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4.2 Chapter Aims

As outlined above, organisms can sometimes tolerate mistranslation to a remarkable level.
One of the goals of this project was to explore the possibility of using mistranslation as a tool
for deliberately changing the AA composition of Fusarium venenatum. The specific aims are:

a) Explore the effect of chemically induced mistranslation on the AA
profile of F. venenatum.

b) Design a medium for promoting the misincorporation of branch
chained amino acids (BCAAS) in F. venenatum.

c) Use adaptive evolution to try increasing the BCAA content of F.
venenatum.

4.3 Materials and Methods

4.3.1 Media preparation

The growth medium was prepared as standard RHM medium, described in (2.3.6), except
where stated the level of NH4Cl was lowered or removed completely and replaced with one
or more BCAAs.

2 mM BCAAs selection medium was prepared by dissolving in 1 | of RHM without NH4Cl
medium 0.087 g leucine, 0.087 g isoleucine and 0.078 g valine.

41.1 mM BCAA:s selection medium was prepared as described above but dissolving 1.8 ¢
leucine, 1.8 g isoleucine, 1.6 g valine.

4.3.2 Chemicals

500 mg of paromomycin sulphate was dissolved in of dH2O up to 1 ml total volume, filter
sterilised and kept at -20 °C to serve as stock solution to be diluted as needed.

30 % (9.8 M) H202 solution was stored at 4 °C and diluted as needed with sterile dH-O.

4.3.3 Tube race setup and protocol

Tube race experiments were conducted in either liquid or solid (agar) medium. A tube race
was prepared by drawing 25 ml of medium into a sterile 50 ml serological pipette (Greiner
Bio-One Ltd, UK). The tube was placed horizontally and blocked with a sterile rubber cap at
the inlet and blocked with tape on the other end. Inoculation and extraction points (Figure
4.5) were created with a needle pre-heated over a Bunsen burner. 100 pl of'a 10 000
spore/ml F. venenatum spore solution prepared as described in section (2.3.2) was introduced
with a syringe via the inoculation point and an empty syringe was inserted at the extraction
point. The tubes were incubated statically at 28 °C. For the tube containing liquid medium,
medium containing fragments of fungal hyphae was extracted through the extraction point
after the tube was fully colonised (usually 72 h) and reinjected to a new race tube. This was
repeated two times following the initial inoculation, after which the mycelium was cultured
on a petri dish with potato dextrose agar until sporulation. Afterwards the spores from the
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petri dish were used to repeat the cycle. For tube races using agar medium, after the tube was
fully colonised (usually ~ 3 weeks) the spores at the extraction point were harvested and used

to inoculate a new tube.

All other Methods used in this Chapter are described earlier in the thesis.
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Figure 4.2 Diagram outlining the setup of the “tube race” adaptive evolution experiment. F. venenatum spores are injected at the point of
the inoculation into the selection medium. The tube is then incubated at 28°C allowing fungal hyphae to develop and colonise the tube in the
direction of the outlet. The hyphae that arrive towards the end point first are extracted and used to reinoculate a new tube/or cultured on agar
until sporulation.

Rubber bung
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4.4 Results

4.4.1 |dentification of subinhibitory concentration of paromomycin for F.
venenatum in plate reader cultures

For investigating effects of paromomycin on the AA profile of F. venenatum, first
subinhibitory (non-growth slowing) concentrations were determined. The use of
subinhibitory concentrations was because growth inhibition would lead to more general
effects and response in the F. venenatum cells, which may not be specific to the action of the
aminoglycoside drug but reflective of downstream general consequences of growth
perturbation.

F. venenatum was cultured in in microwells in RHM medium supplemented with a range of
paromomycin concentrations (Figure 4.3). The effect on growth was measured by comparing
the doubling times during exponential growth between 16 and 24 h. Concentrations up to 50
ug/ml showed no effect, with calculated doubling times of 5.48, 5.25 and 5.42 h at 0, 25, 50
pg/ml paromomycin, respectively. In samples treated with 100 and 200 pg/ml of
paromomycin the average doubling times were increased to 7.45 and 6.40 h respectively (p =
0.0351).

100~ 104 Doubling time {h) No treat t
0 treatmen

+ 25pg/ml Pm.
+ 50pg/ml Pm.
+100pg/ml Pm.
+ 200pg/ml Pm.

Culture density (ODgqq)

Time (h)

Figure 4.3 Growth curve of F. venenatum in microplate culture with paromomycin.
RHM medium was inoculated with 10,000 spores/ml and 300 ul of the suspension was
aliquoted into wells, supplemented or not with paromomycin and incubated statically at 28°C
for 96 h with OD measurements taken every 1 h. Data points indicate means + SD, n =3
(biological replicates). The calculated doubling times were compared with Kruskal-Wallis
test (H =8.771, df =4, p = 0.0351).
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4.4.2 I|dentification of subinhibitory concentration of paromomycin with F.
venenatum in flask cultures

The experiment described above was repeated in flask cultures, using a similar range of
paromomycin concentrations as a starting point. In this case, samples from cultures in RHM
medium supplemented or not with paromomycin were extracted after 30 h of incubation and
the total dry biomass was compared. In flask culture, F. venenatum showed less sensitivity to
paromomycin compared to microplate reader experiment (Table 4.1). Cultures at up to 200
pg/ml of paromomycin showed no decline in biomass yield after 30 h, higher concentrations
resulted in some cases lowering of biomass indicating growth inhibition. There was some
variability between replicates, especially at 300 pug/ml paromomycin.

Table 4.1 Growth of F. venenatum in flask cultures treated with paromomycin. The
biomass from samples was extracted after 30 h of growth in baffled flasks. The total biomass
was freeze dried and weighed to look for indication of growth inhibition. All the masses are
expressed as mg of dry weight per 1 ml of liquid culture.

Mass (mg/ml)

Sample 1 Sample 2

Control 2.74 3.07
+ 100 pg/ml Pm 2.61 3.07
+200 pg/ml Pm 2.70 2.90
+300 pg/ml Pm 0.94 2.70
+400 pg/ml Pm 0.74 2.14

4.4.3 Measurements of effect of paromomycin treatment on the AA profile of
F. venenatum

Next, amino acid profiles of 30 h F. venenatum hydrolysate were compared after culture with
or without subinhibitory levels of paromomycin. Additionally, to investigate the hypothesis
that availability of free AA might enhance misincorporation of that AA into the organism’s
proteome, some cultures were supplemented with 2 mM leucine alongside paromomycin
treatment.

The analysis of the PC1-3 via One-Way ANOVA revealed no statistically significant
difference in the total amount of the AAs or their relative levels between the treatments (p =
0.60, p =0.11, p = 0.25, for PC1-3 respectively) (Table 4.2). Examination of the absolute and
relative AA profiles (Table 4.2, Appendix Table 16, Figure 4.4) did not show an indication
of a change to AA profile specific to the presence of paromomycin or paromomycin + leucine
in the medium. One change specific to sample treated with 300 pg/ml paromomycin was a
decrease in relative valine to 5.4 % versus 6-7 % in the other samples.

To further investigate the potential effect of paromomycin on the AA profile of F. venenatum
hydrolysate, a higher concentration (500 ug/ml) that was partially inhibitory to growth was
used. The biomass treated with paromomycin showed visual signs of stress (orange reddish
colour and changed texture of the culture) and treated samples had lower total biomass
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compared to untreated cultures — although not significant (Appendix Table 9). This was to
assess whether certain effects noted above, e.g., small decrease in relative valine content with
paromomycin, would be accentuated at a higher paromomycin concentration. F. venenatum
biomass after culture with 500 pg/ml paromomycin with or without additional leucine was
extracted for AA profiling at 30 and 36 h. The addition of 500 pug/ml of paromomycin
resulted in a visible signs of stress in the culture — change of colour and texture, as well as a
decrease in total biomass extracted at 36 h timepoint compared to no treatment control (p =
0.0001) (Appendix Table 9).

Comparison of the by One-Way ANOVA of the PC1-3 from the 30 h dataset revealed no
significant differences in the total amount of AAs or the relative AA levels (p =0.53, p =
0.06, p = 0.08, respectively for PC1-3) (Table 4.3). Similarly, no differences were detected
after analysis of PC1-3 from the 36 h dataset (p = 0.82, p =0.95, p = 0.71). At both
timepoints, the profile did not show an indication of the decrease in valine with
paromomyecin, as had been noted earlier (Figure 4.5, Table 4.3). In general, the AA profiles
looked similar (Table 4.3). To help further identify any effects of the treatment on AA profile
of F. venenatum, levels of individual AAs from the 36 h extracted cultures were normalised
to the means of the corresponding AAs in the control (Figure 4.5). Here, besides differences
in alanine and glutamate, relative levels of methionine, serine and threonine appeared
potentially to be lowered in both treated samples compared to the control. These changes,
however, were small and not statistically significant. No additional effect of leucine addition
in the medium over and above of that of paromomycin treatment was observed.
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Table 4.2 Comparison of hydrolysate amino acid profiles from F. venenatum cultures grown for 30 h in RHM in the absence and
presence of paromomycin and/or leucine. Values indicate amounts of AA in g/kg biomass =+ SD. The bottom three rows indicate the principal
component values + SD. The PC1-3 from different treatments were compared by One-Way ANOVA (F = 0.7607, df =5, p = 0.6032; F =
2.6439, df =5, p = 0.1067; F = 1.6474, df = 5, p = 0.2524) respectively. Pm — paromomycin, L — leucine.

Control 30 h (n = 4) + 50(;;952; Pm + 10(2nug/2m)l Pm + 30()(#gi/r2n)l Pm + (Znnll\z/l)l_ +2mM L(; iozc))ug/ml Pm
Ala 36.74 £4.91 32,74 £12.01 36.03 £ 3.53 30.13 £ 2.04 36.02 + 3.54 32.75+1.13
Arg 29.07 £2.28 27.59 £ 8.81 32.45+4.19 29.40 £ 2.01 29.50 £ 1.59 28.01£1.13
Asp 35.56 + 3.58 30.14 + 6.07 33.61+2.74 40.44 £ 3.02 35.34 £ 0.01 30.47+0.31
Cys 2.98+0.31 2.31+£0.52 2.73+£0.29 3.30£0.42 2.81+£0.37 2.26 £0.09
Glu 79.88 £ 13.70 62.14 £ 14.50 63.78 £ 3.32 81.87 £ 9.57 68.73 £ 6.27 65.04 £ 2.51
Gly 18.92 +1.74 15.76 + 3.88 18.27 £ 1.78 21.11+£4.33 18.12+1.12 17.14£0.22
His 9.92+1.02 9.00+2.74 10.36 £ 1.33 9.38 £0.79 10.38 £ 0.23 9.53+0.50
lle 19.12 +2.84 18.01 £5.30 21.14+£2.14 17.90 £ 0.85 21.24£1.21 18.71£0.78
Leu 31.06 £3.71 25.42 £ 6.50 31.82£4.93 31.52+1.89 34.22 +3.34 29.13+1.52
Lys 34.25+3.10 30.40 +9.38 35.14 +4.01 33.84+0.73 35.29+1.87 31.39+1.34
Met 11.36 £2.15 8.30 £ 2.52 10.25 £ 1.60 1250 £1.40 10.33+£0.77 8.38 +0.83
Phe 18.75+ 1.77 16.25 +4.93 19.14+ 261 17.84 + 0.56 19.00 £ 0.98 16.57 £ 0.48
Pro 17.96 + 1.46 15.31 +4.08 17.83+1.97 17.74 £ 0.79 18.12+1.18 15.75+£0.78
Ser 16.83 £1.97 14.32 +3.82 16.40+1.15 17.06 £ 0.93 16.39 £ 0.82 14.29 + 0.69
Thr 21.25+2.34 17.65 + 4.46 19.73+1.89 20.29+1.61 20.92 +0.96 18.73 £ 0.57
Tyr 9.98 + 1.55 7.67 +2.06 8.82+1.22 10.73 £ 0.33 9.23+0.33 7.75+0.12
Val 36.74 £ 3.63 24.41 £7.63 28.85+3.10 22.76 £ 4.15 28.59 +2.52 25.46 £ 1.39
Total 418.85 + 37.34 357.42 +99.19 406.34 £ 35.17 417.81 £29.44 414.22 £ 27.08 371.35+14.41
PC1 01+£17 -242+4.1 -045+£13 0.15+1.2 0.09+1.0 -1.89+£0.7
PC2 0.56 0.6 -0.67x1.0 -0.2+0.3 0.85+0.45 -0.03+04 -0.58+0.1
PC3 141+04 0.75+0.6 1.04+£0.2 139104 1.11+04 0.62+0.2




% abundance of AAs in biomass hydrolysate

Figure 4.4 Heat map illustration of relative amino acid abundance within F. venenatum
samples grown for 30 h in RHM medium treated with paromomycin and/or leucine. The
values from Appendix Table 16 (converted to heatmap according to right side scale) are
normalised to the total amino acid amount from their respective treatments. N = 4 for control
and N = 2 for remaining treatments.
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Table 4.3. Comparison of hydrolysate amino acid profiles of biomass samples of F.
venenatum cultured in RHM with 500 pg/ml paromomycin (Pm) or 500 pg/ml
paromomycin and 2 mM leucine (Leu). The values are expressed as g/kg biomass + SD.
Samples extracted at 30 and 36 h were compared separately. The bottom three rows indicate
the principal component values + SD. The PC1-3 compared by One-Way ANOVA (F =
0.6969, df =2, p =0.5339; F =4.6933, df =2, p=0.0593; F = 3.993, df = 2, p = 0.0790)
respectively for 30 h dataset and (F = 0.2098, df =2, p =0.8165; F =0.0462,df=2,p =
0.9552; F = 0.3646, df = 2, p = 0.7088) respectively for 36 h dataset. n = 3.

30h 36h
Wt Pm Pm + Leu Wt Pm Pm + Leu

Ala 34.10£1.80 28.50 £ 1.15 29.48 + 4.67 26.40 + 4.07 25.98 + 3.38 33.68 + 4.77
Arg 25.21+0.97 27.23+1.04 25.08 +2.98 26.11 +2.95 27.21 +2.14 23.54 +0.87
Asp 42.72 + 2.86 40.91 + 4.67 42,36 +1.74 42.43 + 4.69 40.72 + 4.98 39.73+3.11
Cys 1.93+0.21 1.78 +£0.33 2.43£0.21 2.16 £0.14 2.23+0.32 2.20£0.10
Glu 59.52 + 2.60 59.04 + 2.39 63.67 + 8.18 52.64 +5.75 62.83+1.42 57.11 + 2.58
Gly 23.40 + 1.63 21.81+0.85 23.84 + 3.03 21.55+1.61 22.39 + 2.65 21.44 + 2.03
His 8.93+0.46 9.36 £ 1.00 9.40 + 1.54 9.67 £ 1.04 9.29 £ 0.73 9.91+147
lle 18.30 £ 1.22 17.07+£1.42 17.98 £2.12 18.18 +2.18 17.06 + 0.92 17.85+1.53
Leu 20.30 + 0.64 18.83 +1.33 20.45 +2.92 20.84 +2.09 19.86 + 0.80 20.60 + 1.80
Lys 28.30+ 1.06 27.89 £ 2.59 27.83 £2.40 29.83 £ 2.65 28.17 £ 1.58 30.47 £ 2.35
Met 8.01 + 0.04 7.31+0.43 7.57 +0.66 8.06 + 0.84 7.29 +£0.97 7.03+0.18
Phe 14.31 £0.35 13.11+0.68 14,57 + 1.62 15.06 + 1.81 14.28 + 0.92 14.37 £ 1.26
Pro 14.27 + 0.48 13.22 + 0.66 1441 +1.42 15.03 + 1.80 14.19 + 0.96 14.21+1.24
Ser 13.70 £ 1.27 11.82+1.17 13.20+1.96 15.34 +1.80 13.79+£0.73 13.30 +1.51
Thr 15.33+0.76 13.61 + 0.88 15.50 + 1.62 15.86 + 2.69 1470 £ 1.13 14.58 + 0.99
Tyr 8.00 £ 0.22 7.62+1.12 7.66 £1.23 8.29+1.18 8.13+0.55 8.14 + 0.96
Val 16.68 + 0.83 15.46 + 0.58 18.00 + 2.58 17.27 £1.95 16.87 + 0.67 17.17 £ 2.58
Total 353.01+8.71 334.56 + 17.65 353.44 + 34.34 344.73+37.44  345.00 £20.23  345.33+22.63
PC1 -3.22+0.3 -3.94+0.7 -322+1.3 -2.88+ 1.6 -3.32+0.8 -3.46+0.9
PC2 0.22+0.2 -0.37+0.1 0.13+0.4 -0.27+0.5 -0.22+0.5 -0.17+0.1
PC3 -0.72+0.2 -0.80+£0.2 -0.44+0.1 -0.38+2 -0.41+0.1 -0.51+0.3
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Figure 4.5 Change to the amino acid profile in F. venenatum samples extracted after 36 h growth from medium supplemented with
paromomycin or paromomycin + leucine. The points on the graph are the level of each amino acid normalised against the relevant amino acid
level from the control sample (Table 4.3)
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4.4.4 |dentification of subinhibitory H,O, concentrations against F. venenatum
growth in microplate cultures

As discussed in section 4.1 methionine misacylation is a well conserved stress response. One
function that methionine residues have in proteins is antioxidant properties (Levine et al.,
1996). Accordingly, increased levels of oxidative stress have been shown to promote
methionine misincorporation (Wang and Pan, 2016). H.O> has been long characterised as an
oxidative stress inducer (Ward et al., 1987). As an alternative to paromomycin and AA
supplementation, here H.O> was considered for its potential to the abundance of methionine
in the AA profile of F. venenatum.

To determine the subinhibitory concentration, F. venenatum was cultured with a range of
H>0> concentrations (Figure 4.6). Concentrations of 2 mM or above were fully inhibitory
over the first 40 h of incubation and were therefore excluded from further analysis. Doubling
times were calculated using the ODs between 16 and 24 h of growth. At 1 mM there was a
significant increase in doubling time to 9.71 h, from 5.18 h in control (p = 0.0064). Treatment
with 0.5 mM H20- did not significantly change the average doubling time compared to the
control (p > 0.9999).

Doubling time (h)
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- . ﬁ : ! . ® No freatment
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]
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Figure 4.6 Growth of F. venenatum in microplate culture treated with H202. RHM
medium was inoculated with 10 000 spores/ml and 300 pl of the suspension was aliquoted
into wells, supplemented or not with H202 and incubated statically at 28° C for 72 h with OD
measurements taken every 1 h. Data points indicate means + SD, n = 6. The calculated
doubling times were compared with Kruskall-Wallis test: (H = 11.39, df = 2, p = 0.0005).

91



4.4.5 Growth curve with H,02in in flasks

After identifying subinhibitory concentrations in the microplate reader setup, the experiment
was repeated in flask cultures, using the range of subinhibitory concentrations from
microplate cultures as a frame of reference. Considering the corresponding growth assays
with paromomycin (outset of this Results section), where transition from microplate to flask
cultures yielded decreased sensitivity, the growth in flasks was initially carried out using 2- 4
mM treatment of H.O, (Appendix Figure 4). In flask cultures F. venenatum appeared to be
more sensitive to H202 than in microplate cultures. Next the F. venenatum was treated with a
lower 0.5 - 1 mM range of H202 and the biomass was extracted after 36 h of incubation
(Appendix Table 10). The decrease in total dry biomass in all the cultures grown with H20>
showed that >0.5 mM H>0> was sufficient to inhibit the growth of F. venenatum in flask
culture.

4.4.6 Effects of H.O, on AA profile

Growth of F. venenatum cultures in flasks in presence of 0.5-0.75 mM H20- did not
statistically affect the overall AA profile of the hydrolysate as evidenced by comparison of
the PC1 by One-Way ANOVA (p = 0.22) (Table 4.4). Similarly, no apparent difference to
the relative abundance of individual AAs was discovered by comparison of PC2-3 (p = 0.17,
p = 0.26, respectively) and the levels of individual AAs varied significantly only in the cases
of glutamate and alanine as determined by multiple comparisons analysis. The total level of
AAs in the samples from cultures supplemented with 0.5 mM H2O (but not 0.75 mM H20,)
appeared lower than for the minus-H2O> control. However, it is worth noting that with the
small sample size (n = 3) this may be due to apparent increase in variability (reflected by
large error values) in the total AA level in the hydrolysate of samples treated with H>O>
giving a false indication of difference due to increase in noise of the data. The absolute level
of methionine appeared to be lower in the sample treated with 0.5 mM H20> vs control, but
this likely reflected the lower overall AA content as supported by the fact that the relative
methionine profile did not show a change due to H>O> treatment (Figure 4.7, Appendix
Table 18).

92



Table 4.4 Comparison of hydrolysate amino acid profiles of F. venenatum samples
cultured in RHM with 0.5-0.75 mM H20:2. The values are expressed as g/kg biomass + SD.
The bottom three rows indicate the principal component values + SD. The PC1-3 from
different treatments were compared by One-Way ANOVA (F = 2.1161, df =2, p =0.2159; F
=2.6306, df =2, p = 0.1657; F = 1.7629, df = 2, p = 0.2634)

Control (n=3) +05mMMH02(n=3) +0.75 mM H0, (nh =2)

Ala 45.73 £7.08 A 31.83+£6.90°8 37.37£057A
Arg 31.21 + 0.64 25.15+4.31 28.12+4.30
Asp 4541 +1.18 37.88 +11.26 40.03 + 7.04
Cys 2.20 £ 0.36 1.41+0.86 1.55+0.21
Glu 75.54 +1.48 60.75 + 13.97 72.30 +£10.34
Gly 18.78 £ 0.75 15.48 + 2.44 17.00 + 1.80
His 9.95+0.32 7.76+1.44 8.39+1.10
lle 23.09 + 0.74 17.69 + 3.30 19.92 + 3.23
Leu 33.99 + 0.22 26.13+4.72 29.52 + 4.82
Lys 35.23+0.70 29.07 + 4.62 32.12 + 3.95
Met 11.29+1.03 8.86 + 2.00 10.20 + 1.98
Phe 19.10 + 0.65 15.66 + 2.95 17.76 + 2.45
Pro 19.04 + 0.60 15.37+2.75 16.76 + 2.80
Ser 16.30 £ 0.42 13.64 + 2.63 14.87 + 2.83
Thr 21.01 +1.54 16.82 + 3.30 18.34 + 2.05
Tyr 12.21 +0.50 10.88 + 1.72 11.78 +1.40
Val 31.46+1.19 25.27 £ 5.53 27.96 + 4.85
Total 451.54 +4.43 359.64 + 73.49 403.94 +54.15
PC1 1.0+0.3 -246+2.8 -08+24
PC2 0.52+0.1 -0.75+£10 -0.23+04
PC3 0.46 +£ 0.4 -0.18 £ 0.5 0.04£0.1
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Figure 4.7 Heat map illustration of relative amino acid abundance within the
hydrolysate of F. venenatum samples from RHM treated with 0.5 or 0.75 mM H20z. The
values from Appendix Table 18. (converted to heatmap according to right side scale) are
normalised to the total amino acid levels for the same treatments. n = 2 for the + 0.75 mM
H20, treatment; for the other treatments, n = 3 (biological replicates).
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4.4.7 Adaptive mistranslation setup rationale

As effects on AA profile were very limited with the treatments attempted above, an adaptive-
evolution experiment was designed to encourage misincorporation specifically of branch
chained amino acids (BCAAs). The tube race setup is described in section 4.3.2, based on a
well-established method for selection of fitness traits in filamentous fungi (Zhang et al.,
2015; Casselton and Zolan, 2002). As mentioned before, culturing cells in medium lacking
some essential AAs but abundant in other AAs can cause misincorporation of these more
abundant AAs in place of the limiting AAs (Wong et al., 2018). As F. venenatum is
prototrophic for all the AAs, a different approach to create AA scarcity may be needed. To
achieve this, it was hypothesised that limiting the source of inorganic nitrogen in the medium
and replacing it with excess BCAAs could be a route to increasing BCAA content of the
fungus. To produce all of the AAs the fungus would need to metabolise the in-excess BCAAS
to obtain nitrogen necessary to synthesise other AAs, but higher levels of misincorporation of
these readily available BCAAs could in principle allow the organism to grow faster, if use of
exogenous BCAA decreases the energy demand for de novo AA biosynthesis. It was
reasoned that such selection over many generations may have the effect of fixing enhanced
BCAA incorporation, as a beneficial trait in these conditions.

4.4.8 Growth with low nitrogen (N)

To create conditions in which F. venenatum experiences nitrogen starvation, initially the
amount of available inorganic nitrogen in the medium was limited by reducing the amount of
added NH4CI (the principal source of nitrogen in RHM medium). In plate reader experiments,
even a 100-fold reduction in NH4ClI did not affect the initial growth rate, but the final yield
was decreased due to a shortened exponential phase presumably coincident with depletion of
the available N (Appendix Figure 5) To exert pressure on the initial growth rate, the
inorganic N source was completely removed and replaced with varying amounts of a BCAA
mix (Figure 4.8). In the presence of BCAAS, growth was partially recovered compared to
culture in the absence of any N source. The cell doubling time (calculated between 16-24 h
for control and 20-28 h for growth without NH4Cl, due to an elongated lag phase in the
latter) was 4.97 h in standard RHM medium, whereas the shortest doubling time for growth
in NH4Cl-free medium supplemented with BCAAs (0.5, 1 or 2 mM) was 7.62 h.
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Figure 4.8 Growth curve of F. venenatum in nitrogen deficient RHM medium with
BCAA supplementation in microplate culture. Standard or nitrogen deficient RHM
medium was inoculated with 10,000/ml of spores and 300 pl of the suspension was deposited
into wells and incubated statically at 28°C for 72 h with OD measurements taken every 1 h
for 72 h. Data points indicate mean average, + SD, n = 3.

4.49 Effect of high BCAAs medium on biomass

Next the culture conditions were progressed to flask cultures. The concentration of the branch
chained AAs was changed from the total of ~2 mM (0.667 mM each of leucine, isoleucine
and valine) to the total of 40 mM (13.33 mM each of leucine, isoleucine and valine) to
support biomass build-up. Similar to microplate reader results, in flask cultures the growth in
RHM medium supplemented with BCAAs but without NH4Cl was slower than in unaltered
RHM medium (Figure 4.9). The cultures with added BCAAs generally grew to lower yield
than in normal RHM medium though there was variability between replicates in the former
case. This meant that at 30 h timepoint the amount of biomass in the +BCAA cultures was
very low and likely not in exponential growth, leaving the 36 h timepoint as a point of
extraction for AA analysis.
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Figure 4.9 Growth curve of F. venenatum in flask cultures grown in modified RHM
medium. Modified RHM medium where inorganic nitrogen was replaced with a 40 mM mix
of BCAAs was inoculated with 10,000/ml spores and 50 ml of the suspension was deposited
into 250 ml baffled flask and incubated statically at 28°C with shaking (150 rev/min). The
biomass was extracted at 24, 30, 48, 56 h. Data points indicate mean average, + SD, n = 3.
For reference the growth curve was plotted alongside flask culture growth curve of F.
venenatum grown in standard RHM medium from Figure 2.3.

4.4.10 Effect of high BCAA medium on AA profile

Next the AA profile of exponential growth phase F. venenatum biomass cultivated in the
BCAAs selection medium was analysed to see whether growth in the medium can enrich the
AA profile in BCAAs. Samples from flask cultures were extracted and prepared for analysis
after 36 h of growth.

Analysis of PCA1 by One-Way ANOVA revealed a significant difference between the
treatments (p = 0.0009), and subsequent Tukey’s multiple comparisons showed that the
differences are between the control vs 40 mM BCAA (p =0.005), and control vs 80 mM
BCAA (p = 0.0008) treatment. The values of PCAL1 for both BCAA treated samples are lower
than control indicating an overall decrease in AA content which is in line with the absolute
AA data presented in Table 4.5. Comparison of PC2 revealed a significant difference in the
relative AA levels (p <0.0001) and Tukey’s multiple comparisons showed that again BCAA
treated samples were different to the control (p < 0.0001, for both). Lower values of PC2 seen
in BCAA samples (Table 4.5) indicate a relative increase in the relative levels of Val and His
group and decrease in Ala, Asp, Gly and Pro. Both the absolute (Table 4.5) and relative
(Figure 4.10, Appendix Table 19) values indicate that BCAA treated samples do indeed
show an increase in relative Val abundance and a decrease in Ala. Lastly there were no
significant differences revealed by the comparison of the PC3 (p = 0.09).
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Table 4.5 Comparison of hydrolysate amino acid profiles of F. venenatum samples
grown in RHM lacking NH4Cl and supplemented with a mix of branch chained amino
acids. The values are expressed as g/kg biomass + SD. The values are expressed as g/kg
biomass + SD. The bottom three rows indicate the principal component values + SD. The
PC1-3 from different treatments were compared by One-Way ANOVA (F =28.441,df=2,p
=0.0009; F =237.84, df =2, p < 0.0001; F = 3.8222, df = 2, p = 0.085). Different letters in
superscript in the last three rows indicate statistically significant difference between values
derived from One-Way-ANOVA with Tukey’s multiple comparisons. Lack of any
superscript letters indicates lack of significant difference within the relevant part of a row. n =
3.

Control BCAAS 40mM BCAAS 80mM

Ala 4573+ 7.08 24.81+0.85 23.47 +2.85
Arg 31.21+£0.64 25.31+1.25 22.58+1.48
Asp 4541 +1.18 35.19 £ 3.96 31.79+£2.16
Cys 2.20+0.36 1.07+0.48 0.97+0.60
Glu 75.54 +1.48 56.12+ 1.46 49.55 £3.63
Gly 18.78+ 0.75 15.11+0.48 15.18+4.14
His 9.95+0.32 8.07+0.63 7.08+0.05
lle 23.09+0.74 17.60+0.26 16.69+2.11
Leu 33.99£0.22 25.96+ 0.87 25.10 £ 3.96
Lys 35.23+0.70 29.34+0.98 25.40+1.19
Met 11.29+1.03 8.92+0.41 8.21+0.44
Phe 19.10+0.65 15.88+0.86 14.19+1.50
Pro 19.04+0.60 15.27+0.31 13.66+1.07
Ser 16.30+0.42 14.01+1.34 12,16+ 1.42
Thr 21.01 +1.54 17.44+0.81 15.78 *1.36
Tyr 12.21+0.50 11.32+1.18 10.05+ 1.88
Val 31.46+1.19 33.20+0.93 34.53+3.70

Total 45154+ 4.43 354.61+4.78 326.38 + 30.54
PC1 1.00£0.34 -2.26+0.3°8 -357+138
PC2 0.52+0.14 -159+0.1°8 -195+0.2°8
PC3 046+0.4 -0.32+04 -0.57+0.6
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Figure 4.10 Heat map illustration of relative amino acid composition within F.
venenatum samples grown in BCAAs-modified RHM medium. The values from
(converted to heatmap according to right side scale) are normalised to the total amino acid
amount from their respective treatments (Appendix Table 19). n = 3 (biological replicates).
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4.4.11 The effect of removal of valine from the BCAA mix in selection medium.

Next three variations of the selection medium were prepared, containing 40 mM BCAA but
excluding valine (that is, containing: 40 mM of leucine or 40 mM isoleucine or mix of 20
mM isoleucine and 20 mM leucine). This was done to assay whether exclusion of the BCAA
that was comparatively enriched in the preceding experiment, i.e., valine, may help facilitate
biomass enrichment with the other BCAAs. When valine was absent, the total AA content of
cells cultivated in selection media was similar to that of unaltered RHM medium, unlike in
the case of growth with added valine (section 4.4.10). Overall, although biomass
accumulation in the BCAA-minus-valine media was still lower than in standard RHM
medium, the growth was faster than in the BCAA medium with valine (section 4.4.9) which
allowed for exponential-phase biomass extracts at both 30 h (Table 4.6) and 36 h (Appendix
Table 11) to be assessed.

Two experiments (designated 1 and 2) are distinguished in Table 4.6 and because respective
results come from samples grown, processed and analysed by LCMSMS in different runs.
For cells from the Leu- and Leu + lle-modified media, comparison of PC1 and 2 by One-Way
ANOVA showed no significant effect (p = 0.85, p = 0.06, respectively), indicating no change
to overall AA abundance and change in the levels of AAs described by PC2 Table 4.6. PC3
has shown a borderline significant effect (p = 0.052), Tukey multiple comparisons analysis
indicated that the difference was between control and sample grown in Leu modified medium
(p = 0.053). PC3 value is low in this sample which indicates an enrichment in leucine where
the absolute amount of Leu and Asp is ~10 and g higher compared to control (Table 4.6).
Similarly, the relative abundance of Leu in cells grown in Leu modified medium has
increased from 7.9 t0 9.7 % , and for Asp from 10.8 to 13.9 % compared to control (Figure
4.11, Appendix Table 20). Due to p-value for PC2 analysis being close to 0.05 threshold it is
worth noting that the level of Ala has also dropped from 9.4 to 3.6 % compared to control.
Overall, cells cultivated in the medium containing leucine and isoleucine did not show any
changes to the absolute profile compared to control. However, cells from medium containing
40 mM Leu did significantly impact the AA profile of hydrolysate including a ~25 %
increase in Leu content in absolute terms.

In cells extracted after 36 h growth in the same conditions (Appendix Table 11), the overall
AA abundance was not significantly affected by the treatment (PC1 — p = 0.078) alongside no
significant difference in PC3 (p = 0.2). However, analysis of PC2 showed significant
difference (p = 0.046), but Tukey’s multiple comparison analysis did not indicate a
significant difference between control and Leu and Leu + lle treatments (p = 0.06, p = 0.07,
respectively). In the relative % profile at 36 h (Appendix Table 21), relative level of Asp
changed from 11.9 to 11.0 % in the control vs +Leu media. Relative alanine levels did not
show a change.

In a second experiment, cells were tested in RHM medium lacking NH4ClI and supplemented
only with isoleucine. This was to determine whether removal of both valine and leucine (i.e.
the two BCAAs showing enrichment in certain conditions above) could facilitate enrichment
with isoleucine as the only BCAA supplement. After 30 h, in the culture with the added
isoleucine analysis of PC1 indicated no change to the overall AA abundance compared to
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control (p = 0.44), similarly no difference was found in PC3 (p = 0.47) (Table 4.6).
Comparison of PC2 indicated a significant difference (p = 0.005) compared to control with
lower absolute and relative levels of alanine and aspartate (Table 4.6, Figure 4.11,
Appendix Table 20). It is worth noting that although not described by the PCs in this
analysis, the relative (6.9 vs 5.2 %,), and absolute (~25 % increase) of isoleucine was also
higher than in the control (Table 4.6, Figure 4.11, Appendix Table 20).

In cells extracted after 36 h analysis of PC1 and 2 did not indicate a significant change (p =
0.68, p = 0.73 respectively), but analysis of PC3 did (p = 0.034). The absolute level of lle
(indicated by more negative value of PC3) was ~35 % higher compared to control, levels of
Asp, were also changed between the two conditions Appendix Table 11). In relative terms at
36 h isoleucine level was higher in cells grown in isoleucine medium vs control (6.6 vs 5.3
%, p =< 0.0001). The relative level of Asp, lle varied between control and cells grown in
isoleucine medium (Appendix Table 21).

Collectively the results showed that culture in RHM lacking NH4ClI but supplemented either

with all BCAAs, Leu + lle, or lle alone gave successful enrichment of cells with Val, Leu or
Ile, respectively.
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Table 4.6 Comparison of amino acid profiles of F. venenatum hydrolysate grown in
BCAA-modified RHM medium for 30 h. The values are expressed as g/kg biomass + SD.
Experiment 1 and 2 were performed and analysed separately. The bottom three rows indicate
the principal component values + SD. The PC1-3 from different treatments were compared
by One-Way ANOVA (F = 0.1566, df =2, p =0.8584; F = 4.5348, df =2, p = 0.0631; F =
5.0464, df = 2, p = 0.0518) for experiment 1 and (F = 0.0734, df = 1, p = 0.44; F = 32.322, df
=1,p=0.0047; F =0.6118, df =1, p = 0.4778) for experiment 2 . Different letters in
superscript in the last three rows indicate statistically significant difference between values
derived from One-Way-ANOVA with Tukey’s multiple comparisons. Lack of any
superscript letters indicates lack of significant difference within the relevant part of a row. n =
3 (biological replicates).

Experiment 1 Experiment 2
Control, n =3 Leu+lle,n=3 Leu,n=3 Control,n =3 lle, n=3
Ala 48.88+ 4.94 33.98+1.19 17.14+£9.77 34.10£1.80 27.44 £ 2.57
Arg 36.19 + 1.24 35.28 + 2.05 29.93 £ 0.34 25.21 £ 0.97 27.54 £ 0.86
Asp 56.12+ 1.85 54.33+2.09 68.79+ 18.36 42.72 + 2.86 37.97 +0.89
Cys 2.33+0.47 1.83+0.15 1.53 + 0.54 1.93+0.21 1.83+0.21
Glu 95.94 + 3.20 88.21+3.33 78.60+2.17 59.52 £ 2.60 55.54 + 5.42
Gly 23.04 +£1.12 21.39+1.32 34.06+11.24 23.40 £1.63 21.43 +0.82
His 12.80 + 0.45 12.86 + 0.65 13.46 + 1.87 8.93+0.46 9.33+1.00
lle 22.80 +0.28 26.23+1.42 20.34 +1.65 18.30 +1.22 23.02+0.80
Leu 37.92+1.24 37.50+0.75 47,96+ 7.09 20.30 + 0.64 22.67 +1.59
Lys 41.54 £+ 1.55 39.86 + 0.18 39.63 + 3.67 28.30 £ 1.06 27.90 + 3.17
Met 12.61 +£0.36 11.16 £ 0.58 12.20 £ 2.01 8.01 +0.04 6.85+0.30
Phe 21.71+0.51 20.88 + 0.27 20.59 +1.76 14.31+0.35 12.92 +1.06
Pro 21.79+0.95 21.46 £0.13 20.39+1.17 14.27 £ 0.48 13.20 £ 0.81
Ser 17.44 +0.71 16.84 £ 0.70 19.65 + 4.69 13.70 £ 1.27 12.13+2.19
Thr 27.09 + 0.87 26.21 £ 0.37 25.83 + 1.62 15.33 £ 0.76 13.77 £ 1.44
Tyr 12.66 £ 0.60 12.32 £ 0.88 11.44 + 0.62 8.00 £ 0.22 7.27 £ 0.53
Val 28.97 +1.24 29.12 +0.38 29.63 +2.41 16.68 + 0.83 15.54 +1.29
Total 519.82 + 21.57 489.48 + 16.43 491.14 £71.01 353.01 £8.71 336.36 + 14.86
PC1 3.46+£0.5 3.10+2.2 2.87+0.4 -3.22+0.3 -3.58+0.7
PC2 1.87+£0.3 1.25+0.8 0.62 +£0.3 0.22+024 -0.80+0.28
PC3 0.49+0.54 -1.85+1.64° -0.02+0.1B -0.72+0.2 -0.85+0.2
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Figure 4.11 Heat map illustration of relative amino acid abundance in F. venenatum grown for 30 h in RHM medium modified or not
with leucine, isoleucine, or both. The values from Table 4.6 (converted to heatmap according to right side scale) are normalised to the total
amino acid amount from their respective treatments - Appendix Table 20. n = 3 (biological replicates).
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4.4.12 The effect of tube race selection in liquid medium on the AA hydrolysate
composition of F. venenatum

To test whether adaptive evolution on selective medium (RHM medium lacking NH4ClI but
with added BCAAs: RHMBCAA) can result in BCAA enrichment in F. venenatum, a series
of race tube experiments were conducted. A tube race is an adaptive evolution experimental
method that helps to select the fittest individual in a given selection medium by consecutively
inoculating fungi at one end of the tube, allowing the most adapted organisms to reach the
end of the tube first and selecting them for subsequent round of selection in another tube race
(4.3.3). Here the race tube experiment was carried out by selection in liquid medium for 10
generations (each generation was defined as 3 passages through the tube, then subsequent
growth on agar and sporulation, before re-inoculation of race tube for the next generation).
The experiment was carried out in triplicate parallel tubes throughout. After 10 consecutive
generations, three isolates from each race tube were grown for 36 h in standard RHM
medium or in BCAA selection medium before assay of hydrolysate AA composition.

First, the total dry weights of the flask culture samples after 36 h of culturing were compared
to see whether the selection under the tube race affected the growth rate of F. venenatum
isolates (Figure 4.12). Statistical analysis by Kruskal-Wallis test revealed no significant
difference in the growth yield of wild type versus 10"-generation isolates either on RHM (p =
0.1606) (Figure 4.12 A) or on BCAA modified RHM medium (p = 0.0502) (Figure 4.12 B).

The AA hydrolysates of WT and tube race isolates grown in standard RHM medium were
compared. Analysis of the PC1-3 by One-Way ANOVA did not indicate any significant
differences between the AA hydrolysate profiles of the control and tube race isolates (p =
0.95, p = 0.65, p = 0.23) respectively (Table 4.7, Figure 4.13, Appendix Table 22).

Next the hydrolysate of biomass from wild type and the tube race isolates of F. venenatum
were compared after culturing in the RHMBCAA medium. There was no significant effect on
the overall AA abundance between control and the tested isolates (PC1 — p = 0.41) Table 4.8.
Analysis of PC2-3 revealed significant changes to the relative AA composition (p = 0.048, p
= 0.049, respectively). Tukey’s multiple comparisons only revealed a significant difference in
PC2 only between T1 and T3. T3 isolate has shown a decrease in Ala and Asp content and
increase in His content, alongside other AAs (Table 4.8, Figure 4.14, Appendix Table 23).
This result though is debatable due to lower sample size and very low biomass at the
harvested which was previously shown in this thesis to correlate with higher overall protein
content (2.4.4).

Overall, the isolates from the tube races in liquid medium did not show statistically
significant changes to their absolute hydrolysate profiles. There were some specific changes
in relative composition for certain AAs and certain isolates of organisms grown in
RHMBCAA medium, but these were in Ala and Asp rather than in BCAA content on which
the prior selection had been based.
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Figure 4.12 Mean dry weight of F. venenatum wild type and tube race isolates (T1-T3)
after 36 h cultivation in flask cultures. A —isolates and WT were cultivated in normal
RHM medium. B — isolates and WT were cultured in a modified RHM medium (NH4CI
replaced with a mix of 13.33 mM each of leucine, isoleucine and valine). The cultures were
grown with orbital shaking at 150 rev/min at 28 °C. The values on the graphs represent mean
of total dry mass extracted from flask cultures expressed as mg of dry mass per ml of culture
(n = 3, biological replicates). The means were compared using Kruskall-Wallis test with
Dunn’s multiple comparisons, for A: H =5.205, df =3, p = 0.1606); for B: H=6.897, df = 3,
p = 0.0502
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Table 4.7 Hydrolysate amino acid profiles of F. venenatum wild type and isolates

obtained from tube race experiments, following subsequent growth on RHM medium in

flask cultures. The values are expressed as g/kg biomass £SD. The bottom three rows
indicate the principal component values + SD. The PC1-3 from different treatments were
compared by One-Way ANOVA (F=0.101, df =3, p=0.9572; F =0.5668, df =3, p =
0.6522; F = 1.7468, df = 3, p = 0.2348) respectively. n =3

WT Tube race 1 Tube race 2 Tube race 3
Ala 28.49+6.30 33.81+3.44 34.85+142 33.85+0.27
Arg 31.43+3.57 32.89+1.35 32.24+6.39 32.94+0.25
Asp 50.14 + 10.37 50.39+0.95 47.46 + 15.00 46.19+ 4.77
Cys 1.31+0.41 2.49+1.14 2.10+0.38(n=2) 2.10+0.19
Glu 79.67+6.32 87.95+542 87.70+ 15.64 92.47+2.80
Gly 20.64+2.25 21.88+1.30 22.37+6.31 22.60+0.83
His 13.29+1.37 13.33+1.13 13.26+2.28 13.17+0.53
lle 21.33+1.23 2240+ 1.15 25.56+ 5.95 2475+ 1.53
Leu 34.64+3.20 36.05+1.74 36.06+ 7.98 3797+1.78
Lys 35.20+ 3.37 36.67 + 2.06 36.51+6.87 36.59+0.74
Met 8.86+1.00 9.27+0.1 9.35+1.56 8.97+0.22
Phe 20.44+2.28 21.05+ 065 21.02+4.00 21.13+0.53
Pro 17.10+ 2.57 17.61+0.91 16.64+3.73 17.89+0.93
Ser 18.34+1.04 18.96+ 1.03 18.68+ 3.93 18.55+2.83
Thr 20.01+4.52 20.34+2.52 18.82+2.60 18.53+2.10
Tyr 13.71+1.15 13.94+0.68 14.34+2.54 14.30+0.89
Val 26.21+3.70 27.89+0.39 27.32+5.88 27.27+2.03
Total 440.81+ 49.38 466.93+ 19.01 463.58+91.61 468.42 + 18.32
PC1 0.95+19 1.71+£0.7 1.66 + 3.6 1.79+0.8
PC2 -0.52+0.7 0.09+0.3 -0.26 + 0.8 -0.30+0.1
PC3 -0.92+0.3 -0.09+0.7 -047+0.6 -0.96+0.3
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Figure 4.13 Heat map illustration of relative amino acid composition within hydrolysate
of F. venenatum wild type and isolates from tube race experiment, following subsequent
growth on RHM medium in flask. The values from Table 4.7 (converted to heatmap
according to the right-side scale) are normalised to the total amino acid amount from their
respective treatments (Appendix Table 22). n =3
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Table 4.8 Hydrolysate amino acid profiles of F. venenatum wild type and tube isolates
obtained from tube race, following subsequent growth on RHMBCAA medium in flask
cultures. The values are expressed as g/kg biomass + SD. The bottom three rows indicate the
principal component values + SD. The PC1-3 from different treatments were compared by
One-Way ANOVA (F =1.0948, df = 3, p = 0.4123; F = 4.4476, df = 3, p = 0.0479; F =
4.4476, df = 3, p = 0.0493) respectively. Different letters in superscript in the last three rows
indicate statistically significant difference between values derived from One-Way-ANOVA

with Tukey’s multiple comparisons. Lack of any superscript letters indicates lack of
significant difference within the relevant part of a row. n = 3 (unless indicated otherwise)
N/Q — not quantifiable.

WT Tube race 1 Tube race 2 Tube race 3 (n=2)
Ala 9.58 + 3.52 18.47 + 3.30 19.90 + 15.38 3.75+5.30
Arg 36.17+ 6.52 30.39+ 0.35 38.01 17.40 52.48+ 14.13
Asp 40.03 % 4.90 36.68+ 2.33 36.96+ 6.15 2471+ 16.32
Cys 1.42 (n=1) 1.28 +0.97 2.78+0.88 (n = 2) N/Q
Glu 64.20 + 5.89 67.90+ 3.34 74.75+ 18.86 78.49 + 2.99
Gly 17.04+ 5.29 15.77+ 2.92 15.55 + 6.39 23.19+12.11
His 19.49 + 4.48 14.08 + 0.52 20.87 + 12.18 33.33+ 14.62
le 28.56+ 8.03 19.50 + 1.17 26.23+ 11.89 4156+ 11.35
Leu 42.11+6.67 31.66+2.73 42.82 + 16.65 46.40+ 10.99
Lys 40.06 + 6.92 33.40 £ 2.05 42.45+ 21.36 57.95+ 17.76
Met 9.76+ 1.74 8.01+ 0.49 10.44 + 4.63 13.04+ 3.14
Phe 23.69+ 4.87 18.63+0.12 25.37 + 13.55 38.13+ 13.27
Pro 15.09 + 2.33 14.47 +2.30 16.80 + 7.86 12.48+ 5.74
Ser 19.66 + 4.51 17.48 +1.20 17.55 + 8.20 16.87+ 1.83
Thr 20.87 + 2.99 18.81+ 0.97 22.01+5.27 25.185.10
Tyr 16.45 + 3.44 13.58 + 0.37 18.66 + 10.75 29.04+ 11.34
Val 49.84% 6.42 43.22+1.39 52.06 + 19.75 64.27 + 15.81
Total 453.06 + 59.60 403.37+ 19.38 482.28 + 158.84 560.89 + 118.56
PC1 3.20 3.3 -0.04%0.7 3.99 + 8.9 9.52+7.4
PC2 -395+0.7AB 27206 -352+21A8 -6.92+1.3°
PC3 -0.39 + 0.4 -0.52 + 0.4 0.54 + 0.5 -0.62+0.3
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Figure 4.14 Heat map illustration of relative amino acid composition within hydrolysate
of F. venenatum wild type and isolates from tube race experiment, following subsequent
growth on BCAARHM medium in flask. The values from Table 4.8 (converted to heatmap
according to right side scale) are normalised to the total amino acid amount from their
respective treatments (Appendix Table 23). n = 3 (biological replicates).

4.4.13 The effect of tube race selection in agar medium on the AA hydrolysate
composition of F. venenatum

In parallel to the above experiment, the tube race was carried out on an agar version of the
RHMBCAA selective medium. This was done because the race-tube colonisation proceeds
more slowly on agar (~3 weeks per passage compared to 2-3 days on liquid medium) and it
was reasoned that this may increase the opportunity for development and selection of relevant
mutations. After (~10 weeks of selection through consecutive tube races, isolates were
cultured in regular or BCAA-modified RHM (BCAARHM) medium, hydrolysed and the AA
profiles compared to that of the WT hydrolysate.
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First, the dry weights of the samples from flasks after 36 h of culturing were compared to see
whether the selection in the agar-based tube race had affected the growth rate of F.
venenatum isolates (Figure 4.4.15). Analysis of the means by Kruskal-Wallis test revealed a
significant difference between the growth yields of all compared strains (p = 0.0006) with
Dunn’s multiple comparisons test corroborating a very marked decrease in biomass yield of
the T3 isolate compared to WT (p = 0.0067) during culture in the RHM medium (Figure
4.4.15 A). In the RHMBCAA medium, Kruskal-Wallis test revealed no significant
differences in the growth yields between the growth yields of all compared strains (p =
0.0502) (Figure 4.4.15 B).

First, the AA hydrolysates of WT and tube race isolates grown in standard RHM medium
were compared. Comparison of the PC1 by One-Way ANOVA revealed no change to the
overall AA abundance in tested hydrolysates (p = 0.47) (Table 4.9). Analysis of PC2 and 3
indicated a significant change to the relative AA levels (p = 0.06, p = 0.044, respectively).
Tukey’s multiple comparison analysis of PC3 revealed a significant difference between
control and T2 isolate (p < 0.034). Higher values in PC3 indicate enrichment in Cys in the T2
(Table 4.9), and increase in relative Cys content (0.67% vs 0.29% in control) (Figure 4.16
Appendix Table 24). It is worth noting that this change in cysteine content can be observed
in all three isolates.

Next hydrolysates of the biomass from WT and tube race isolates of F. venenatum were
compared after culturing in the RHMBCAA medium. For this comparison isolate 3 was not
included in the analysis as at 36 h the samples did not accumulate sufficient biomass to
permit LCMSMS analysis (Figure 4.4.15 B). Analysis of PC1 by One-Way ANOVA
revealed no significant difference in the total AA abundance of the control and tube race
isolates (p = 0.26) (Table 4.10). There were also no differences between PC3 (p = 0.49), but
significant difference in PC2 values was found (p = 0.049). Tukey’s multiple comparisons
indicated that the difference in PC2 was between the control and T1 isolate ( p = 0.044).
Higher PC2 value in T1 isolate indicates an increase in relative Ala, Asp and Gly abundance
and decrease in Leu and His which can be seen in both absolute (Table 4.10) and relative
values (1.3, 2.4, 0.84 % increase, and 1.32, 0.53 % decrease in T1 respectively) (Figure
4.17, Appendix Table 25) .

Overall, the tube races on agar did noticeably change some properties of the isolates. First,
isolate T3 showed an undesirable decrease in the ability to grow in flask culture.
Furthermore, the agar tube-race selected isolates did show some significant changes to AA
composition compared to the wild type. However consistently increased AAs were not the
BCAA:s.
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Figure 4.4.15 Mean dry weight of F. venenatum wild type and agar tube race isolates
(A1-A3) after 36 h cultivation in flask cultures. A — isolates and WT were cultivated in
normal RHM medium, B — isolates and WT were cultured in a modified RHM medium
(NH4CI replaced with a mix of 13.33 mM each of leucine, isoleucine and valine). The
cultures were grown with orbital shaking at 150 rev/min at 28 °C. The values on the graphs
represent mean of total dry mass extracted from flask cultures expressed as mg of dry mass
per ml of culture (n = 3 biological replicates). The means were compared using Kruskall-
Wallis test, for A: H=9.667, df =3, p = 0.0006) with Dunn’s multiple comparisons (WT vs
T3, p =0.0067); for B: H =6.897, df = 3, p = 0.0502.
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Table 4.9 Comparison of hydrolysate amino acid profiles of F. venenatum isolates
obtained from tube race experiments in agar medium grown flask cultures in RHM
medium. The values are expressed as g/kg biomass £SD. The bottom three rows indicate the
principal component values £ SD. The PC1-3 from different treatments were compared by
One-Way ANOVA (F = 0.9325, df = 3, p = 0.4685; F = 3.7108, df = 3, p = 0.0612; F =
4.291, df = 3, p = 0.0442) respectively. Different letters in superscript in the last three rows
indicate statistically significant difference between values derived from One-Way-ANOVA
with Tukey’s multiple comparisons. Lack of any superscript letters indicates lack of
significant difference within the relevant part of a row.n = 3.

WT Tube race 1 Tube race 2 Tube race 3
Ala 28.49+6.3 27.16+3.40 28.44+ 1.58 41.75+1.78
Arg 31.43+3.57 33.01+0.68 32.84+0.92 34.34+1.25
Asp 50.14 + 10.37 50.76+ 3.11 50.66 + 2.42 51.55+0.58
Cys 131+ 041 3.25+£0.40 3.18+£0.92 2.75+0.21
Glu 79.67+6.32 95.47+5.60 97.48+ 6.69 87.49+2.82
Gly 20.64+2.25 27.58+3.41 24.29+ 4.08 23.40+1.22
His 13.29+1.37 13.73+0.56 13.91+0.61 13.75+0.43
lle 21.33+1.23 23.31+1.00 23.16+1.02 24.67+1.59
Leu 34.64+3.20 36.78+0.70 35.07+0.91 37.84+3.28
Lys 35.20+ 3.37 38.15+0.53 38.21+0.64 39.02+1.46
Met 8.86+1.00 9.10+£0.21 9.36+0.17 10.05+0.09
Phe 20.44+2.28 21.74+0.27 21.46+0.32 21.58+0.75
Pro 17.10+ 2.57 18.90+0.18 18.58+ 2.06 17.76 £ 1.22
Ser 18.34+1.04 18.04+2.52 17.99+1.93 16.66+ 0.35
Thr 20.01+4.52 19.53+0.46 23.62+1.79 19.07+1.91
Tyr 13.71+1.15 12.82+0.13 13.01+0.37 13.17+1.06
Val 26.21+3.70 28.53+0.79 27.19+1.29 28.72+0.67
Total 440.81 £+ 49.36 477.86 £9.49 478.49 £11.26 483.56 £ 10.47
PC1 0.95+1.9 207+£0.1 2.18+0.6 201+£05
PC2 -0.52+0.7 044+04 0.48+0.2 0.39+£0.2
PC3 -092+0.3 0.02+0.1 0.39+0.8 -0.09+0.2
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Figure 4.16 Heat map illustration of relative amino acid composition within hydrolysate
of F. venenatum isolates from tube race experiment in liquid medium grown in RHM
medium. The values from Table 4.9 (converted to heatmap according to right side scale) are
normalised to the total amino acid amount from their respective treatments (Appendix Table
24). n = 3 (biological replicates)
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Table 4.10. Comparison of the hydrolysates of the amino acid profiles of F. venenatum
isolates obtained from tube race experiments on agar, grown in flask cultures in RHM
medium lacking NH4Cl and supplemented with a mix of branch chained amino acids.
The values are expressed as g/kg biomass +SD. The bottom three rows indicate the principal
component values = SD. The PC1-3 from different treatments were compared by One-Way
ANOVA (F=1.677,df =2, p=0.2639; F =5.1873,df =2, p =0.0492; F=0.7903, df = 2, p
= 0.4959) respectively. Different letters in superscript in the last three rows indicate
statistically significant difference between values derived from One-Way-ANOVA with
Tukey’s multiple comparisons. Lack of any superscript letters indicates lack of significant
difference within the relevant part of a row. n = 3 (unless indicated otherwise).

WT Tube race 1 Tube race 2 (n =2)
Ala 9.58+3.52 14.49+7.26 10.44+7.02
Arg 36.17+6.52 31.75+2.13 29.55+ 3.27
Asp 40.03+4.90 47.12+8.03 36.49+2.23
Cys 1.31+0.41 0.98+ 0.89 (n =2) N/Q
Glu 64.20+5.89 68.31+5.15 61.33+8.12
Gly 17.04+5.29 19.13+2.03 14.78+2.00
His 19.49 £ 4.48 15.63+2.06 15.89+2.25
lle 28.56+ 8.03 22.85+ 3.08 2468+ 4.43
Leu 42.11+6.67 33.34+3.19 31.82+4.62
Lys 40.06 £ 6.92 33.70+ 2.45 32.28+3.72
Met 9.76+£1.74 8.48+0.92 8.14+1.06
Phe 23.69+4.87 19.19+2.10 19.00£ 2.60
Pro 15.09+2.33 14.63+ 1.63 13.68+1.25
Ser 19.66+4.51 15.83+0.11 13.38+1.53
Thr 20.87+2.99 21.69+2.63 21.18+2.18
Tyr 16.45+ 3.44 12.07+2.04 12.41+1.78
Val 49.84+6.42 40.49+ 2.04 42.23+ 251
Total 453.06 £ 59.60 419.35+ 34.30 387.28 + 38.58
PC1 3.18+3.3 0.53+15 -024+20
PC2 -4.07+£0.8 -235%0.6 -350+05
PC3 -0.82+£0.2 -1.01+04 -044 09
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Figure 4.17. Heat map illustration of relative amino acid composition within
hydrolysate of F. venenatum isolates from tube race experiment in liquid medium
grown in RHM medium lacking NH4Cl and supplemented with a mix of branch chained
amino acids. The values from Table 4.10 (converted to heatmap according to right side
scale) are normalised to the total amino acid amount from their respective treatments
(Appendix Table 25). n = 3 (biological replicates)
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4.5 Discussion

4.5.1 Chemically induced mistranslation

Addition of the aminoglycoside drugs did not have a clear effect on the AA profile. Despite
significant effect of the treatment on the AA profile in samples treated with a growth-slowing
level of paromomycin combined with leucine, only levels of alanine and glutamate differed
significantly between the control and experimental treatments, but these two AAs are prone
to fluctuation in control treatments as discussed in Chapter 2. Comparison of fold changes
versus control values revealed very modest variation in the levels of individual AAs.
Likewise, the addition of leucine to the medium did not affect leucine in the AA profile.

Aminoglycosides have been shown to increase the mistranslation rate prokaryotes like E. coli
(Kohanski et al., 2008) in eukaryotes like yeast (Fan-Minogue and Bedwell, 2008) and
humans (Keeling et al., 2014) so it is likely that the effect is similar in F. venenatum,
although mistranslation wasn’t specifically assayed here, e.g., with mistranslation reporters
(Altamura et al., 2016) (Chen et al., 2020).

Lack of clear effect on the AA profile could also be due to the specific mechanism in which
paromomycin induces mistranslation. Although aminoglycosides including paromomycin
have been reported to increase the levels of mistranslation several fold, more recent studies
revealed the mechanisms in which aminoglycosides cause the mistranslation which rather
than increasing the levels of errors throughout the whole protein causes clusters of errors that
are more likely to completely disrupt protein function (Wohlgemuth et al., 2021).
Alternatively, even a 2- or 3-fold increase in mistranslation rate at only certain amino acid
residues (Holland et al., 2010) is likely insufficient to have a substantial impact on overall
measurable AA composition, given that the starting, background mistranslation rates are
typically very low (Kramer and Farabaugh, 2007).

Another reason for lack of measured change may be the fact that misincorporation of non-
cognate AAs would have to happen out of the pool of AAs already present within the fungus
— which are a part of the hydrolysate. This could be corrected for by subtracting the free AA
pool from the hydrolysate result to look for a change to the in-protein AAs only, between the
control and paromomycin treated samples. However, in F. venenatum the pool predominantly
consists of alanine and glutamine. Other free AAs making up a very small proportion of their
respective AAs as free AAs meaning that for most of the other AAs misincorporation of the
available free pool would make a very small change to the overall amounts of AAs in protein.
This concern was partly addressed by supplementing growth medium with additional leucine
alongside paromomycin but resulted in no additional change to the hydrolysate AA profile.
This could be because the organism did not uptake the free leucine in sufficient amounts.
Alternative way of increasing the abundance of available free AAs within F. venenatum cells
could be by e.g., upregulating relevant biosynthesis pathways.

Similar to experiments with paromomycin, attempts to increase the incorporation of
methionine in F. venenatum through induction of oxidative stress with H.O> did not yield
significant changes to the overall methionine content. The lack of measurable change could
be for similar reasons as discussed above for paromomycin, including the low levels of free
methionine naturally present in the fungus as shown in Chapter 2 of this thesis.
Alternatively, a recent overview of use of H202 as oxidative stress model revealed a problem
with the use of H2O- as oxidative stress agent. The study shows that using catalase enzyme
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cells are able to break most or all the H,O> within a few minutes of treatment releasing high
amounts of O and postulates that the observed results are due to only transient effect of H2O-
and/or various possible effects of elevated Oz (Ransy et al., 2020). Perhaps in the present
study, the inhibitory effect that H.O2 had on F. venenatum was not due to the oxidative stress
caused by H>O but rather oxygen toxicity effects of which are not very well understood (Bai
et al., 2003).0Oxygen or ROS toxicity could explain higher growth inhibition in baffled flask
cultures, which oxygenate the medium much more effectively than via static cultivation in 96
well plates (McDaniel and Bailey, 1969). The effect of oxidative stress rather than oxygen
toxicity on the AA profile could be tested by using another well-established oxidative stress
inducer, e.g., redox-active metal ions (Stohs and Bagchi, 1995) or superoxide generators like
paraquat (Cochemé and Murphy, 2008).

4.5.2 Effects of BCAA selection media on F. venenatum hydrolysate AA profile

The growth in modified RHM medium with the inorganic nitrogen source replaced by one or
more BCAAs changed the F. venenatum AA profile in variety of ways. First, the medium
containing leucine, isoleucine and valine not only increased the relative valine composition
but also significantly affected the total levels of AAs. The relative amount of leucine and
isoleucine (which were also present in the medium) was not changed compared to the WT.
One relevant effect here could be the potential toxicity of valine, where valine acts as an
inhibitor of isoleucine synthesis causing accumulation of a-ketobutyrate (Reitzer, 2014). The
present inclusion of high isoleucine levels in the same selection medium here indicate that
isoleucine limitation was not a likely limiting factor for growth of F. venenatum. Consistent
with this, accumulation of a-ketobutyrate was previously shown to cause toxicity (LaRossa et
al., 1987) and similar could explain the poorer growth of F. venenatum in this BCAAs-
modified medium. Accordingly, inclusion only of leucine and isoleucine (not valine) in the
selection medium here gave improvement to the AA abundance compared to when valine
was also present. Some common changes were evident in all the tested selection media, like a
decrease in levels of glutamate and alanine and increase in aspartate. The lower levels of
glutamate and alanine could be due to depletion of free AA stores although this would need
to be tested by comparing the free AA pools of cells cultivated in selection media. Removal
of valine from the selection medium seems to limit the toxicity as the protein content of
tested samples from the other media was comparable to the WT.

Because experiments in this chapter were conducted with an intent to find a suitable selection
medium for adaptive evolution, formulations containing NH4Cl were disregarded due to lack
of pressure on growth — even small amounts of NH4Cl present in the medium allowed F.
venenatum to grow at a rate comparable to unaltered medium (Appendix Figure 5).
However, it would be interesting to see whether cultivation with excess AAs and small
amounts of inorganic nitrogen can result in similar changes to the AA profile. This is because
such formulation would allow for immediate modification of the AA profile with smaller/or
no effect to the growth rate e.g. to produce mycoprotein for commercial or research purposes.
Testing the effect of formulations with other AAs as a sole/main source of nitrogen on the
AA profile would also be of interest because it could lead to opportunities to both enrich
other AAs of interest and identify potential undesirable changes to the AA profile. The
knowledge of how high abundances of different AAs can affect the AA profile of F.
venenatum is useful in the context of ambitions to use waste/side streams as substrates for
fungal growth, e.g., waste products from food processing for cultivation of the fungus; these
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waste products such e.g. waste from processing crops or animals are already rich in AAs or
peptides (Arun et al., 2020).

4.5.3 The effect of tube race selection

Unfortunately, the tube race selection was not successful in producing isolates with increased
BCAA contents (as hypothesised in section 4.4.7). The tube race in liquid medium did not
significantly change the absolute AA profile of the isolates compared to WT (when
subsequently grown in RHM or RHMBCAA medium). The tube race in agar RHM medium
did cause a significant change but this was not BCAA specific (significant increases were in
glutamate and glycine levels).

Isolates from the agar-based tube race subsequently grown in RHMBCAA medium had
significantly lower levels of valine and leucine. This could reflect an adaptation resulting, for
example, in a more efficient catabolism of the BCAAs that were the only source of nitrogen
in the selection medium. Similar phenomenon was showcased when e.g. E. coli cells subject
to adaptive laboratory evolution in glucose medium evolve 1.6 times faster growth rates due
to reshaping of their metabolism (Long and Antoniewicz, 2018). However, it isn’t clear
whether this difference between isolates and the wild type may arise from changes to the
cellular protein profile, free AA pool or both, and investigating this e.g., by comparing the
free AA profiles, or proteomic analysis could help to better inform future investigations.

Overall, the selection on agar proved more effective in producing change to the AA profile,
but it also had an unintended, but not unexpected consequence in one of the isolates, which
exhibited markedly decreased growth in liquid medium (Figure 4.4.15). Thus, repeated
selections on agar made the isolate less fit for growth in liquid medium, an established
phenomenon (Lin et al., 2014; Riquelme et al., 2018). This undesirable effect could be
potentially overcome by running the adaptation experiment in continuous culture or using a
microfluidics based selection system (Zoheir et al., 2021). The advantage of such method
over tube race in liquid medium would be longer selection times and better control of influx
of fresh selection medium in both alternatives. In these experiments the idea was to capitalise
on the concept of adaptive mistranslation by promoting misincorporation of AAs abundant in
medium otherwise lacking other nitrogen sources to increase their overall presence in the AA
profile (Wong et al., 2018). The idea behind this approach is that over consecutive
generations the organism may evolve to use more of the desired AAs in its proteome leading
to fixation of the enriched phenotype when transferred back in regular growth conditions.
Nevertheless, other methods like random mutagenesis that might add could be incorporated
into the selection regimes to help accelerate the speed and outcomes of adaptation (Zhang et
al., 2015; Casselton and Zolan, 2002). In this study the adaptive evolution experiments were
carried out using only one of the four tested formulations of selection medium (containing
valine, leucine and isoleucine, leucine and isoleucine, only leucine and only isoleucine)
(4.4.10, 4.4.11), but it would be worth investigating whether selection in all media tends to
lead to similar outcomes in terms of AA profile.
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5 Chapter 5 Targeting leucine biosynthesis as a means of altering
the amino acid profile of F. venenatum.

5.1 Introduction

Organisms can obtain amino acids (AA) used to produce proteins either by direct uptake of
required AAs from the environment, breakdown of AAs and other complex organic
molecules to synthesise the required AAs or biosynthesis of the required AAs from inorganic
compounds. In humans, essential AAs (those that cannot be synthesised in sufficient amounts
or at all) must be obtained from the diet (WHO, 2007). For example, high dietary levels of
essential branch-chained AAs (BCAAs) (L-leucine, L-isoleucine, L-valine) are linked to
increased muscle health (Blomstrand et al., 2006). This means that generally increasing the
amount of available BCAAs in food protein is desirable from the perspective of improving
the health of populations through good nutrition. Sufficient amounts of leucine in particular
are necessary to trigger the muscle synthesis pathway in humans, with higher amounts needed
in the elderly, making this BCAA of especial interest in nutrition and muscle health
(Drummond and Rasmussen, 2008; Rondanelli et al., 2021).

Many microbial organisms unlike humans and other animals are AA prototrophs, meaning
that they can synthesize all proteinogenic AAs from simple organic substrates and inorganic
nitrogen sources. For example, RHM medium used to cultivate F. venenatum contains only
one source of nitrogen in the form of the inorganic salt NH4Cl, so all the proteinogenic AAs
have to be synthesised by the fungus using the inorganic nitrogen from the medium. This is
possible due to the presence of metabolic pathways for AA biosynthetis that exist in fungi,
bacteria and plants but were lost in animals. For example the metabolic pathways used to
synthesise BCAAs are ancient and highly conserved as evidenced by functional homology of
the enzymes in the pathway between archaeal, prokaryotic, and eukaryotic cells (Xing and
Whitman, 1991).

In fungi, L-isoleucine is synthesised from L-threonine and only the four last steps of the
pathway are unique to L-isoleucine (Jastrzebowska and Gabriel, 2015). The four last steps of
L-isoleucine synthesis and initial steps of L-leucine and L-valine synthesis are catalysed by a
common group of enzymes that act on different substrates. The valine and leucine synthesis
pathways split after the common intermediate a-ketoisovalarate, which can be converted to
valine or to a-isopropylmalate and continue down leucine synthesis pathway (Figure 5.1)
(Takagi et al., 2015). The leucine biosynthesis pathway is interesting because of its wider role
and complexity as a transcription regulator and e.g., modulator of virulence in fungi
(Kohlhaw, 2003; Jastrzebowska and Gabriel, 2015). The metabolic bottleneck and main self-
regulatory step of the pathway is conversion of a-ketoisovalarate to a-isopropylmalate by
isopropylmalate synthase (IPMS). The activity of IPMS is inhibited by binding of leucine
(the end product of the pathway) or reversibly inactivated by CoA in the presence of Zn?*
ions (Kohlhaw, 2003). In S. cerevisiae the IPMS enzyme is encoded by two paralogous
genes (LEU4 and LEU9), with LEU4 accounting for about ~80% of cellular IPMS activity.
LEUA4 can be expressed as either a full length protein or as shorter versions of the enzyme
which are located in either the mitochondrial matrix or cytoplasm respectively (Beltzer et al.,
1988).

The aforementioned leucine feedback inhibition can be mimicked by 5°5’5-trifluoro-DL-
leucine (TFL). TFL is a non-metabolizable analogue of leucine that binds to the IPMS
enzyme and, in S. cerevisiae, inhibits leucine synthesis leading to halted growth if in the
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absence of exogenous leucine (Cavalieri et al., 1999). Previously TFL was used to select S.
cerevisiae with IPMS desensitised to leucine-mediated feedback inhibition and for
characterising the mutated enzymes (Oba et al., 2005; Cavalieri et al., 1999). In S. cerevisiae
this deregulation of the pathway was desirable due to the potential for improved production
of isoamyl alcohol, a product of the pathway (Figure 5.1) and a flavour component in sake.
Analysis of the mutations in the deregulated, TFL-resistant S. cerevisiae isolates revealed
Asp578Tyr as one of the key mutations in IPMS required for bypassing the feedback
inhibition by leucine. Isolates with this mutation retained ~65% IPMS activity in the presence
of leucine but were still affected by CoA + Zn?*-mediated inhibition (Oba et al., 2005).
Subsequent transcriptomic analysis of one of the TFL resistant mutants revealed an increased
expression of the LEUL, LEU2 and BAT1 genes (Oba et al., 2006).

In other work, virulence and toxin production have been linked to BCAA metabolism in
pathogenic fungi. For example, the dihydroxyacid dehydratase 1lv3p was shown to be
essential for full virulence of the human pathogenic fungus Aspergillus fumigatus (Oliver et
al., 2012). The virulence of Candida albicans in a murine infection model was reduced in
mutants lacking genes involved in isoleucine synthesis (Kingsbury and McCusker, 2010). In
the major crop pathogen Fusarium graminearum the BCAA synthesis pathway was
implicated in the regulation of trichothecene mycotoxins and disruption of the leucine
metabolic pathway significantly reduced the organism’s virulence (Subramaniam et al.,
2015). Elsewhere it was demonstrated that in Fusarium sporotrichioides, leucine auxotrophy
leads to underproduction of T-2 mycotoxins but induces overproduction of T-2 toxin
analogues (Beremand et al., 1988). Since F. venenatum belongs to the same genus and is
capable of producing mycotoxins in specific conditions (Miller and MacKenzie, 2000;
Whittaker, 2022), it is a concern for potential food use that deregulation of leucine synthesis
pathway could trigger mycotoxin production.
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Figure 5.1 Biosynthetic pathway of leucine and isoamyl alcohol in Saccharomyces
cerevisiae. The genes encoding the different enzymes are shown in parentheses. Protein
names: ALS, acetolactate synthase catalytic subunit; KARI, ketol-acid reductoisomerase;
DHAD, dihydroxy acid dehydratase; IPMS, a-isopropylmalate synthase; DC, a-keto acid
decarboxylase; ADH, alcohol dehydrogenase; BCAT, branched-chain amino acid
aminotransferase. IPMS activity is regulated by L-leucine feedback inhibition. Figure taken
from Takagi et al. (2015).
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5.2 Chapter Aims

As explained above leucine is a nutritionally relevant BCAA that could increase the
nutritional value of mycoprotein if more abundant. A highly conserved synthesis pathway
means that F. venenatum leucine synthesis is regulated similarly to other studied organisms
and that supports the potential for selection of variants insensitive to feedback inhibition
using TFL. However, the innate potential for mycotoxin production in F. venenatum and the
links between BCAA metabolism and virulence in other fungi could be an obstacle for
enriching leucine in the mycoprotein by upregulation of leucine synthesis. For the work
described in this this chapter the aims were:

a) To design and optimise a screen for mutants insensitive to feedback inhibition in
leucine biosynthesis

b) To investigate the properties of the isolates including mycotoxin production

c) To characterise the mutations producing the observed phenotypes

5.3 Materials and Methods

All the chemicals are obtained from Sigma-Aldricht (UK), unless indiciated otherwise.

5.3.1 Chemicals

Polymerase chain reaction (PCR) consumables: all the PCR reactions were carried out
using a M0530L Phusion® kit (NEB, USA) containing Phusion® High-Fidelity DNA
Polymerase, DMSO, and Phusion® HF Buffer and dNTPs mix. Reference DNA ladders (100
bp and 1 kB) were purchased from (NEB, USA).

Ethidium bromide stock (10 mg/ml) was prepared by dissolving a 100 mg ethidium
bromide tablet in 10 ml of distilled H2O.

Ampicillin and Carbenicillin: A 1000x (100 mg/ml) stock was prepared by dissolving 1 g of
ampicillin sodium salt or carbenicillin disodium salt respectively in 10 ml dH2O. The
solutions were aliquoted into Eppendorf tubes and stored at — 20 °C

5°5°5-Trifluoro-DL-leucine (TFL) stock (at 500 mg/ml) was prepared by dissolving 500 mg
of TFL powder in 0.1 M NaOH and making up the volume to 1 ml. After dissolving, the
solution was filter sterilised using a 22 um filter and stored at -20 °C. If precipitate was
present in the solution after thawing, it was heated to 80 °C in a heat block and vortexed
periodically until clear prior to use.

5.3.2 Buffers

Tris-acetate-EDTA (TAE) buffer: a 50X solution was prepared by mixing 242 g of Tris,
57.1 ml of glacial acetic acid and 100 ml of 0.5 M EDTA and made up to a 1 | volume with
deionised water.

Tris-EDTA (TE) buffer was prepared by mixing 10 ml of 1 M Tris pH 7.5 solution, 2 ml of
0.5 M EDTA solution and 988 ml of dH20.
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Colony PCR cell lysis buffer was prepared by dissolving 1 ml of Triton X-100 in 1 | of TE
buffer.

5.3.3 Culture media

Lysogeny broth (LB) medium was prepared by dissolving 10 g tryptone, 5 g yeast extract
and 10 g NaCl in dH-0, adjusting to pH 7 with NaOH and made up to volume of 1 | with
dH20.

Lysogeny agar (LA) medium was produced as above but with the addition of 15 g agar per
1 | of medium.

Yeast extract, peptone, glucose (YEPD) medium was prepared by dissolving 20 g of
bacteriological peptone 10 g of yeast extract per 900 ml of dH,O. After autoclaving, 100 ml
of 20 % sterile glucose solution was added to result in a final concentration of 2 % glucose.

YEPD agar was made in the same way but with the addition 15 g of agar per 1 | of medium.
Here the 20% glucose solution was added directly to molten agar prior to setting.

5.3.4 Culture conditions

5.3.4.1 Culture of Kluyveromyces marxianus GK1005

Cells from the main stock stored at — 80 °C cells were streaked on 9 cm YEPD agar plates and
incubated at 30 °C overnight. A single colony from the agar plate was picked using a sterile
pipette tip and used to inoculate 10 ml of YEPD medium in a 50 ml conical flask before
incubation overnight at 37 °C, 150 rev/min.

5.3.4.2 Culture of Escherichia coli BL21(DE3)

Cells from the main stock stored at — 80 °C were streaked on 9 cm LA plates containing 100
ug/ml ampicillin (if needed) and incubated at 37 °C overnight. A single colony from the plate
was used to inoculate 5 ml of LB medium (supplemented if needed with 5 pl of 1000X
ampicillin stock) in a 30 ml universal tube. The tubes were incubated overnight at 37 °C with
shaking at 150 rev/min.

5.3.5 Molecular cloning

5.3.5.1 Preparation of chemically competent cells

An aliquot (2 ml) of overnight E. coli BL21(DE3) culture was diluted into 100 ml of LB
broth in a 250 ml conical flask and grown at 37 °C with shaking at 150 rev/min until ODsoo
~0.6. Next 25 ml of the culture was harvested by centrifugation at 4000x g for 10 min at 4 °C,
the supernatant was discarded, and pellet resuspended in 5 ml of ice cold 100 mM CacCl..
This washing step was repeated, followed by 30 min incubation on ice. The cells were re-
harvested by centrifugation, resuspended in 1 ml of ice-cold 100 mM CaCl; and maintained
on ice. Samples (100 pl) of the cell suspension were aliquoted into Eppendorf tubes
containing 20 ul of 50 % glycerol, flash frozen in liquid nitrogen and stored at -80 °C.
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5.3.5.2 Plasmid purification

Plasmid DNA was purified using a NuceloSpin® plasmid kit (Machary-Nagel, Germany). An
aliquot (5 ml) of overnight culture of E. coli containing the relevant plasmid was centrifuged
at 11,000x g for 1 min. The supernatant was discarded, and cells resuspended in 250 pul of Al
buffer from the kit, followed by addition of 250 pl of lysis buffer A2. The contents were
gently mixed by inverting tubes and incubated at room temperature for up to 5 min or until
the lysate became clear. An aliquot (300 pl) of neutralising buffer A3 was added and contents
were mixed by inverting the tube until the lysis buffer A2 was neutralised (colour of the
solution changed from blue to white). The mixture was then centrifuged at 11,000x g for 5
min. The supernatant was loaded onto a NuceloSpin® Plasmid column and centrifuged at
11,000x g for 1 min to bind the plasmid to the column membrane. Flow through was
discarded and column was washed with 500 pul of AW buffer pre-heated to 50 °C before
centrifugation at 11000x g for 1 min, a wash with 600 ul of A4 buffer and centrifugation
again at 11,000x g for 1 min. Then the column membrane was dried by centrifugation for 2
min at 11,000x g. The plasmid DNA was eluted by adding 50 ul of AE buffer to the column,
incubating at room temperature for 1 min followed by centrifugation for 1 min at 11,000x g.
The DNA concentration and purity was then measured using a nanodrop spectrophotometer
(DS-11FX+, DeNovix, Wilmington, USA).

5.3.5.3 PCRcleanup

The DNA from PCR reactions (described in 5.3.5.11) was purified using a NucleoSpin® Gel
and PCR-cleanup kit (Machary-Nagel, Germany). Briefly, the PCR reaction was mixed with
2x volume of NTI buffer and loaded onto a NucleoSpin® Gel and PCR cleanup column
before centrifugation at 11000 g for 30 s to bind the DNA to the column membrane. The flow
through was discarded. This was followed by two washes of the column with 700 pul NT3
buffer and centrifugation for 30 s at 11,000x g. The column membrane was then centrifuged
at 11000x g for 1 min and then incubated for 5 min at 70 °C to remove residual ethanol from
the NT3 buffer. The DNA in the column was eluted by adding 30 pul of NE buffer, incubation
at room temperature for 1 min and then centrifugation at 11,000x g for 1 min. The DNA
concentration and purity was measured using a Nanodrop spectrophotometer (DS-11FX+,
DeNovix, Wilmington, USA).

5.3.5.4 Gel cleanup

After loading PCR (5.3.5.11) reaction products on gels and performing electrophoresis
(5.3.5.12) a UV transilluminator was used to identify the DNA band(s) and a sterile scalpel
used to excise the band(s) and transfer it to pre-weighed Eppendorf tube(s). The DNA was
extracted from the gel using a NucleoSpin® Gel and PCR-cleanup kit (Machary-Nagel,
Germany). An aliquot (2 pl) of NTI buffer (from the kit) was added per 1 mg of gel, before
incubation for 10 min at 50 °C to dissolve the gel. The resulting mixture was loaded onto a
NucleoSpin® Gel and PCR cleanup column and centrifuged at 11,000x g for 30 s to bind the
DNA to the column membrane. The following steps were the same as in 5.3.5.3.

5.3.5.5 Restriction digestion

Restriction enzymes BamHI-Hf, Xhol and 10x CutSmart™ buffer were from NEB
(Salisbury, UK). Per reaction volume (20 ul) 1 pg of DNA was mixed with 2 ul of 10x
Cutsmart™ buffer and 1 pl of relevant restriction enzyme, then made up to volume (20 pl)
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using dH20. The reaction mixes were incubated at 37°C for 2 h and purified either by PCR
cleanup (5.3.5.3) or by gel electrophoresis and gel cleanup (5.3.5.4).

5.3.5.6 Gibson assembly

For Gibson assembly reactions, 100 ng of the relevant vector (described in 5.3.5.10) with 2-3-
fold molar excesses of each insert were mixed with 10 pl of Gibson Assembly Master Mix
(NEB, USA) and adjusted to 20 pl with dH20. The mixture was then incubated at 50 °C for
15 min and stored at —20 °C or used immediately for transformation (5.3.5.7).

5.3.5.7 Transformation

A 100 pl aliquot of chemically competent E. coli BL21 (DE3) cells prepared as described in
section 5.3.5.1 was mixed with 2 ul of Gibson assembly reaction (5.3.5.6) and incubated on
ice for 5 min followed by 90 s heat shock at 42 °C. Afterwards 1 ml of LB medium pre
heated to 37 °C was added to the Gibson reaction and cell mix and incubated with shaking at
150 rev/min for 60 min. The cells were centrifugated at 3000x g for 3 min, supernatant was
discarded and cells were resuspended in 150 ul of LB medium. The cells were then spread to
LA plates supplemented with 100 pg/ml carbenicillin and incubated at 37 °C overnight.

5.3.5.8 Colony PCR protocol

Samples of single colonies from a transformation plate were picked with sterile pipette tips
and each stirred into an Eppendorf tube containing 20 pul of colony PCR lysis buffer (5.3.2).
The tubes were heated for 8 min at 100 °C. Afterwards 1 pl of each solution was used in a
PCR reaction (5.3.5.11).

5.3.5.9 Genomic DNA extraction

Genomic DNA of F. venenatum was extracted using a DNeasy® Plant Pro Kit (Qiagen,
Venlo, Netherlands). A sample (100 mg) of freeze-dried powdered F. venenatum biomass
was mixed with 500 pl of solution CD1 (from the kit) and vortexed until homogeneous,
followed by centrifugation at 12,000x g for 2 min. The supernatant was transferred to a fresh
tube and mixed with 250 pl of solution CD2 and centrifuged at 12,000x g for 1 min. The
supernatant was transferred to a fresh tube, mixed with 500 ul of APP buffer and vortexed.
The mixture was loaded onto a MB spin column and centrifuged at 12,000x g for 1 min.
Supernatant was discarded and the column was washed with 650 pl of buffer AW1 then AW2
with each followed by centrifugation at 12000 g for 1 min. The column was then centrifuged
at 16,000x g for 2 min to dry the membrane, followed by addition of 100 ul of EB buffer to
elute the DNA and centrifugation for 1 min at 12,000x g. The DNA quantity and quality was
determined using a nanodrop instrument (DS-11FX+, DeNovix, Wilmington, USA).

5.3.5.10 Primer and plasmid design
Properties of the primers designed in this study were researched using SNAPGene software
(GSL Biotech LLC, Boston, USA). All primers were ordered from Sigma-Aldrich (Missouri,
USA) as DNA salts. These were diluted with dH20 according to the manufacturer’s

instructions and stored at -20 °C. The primers were designed based on genomic DNA
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sequence of F. venenatum from BLAST searches and validated with independent genomic
sequencing of F. venenatum A3/5 produced by NIAB (Cambridge, UK). Forward and reverse
primers for Gibson assembly were designed using the NEBuilder™ Assembly Tool (NEB,
Salisbury, UK), with primers were designed to insert between BamHI and Xhol sites.

The empty pET-19b plasmid vector (Figure 5.2) was purchased from GenScript (Oxford,
UK) as 0.5 pg of dry DNA, diluted according to manufacturer instructions and transformed
into E. coli BI21 (DE3) for further propagation. The Gibson assembly primers were designed
to allow insertion into the multiple cloning site of the plasmid; the plasmid was linearised
using BamHI and Xhol restriction enzymes (Table 5.1).

Primers were designed using SNAPGene (GLS Biotech LLC, Boston USA), protein
structures were predicted and compared using Swissprot (Expasy, Switzerland) and
ChimeraX (RBVI, USA) software.

Table 5.1 Table of primers used in this study. The primers were all designed using
SNAPGene (GLS Biotech LLC, Boston USA) and ordered from Sigma-Aldrich (Missouri,
USA). For Gibson primers lowercase letters indicate region of homology with the vector and
UPPERCASE letters homology with the target gene. Fw — forward primer (3’ -> 5°) Rv —
reverse primer

Primer ID Primer sequence

Fw GIBSON genomic DNA tcgggctttgttagcagccdATGACCATGTGAGCTGCGA
Rv GIBSON genomic DNA cgacgacgacaagcatatgcTTACATATCCTCTGCCTTCTG
Fw_Sequencing_1 ATCGTCATCCTCGGCACCGTCA
Fw_Sequencing_2 CTCCAAGAAATACAAGCCTTTC
Fw_Sequencing_3 CTGCAACAACATTGGAGACAGA
Fw_Sequencing_4 AATGGTCCCATTTCCAGCATGG
Fw_Sequencing_5 AATGAGGTTAAGGGACTGGATG

Rv_Sequencing ATCATCACAGCAGCGGCCATAT

126



(5715) EcoRI BspDI - Clal (24)
(5644) AatIl HindIII (29)

(s642) Zral [T7 terminator

(5526) SspI BIpI {267)

(5202) Scal . " BamHI (319)
A \ | " _ PaeR7I - PspXI - XhoI (324)
(50%2) Pvul AN S _ NdeI (331)

,
(4567) PstI h - enterokinase site

© Ncol (358)

{4783) Bsal ._ . N — (a9

“ N\ ~—  [mes

(4722) AhdI __
§ ~ Xbal (437)

[lac operator

] "7(T7 promoter

 BglII (503)
SgrAl (544)

_ sphI (700}
EcoNI (760)
pET-19b

| 5717 bp  Mlul ({1225)

TBclI * (1239)

BstEIT (1408)
_ PSpOMI (1432)
Apal (1438)

(4245) AlwNI ——

~__ BssHII (163%)
" Hpal (1731)

(3820) Pcil

(3713) BspQI - Sapl 7/ /

@son) Bstzizr / /
(3598) Accl  /
(3581) BsaAl / f
(3574) PfIFT - Tth111I NN NN
| | Eagl (22%3)
| . Nrul (2328)
) BfuAl - BspMI (2408)

PshAI (2070)

. BsmI (2713)
/ Mscl * (2800)
(2835) BpulOI FspAI (2810)

Figure 5.2 Map of pET-19b plasmid — sequence information and plasmid map were
obtained from
https://www.snapgene.com/plasmids/pet and duet vectors (novagen)/pET-19b .

5.3.5.11 Polymerase chain reaction (PCR)

PCR tubes of 0.2 ml volume (Starlab, Milton Keynes, UK) were used for all the reactions.
The standard PCR mix was formulated as described in Table 5.2. The PCR reactions were
carried out using a TC-512 thermocycler (Bio-Techne, USA). The samples were denatured
for 5 min at 98 °C followed by denaturation for 30 s at 98 °C, annealing for 30 s at 42 °C and
extension for 2 min at 70 °C repeated in 30 cycles, with final extension at 70 °C for 10 min.
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The lid was heated at 120 °C throughout the PCR programme to prevent condensation at the
top of the tube. After the programme was finished samples were stored at 4 °C for later use.

Table 5.2. List of reagents and amounts (ul) in a typical polymerase chain reaction
(PCR) in this study.

Reagent Amount
Phusion® 0.5 pl
DMSO 1.5l
Phusion® HF Buffer 10 pl
dNTPs mix 1l
Reverse primer 2.5 ul
Forward primer 2.5 ul
DNA template 250 ng

DNAse free H20 Up to 50 pl

5.3.5.12 DNA gel preparation, DNA loading and gel electrophoresis

Agarose gels (1.5 % w/v) were generally prepared by mixing 0.6 g of agarose powder with 40
ml of TBE buffer (5.3.2) and microwaved until the agarose was fully dissolved. Two
microlitres of a 10 mg/ml ethidium bromide solution was added to the mixture and and the
mixture was poured onto a 15x10 cm gel tray (150 ml volume) and left to set with a well
comb. After setting, the gel tray was transferred to a gel tank filled with TBE buffer. The
DNA samples were loaded (5-40 pl) into wells after mixing with 6x purple loading dye
(NEB, USA). A 1 kb or 100 bp (or both) (NEB, USA) DNA marker(s) were also loaded. The
electrophoresis was usually run for 35 min at 100 V and 400 mA. The gels were imaged in
GelDoc™ XR+ with ImageLab 6.1 software (Bio Rad, UK) using the ethidium bromide
mode.

5.3.5.13 DNA sequencing

For sequencing, 100 ng/ul of pET-19b plasmids with inserts were premixed with 2 ul of a 10
pmol/ul solution of relevant sequencing primer and adjusted to a total volume of 17 ul with
dH20. The mixtures were sent to a sequencing service arranged by Sanger sequencing
(Eurofins, Luxembourg). The obtained DNA reads were then assembled using SnapGene
software (GSL Biotech LLC, Boston, USA).

5.3.6 Pre-germination of F. venenatum spores

Flasks containing RHM medium with 10,000,000 F. venenatum spores/ml (Chapter 2, 2.3.3)
were incubated with shaking at 150 rev/min at 28 °C. Between 4-6 h a sample of the contents
of the flasks was examined using light microscopy. When most of the spores in the field of
view showed signs of germination (presence of at least one germ tube) the suspension was
deemed ready for downstream use.

5.3.7 UV mutagenesis conditions

A Sylvania G15T8 germicidal UV-C source emitting at wavelength 254 nm was used to
induce mutagenesis. The intensity of UV exposure was determined using a J-225 Blak-Ray
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UV Meter from Ultra-Violet Products (San Gabriel, USA). A Petri dish with spore
suspension in 0.1 % TWEEN was placed 22 cm away from the UV source and, at intervals
during UV irradiation, spores samples were spread on RHM agar selection plates containing
200 pg/ml TFL and incubated at 28 °C in the dark for 2-5 days.

5.3.8 Mycotoxin assay

The assay was performed by treating a culture of K. marxianus yeast with the supernatant
from a F. venenatum culture (Whittaker, 2022). The F. venenatum cultures were first grown
in RHM medium with glucose or sucrose as carbon source for 96 h. The supernatant was
passed through a 20 pum filter and 20 pl of filtered supernatant were added to a 130 ul of
exponentially growing K. marxianus culture (5.3.4.1). The sample of culture with sucrose
was treated as a positive mycotoxin control. For a negative control, 20 pul of water were added
instead of the supernatant. The plates were incubated with shaking for 48 h at 37 °C with
optical density readings at 600 nm every 30 min.

5.4 Results

5.4.1 Prediction of a potential gene target enabling selection for increased
leucine synthesis in F. venenatum

As described in the Introduction, mutants insensitive to feedback-inhibition by leucine of its
biosynthesis pathway have previously been successfully selected in yeast, according to a high
level of TFL resistance (Oba et al., 2005). In the filamentous fungus Neurospora crassa
leucine synthesis is controlled in a similar way to S. cerevisiae, with gene leu-4 encoding a
625 AA long 2-isopropylmalate synthase (IPMS) enzyme (Kohlhaw, 2003). Like Neurospora
spp, Fusarium spp. belong to the class Sordariomycetes. To identify a corresponding protein
in F. venenatum, the predicated AA sequence of N. crassa IPMS (EC number: EC:2.3.3.13)
was used to search by BLAST for homologies in F. venenatum. An uncharacterised protein
(FVRRES_11338 ID: XP_025581042.1) 616 AA long and sharing 68.95 % identity with the
N. crassa protein was found. Analysis of the AA sequence in UniProt predicted it to be an F.
venenatum IPMS (inferred by homology), with an annotation score 2/5 (higher score means
better annotated entry). Given that leucine synthesis in N. crassa is reported to be regulated
by a feedback inhibition system similar to that of S. cerevisiae (Kohlhaw, 2003) and that key
residues for feedback inhibition identified in the previous study with S. cerevisiae (Oba et al.,
2005) are conserved in F. venenatum, it was reasoned that selection for TFL resistance may
yield mutants desensitized to feedback inhibition by leucine also in F. venenatum.
Accordingly, such deregulated mutants of F. venenatum could exhibit increased production
of leucine.

5.4.2 The effect of TFL on growth of F. venenatum

First, in order to find appropriate TFL concentrations for selecting mutants of interest, the
effects of various concentrations of TFL on growth of F. venenatum were assessed. F.
venenatum spores were cultured in microplate cultures supplemented with TFL and leucine
concentrations (Figure 5.3). In yeast, TFL in concentrations between 75-175 pg/ml fully
inhibited growth (Appendix Figure 6), but in F. venenatum spore outgrowth at 200 pg/ml
TFL was inhibited only for ~24 h after which growth progressed nearly normally (Figure
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5.3). When F. venenatum spores were spread on RHM agar supplemented with 100-500
ng/ml TFL, colonies still appeared albeit smaller than on regular RHM agar (data not shown).
This was problematic for the envisioned TFL selection screen as the fact that F. venenatum
could still grow in the presence of relatively high TFL concentrations would only allow a
small number of cells to be spread per plate (to avoid colony overlap) and a need to pick
potential TFL resistant mutants based on relative colony size rather than colony presence
versus absence.

Another question investigated was whether TFL has any mechanism of action on F.
venenatum other than leucine synthesis inhibition. Such an action would be expected to affect
F. venenatum growth at high TFL concentrations even when leucine was added. However,
addition of leucine fully rescued the TFL growth inhibition effect (Figure 5.3), corroborating
that the growth inhibitory action of TFL is due to its reported inhibition of leucine
biosynthesis.

100
> -~ No treatment

08 -~ + 200 pg/ml TFL

% ~- + 200 pg/ml TFL +L
g + 400 pg/ml TFL + L
S ~- + 600 pg/ml TFL + L
3 o~ + 800 pg/ml TFL + L
2 —e~ + 1000 pg/ml TFL + L

Time (h)

Figure 5.3 Growth of F. venenatum in microplate culture with TFL and leucine.
Outgrowth from an inoculum of 10,000 spores/ml was monitored during static incubation at
28 °C for 96 h in RHM medium supplemented with 5°5°5°~Trifluoro-DL-leucine (TFL) + 2
mM leucine (L). Data points indicate means + SD, n = 6 (biological replicates).

5.4.3 Pre-germinated F. venenatum spores can be fully inhibited by TFL.

It was not clear why F. venenatum spores were able to overcome TFL inhibition after 24 h.
One explanation could be that the leucine synthesis pathway in this fungus is already leaky to
inhibition by TFL. This would complicate TFL-based selection for high-Leu mutants, while
the use of direct genetic manipulation to achieve increased Leu would be undesirable from a
commercial perspective owing to GM concerns. Another possible explanation could be that
F. venenatum adapts to TFL during the initial phases of spore germination (Huang and Hull,
2017). To test the latter hypothesis, F. venenatum spores were pre-germinated for 4-6 h in
RHM medium before being inoculated to medium supplemented with TFL or TFL + leucine.
Unlike the ungerminated ‘fresh’ spores (FS) already reported above, the growth of pre-
germinated spores (GS) was fully inhibited when incubated with TFL (Figure 5.4).
Furthermore, as with fresh spores, the presence of leucine fully suppressed this growth
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inhibitory effect. This result suggests that F. venenatum spores are able to adapt to TFL
during initiation of germination, but not if introduced to TFL only after germination has
progressed. In relation to the TFL selection screen this outcome allowed for a high-
throughput screen based on a clearer phenotype, as only pre-germinated (mutant) spores that
had some innate resistance to TFL would be expected to form colonies.

100-
g
o e FS
[ 1]
> 107 :-;;;":’ FS + 200 pg/ml TFL
[ ii! L FS + 200 pg/ml TFL + Leu 2 mM
B 4 ; e GS
3 e GS+200 ug/ml TFL
g' ii GS + 200 ug/ml TFL + Leu 2 mM
0. 1-}]_5,"!‘ nooo.,....;;;;;;z;

24 48 72 96 120
Time (h)

Figure 5.4. Growth of fresh and pre-germinated F. venenatum spores in microplate
culture with TFL. Outgrowth from an inoculum of 10,000 spores/ml of freshly harvested
(FS) or pre-germinated spores (GS) (section 5.3.6) was monitored during static incubation at
28 °C for 114 h in RHM medium supplemented with 5°5°5°—Trifluoro-DL-leucine (TFL) or
TFL and 2 mM of leucine (L). Data points indicate means £ SD, n = 6 (biological replicates).

5.4.4 Determining the appropriate UV irradiation time of pre-germinated F.
venenatum spores

Next, to find appropriate conditions for UV-induced mutagenesis in the planned TFL
selection screen, the colony-forming ability (viability) of pre-germinated spores was
determined at intervals during irradiation for up to 45 s. The colonies were counted to
determine the survival % of the spores from consecutive samples. Viability declined with
time of exposure and after 45 s only ~50 % of the pre-germinated spores were able to form
colonies (Figure 5.5). This was selected as irradiation time for the TFL screen as in previous
studies in fungi and bacteria it was concluded that achieving 50 % kill rate through UV
exposure equates to a near optimal mutation to survival rate for mutant-selection via random
mutagenesis screens (Tillich et al., 2012; Barsoum et al., 2020).
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Figure 5.5. Viability of pre-germinated F. venenatum spores during UV treatment. A
suspension of 1,000,000 pre-germinated spores per ml (section 5.3.6) were UV irradiated for
up to 45 s in the conditions outlined in 5.3.7. After irradiation the spore solution was serially
diluted and ~30 spores spread per RHM agar plate. Colonies were enumerated after
incubation in the dark at 28 °C for 2-5 days and these were normalised as a percentage
against the average colony formation at 0 time before UV exposure. Data points indicate
means = SD, each black dot on a graph represents a single biological replicate.

5.4.5 TFL selection screen and validation of gain of TFL resistance

To select for any F. venenatum isolates that could resist TFL inhibition, pre-germinated TFL
spores were UV irradiated for 45 s and 10,000 spores per plate were spread on three RHM
agar plates containing 200 pg/ml TFL. Pregerminated spores that were not UV irradiated
served as a negative control. There were no colonies apparent after incubation on the control
plates, but five colonies in total emerged across the three plates inoculated with UV irradiated
spores. These isolates were named (Iso 1-5). The screen was then repeated and this yielded
another six isolates named (Iso I-V1). Iso 3-5 from the first screen proved to exhibit poor
growth in liquid RHM medium and were not included in further analysis. The remaining
isolates were cultivated until sporulation (2.3.2). To corroborate acquisition of TFL
resistance, spores from each isolate were pre-germinated and grown in microplate culture in
RHM medium supplemented with TFL. As in the screen, all the isolates exhibited a degree of
resistance to the TFL treatment (Figure 5.6) (data not shown for isolates 1-2) supplemented
with TFL.
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Figure 5.6 Growth of F. venenatum isolates of interest in microplate culture with TFL.
RHM medium supplemented with 200 pg/ml TFL was inoculated with 10,000 spores/ml pre-
germinated spores of the wild type and isolates of interest from the first screen of UV-
mutagenised F. venenatum. Microplates were incubated statically at 28 °C, with OD
determined every 1 h. Data points indicate means + SD n = 6 (biological replicates).

5.4.6 Free-AA analysis of the TFL screen isolates

After corroborating the TFL resistance of isolates 1, 2 and I-1V, these isolates were examined
for their free-AA composition (as described in 3.3.4). Due to the differences in times it took
different isolates to sporulate and spore yields of the isolates as well as the number of isolates
to study, these extractions and free-AA analyses were conducted in independent batches
(Table 5.3, Table 5.4, Table 5.5). First the means of free AAs from profiles of WT, Iso 1
and 2 were compared (Table 5.3). Tukey’s multiple comparisons analysis revealed a
significant difference between the levels of free AAs in WT Iso 2 samples. The most
dramatic change in Iso 2 was a large increase in the amount of free leucine compared to WT
(1.14 vs 0.09 g/kg, p < 0.0001, respectively) — a target outcome of the TFL selection screen.
To investigate further, the free AA profiles were normalised to the mean value of each AA
from the WT free AA profile (Figure 5.7 A, Appendix Table 26) The values of the means
were compared by One-Way ANOVA with Tukey’s multiple comparisons and revealed a
significant increase in the significant increase in the absolute amounts of free Leu (11.15-
fold, p < 0.0001) and free Lys (1.73-fold, p = 0.015) in isolate 2 compared with the WT.

Next, free AA profiles of new samples of WT Iso 2 and Iso Il were prepared, analysed by

LCMSMS and the means of the free AAs from the hydrolysate profiles were compared by
One-Way ANOVA (Table 5.4). Tukey’s multiple comparisons analysis showed a significant
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difference in the levels of various free AAs between the WT and both Iso 2 and Iso Il. With
Leu being higher than in WT in both the TLF strains (p < 0.0001 and p = 0.046 for WT vs
Iso2 and WT vs Iso Il respectively). Next the free AA profiles were normalised to the mean
values of the individual AAs from the WT free AA profile (Figure 5.7 B, Appendix Table
27). The values were compared by 1-Way ANOVA with Tukey’s multiple comparisons,
showing a significant increase in the absolute levels of free leucine in Iso Il and Iso 2
compared to WT (1.32- and 5.58-fold increases, p = 0.046, p < 0.0001, respectively).
Additionally, a significant increase in the absolute levels of free isoleucine was observed in
both Iso Il and Iso 2 (1.31 and 1.49-fold) p = 0.017, p = 0.002 respectively), as well as other
minor changes in other free AAs (Appendix Table 27).

Next, free AA profiles from extracts of isolates I, I11-VI were measured by LCMSMS (Table
5.5). Comparison of the means of AAs from the hydrolysate profile by One-Way ANOVA
revealed significant differences between various free AA levels of the WT and tested isolates.
Tukey’s multiple comparison analysis revealed a significant decrease in glutamate and the
total levels in Iso IV compared to WT (p = 0.047, p = 0.002, respectively).Next the free AA
profiles were normalised to the mean values of individual AAs from the free AA profile of
the WT and compared using One-Way ANOVA (Figure 5.8, Appendix Table 28). Tukey’s
multiple comparisons revealed significant changes to the relative levels of several free AAs
(mostly decreases relative to WT), but no changes specific to the level of free leucine.
Notably Iso Il exhibited increases in the relative levels of Phe and Trp (1.51, 1.68-fold
respectively, p =0.014, p = 0.007).

In summary only two (isolates 2 and I1) of the eight tested isolates (1-2, I-V1) exhibited the
sought-after phenotype of increased Leu production, with Iso Il showing a modest ~1.4-fold
increase in measured free Leu and Iso 2 an increase between 5- and 11-fold increase as
measured in two independent experiments. Iso 11 exhibited increases in free Trp and Phe, but
it remains unclear whether these phenotypes of increased Trp and Phe are specifically linked
to TFL resistance or are a result of other independent mutations acquired during UV
irradiation.
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Table 5.3 Comparison of the free amino acid profiles of F. venenatum isolates 1 and 2
obtained from UV mutagenesis and the TFL selection screen. The values are expressed as
g/kg biomass + SD (n=3, biological replicates). The means of the rows were compared using
One-Way ANOVA with Tukey’s multiple comparisons. Different letters in superscript
between values in the same row indicate statistically significant difference according to One-
Way ANOVA with Tukey’s multiple comparisons (p < 0.05). A lack of any superscript
letters indicates lack of significant difference within a row.

WT Iso 1 Iso 2
Ala 11.29+4.60 10.20 £ 3.29 13.28 £ 1.66
Arg 0.93+£0.26 A8 0.74+0.104 1.39+0.33B
Asp 1.41+1.22 2.00+£0.61 1.82+0.35
Cys 0.01 +0.00 0.01 +0.00 0.01 +0.00
Glu 19.12 £ 6.06 16.40 £ 5.65 26.32 £ 4.85
Gly 0.37+0.10 0.35+0.07 0.53+0.06
His 0.26 £0.05 4 0.25+0.044 0.40+£0.07 B
lle 0.09 £0.02 0.10£0.03 0.12 £0.02
Leu 0.09 +£0.024 0.11+0.024 1.04+0.14B
Lys 0.32+0.084 0.32+0.06 4 0.55+0.06 8
Met 0.06 £0.02 0.08 £0.03 0.09 £0.02
Phe 0.05+0.01 0.06 £0.01 0.06 £0.01
Pro 0.22 £0.03 0.23£0.06 0.27 £0.03
Ser 0.79+£0.23 0.69+0.10 1.01+0.24
Thr 1.35+0.21A8B 1.11+£0.23A 1.83+0.23B
Tyr 0.04 £0.01 0.05+0.01 0.05+0.01
Trp 0.04 £0.01 0.04 £ 0.00 0.04 +£0.00
Val 0.67 £0.27 0.51+0.13 0.76 £0.13
Total 37.10+10.54 33.24+951 49.58 + 8.12
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Table 5.4 Comparison of the free amino acid profiles of F. venenatum isolates 2 and 11
obtained from UV mutagenesis and the TFL selection screen. The values are expressed as
g/kg biomass + SD (n = 3, biological replicates). The means of the rows were compared using
One-Way ANOVA with Tukey’s multiple comparisons. Different letters in superscript
between values in the same row indicate statistically significant difference according to One-
Way ANOVA with Tukey’s multiple comparisons (p < 0.05). A lack of any superscript
letters indicates lack of significant difference within a row. N/Q — not quantifiable.

WT Iso 2 Iso 1l
Ala 12.62+ 1.24A 17.06 + 1.60 B 15.81+1.028
Arg 1.06 £0.07 A 1.19+£0.058 0.89+0.02°¢
Asp 2.41 + 0.59 2.99 +0.28 3.36 + 1.39
Cys N/Q N/Q N/Q
Glu 19.75 + 1.75 22.91+2.43 22.53+2.02
Gly 0.52 +0.06 0.58 + 0.05 0.64 £ 0.06
His 0.30£0.03A8B 0.33+0.02A 0.26 £0.018
Ile 0.06 + 0.00 A 0.10£0.018 0.09+0.00 B
Leu 0.07+0.01A 0.42+0.018 0.10+0.01°¢
Lys 0.29 £ 0.01A 0.43+0.038 0.29+0.02A
Met N/Q N/Q N/Q
Phe 0.05+0.00 A 0.06 +0.00 8 0.06 +0.00 B
Pro 0.26 +0.01 A 0.23+0.018 0.25+0.00 A
Ser 0.73+0.03A 0.80 +0.018 0.82+0.018
Thr 0.61+0.057 0.75+0.038 0.75+0.038
Tyr 0.04+0.00A 0.05+0.008 0.05+0.008
Trp 0.04 +0.00 0.05 + 0.00 0.05 + 0.08
Val 1.16+0.114 1.18+0.09 A 1.42 £0.00 8
Total 39.96 +3.73A 49.10 +3.82 8 47.35+176~8B
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Table 5.5 Comparison of the free amino acid profiles of F. venenatum isolates I and I11-
VI obtained from UV mutagenesis and the TFL selection screen. The values are
expressed as g/kg biomass £ SD (n = 3, biological replicates). The means of the rows were
compared using One-Way ANOVA with Tukey’s multiple comparisons. Different letters in
superscript between values in the same row indicate statistically significant difference
according to One-Way ANOVA with Tukey’s multiple comparisons (p < 0.05). A lack of any
superscript letters indicates lack of significant difference within a row.

WT Iso | Iso 111 Iso IV IsoV Iso VI
Ala 497 +0.55 4.64+0.70 441+0.78 421+0.95 5.07+£0.13 5.63+£0.18
Arg 2.35+0.034 1.84+0.078 1.75+0.038 2.38+0.424 1.78 £0.228 150+0.128
Asx 051+001A€ 042+008AC 025+0.048 0.28+0.098¢ 0.38+0.03%8C 0.34+0078C
Asp 2.28 £0.17 1.85+0.44 1.98 + 0.96 0.97 £ 0.06 1.64+0.20 1.08 £ 0.37
Cys 0.06 £ 0.01 0.06 £ 0.01 0.06 £ 0.05 0.02 £ 0.03 0.06 £ 0.00 0.05+0.01
Glu 31.34+210% 3031+105AB 2460+1218 2419+281% 3151+470~ 33.09x174
Glx 0.14+0.03~® 0.17+0.04% 0.08+0.008 0.09+0.05%B 0.15+0.02~8 0.12+0.0548
Gly 0.82 £ 0.04 0.89 £ 0.26 0.41+0.15 0.39+£0.19 0.57 £0.20 0.77£0.31
His 0.70+0.10A  0.52+0.05% 050+0018 055+0.04%8 059+0.09%8 049+0.048
lle 0.19+0.02 0.21+0.02 0.24+0.01 0.20+0.03 0.23+0.01 0.21+0.01
Leu 0.22+0.02 0.24 £ 0.05 0.23 £0.06 0.20 £ 0.06 0.23 £0.03 0.22 £ 0.00
Lys 0.69 + 0.04 0.68 £0.12 0.67£0.11 0.81+0.09 0.63 £ 0.07 0.58 £ 0.14
Met 0.34+0.01 0.31+0.03 0.32 £0.03 0.27 £0.01 0.29 £ 0.04 0.32+£0.03
Phe 0.32+0.02~ 032+0.02” 048+0.05B 038+010~B 034+001% 0310024
Pro 0.61+0.02A 0.60+0.00% 049+0.06% 051+0.04AB 051+0.05~® 0.50+0.0348
Ser 1.61+0.05A8 173+003”~ 159+0.12A8 145+0058B 1.75+0.09 A 1.75+0.13A
Thr 1.97 £ 0.06 1.75+0.11 1.80+0.13 1.61+0.10 197+0.17 1.94+0.18
Trp 0.12+0.01~ 012+0.01%A 021+0.02B 016+005~8 013+001% 0.11+0014
Tyr 0.15+0.00 0.15+0.01 0.17 £0.01 0.15+0.02 0.16 £ 0.01 0.16 £ 0.00
Val 0.90 £ 0.06 1.02 + 0.06 0.98+0.14 0.85+0.05 1.04 +0.07 0.97 £ 0.06
Total 62.15+256" 56.55+1.63~8 51.86+1.838 47.99+3358 59.20+5.94A 59.54+ 2334
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Figure 5.7 A heat map illustrating the fold change in the level of each free AA in Iso 1
and 2 (A) and Iso 2 and 11 (B) relative to the WT. The data are expressed as a Log> of the
values from Appendix Table 26 for A and Appendix Table 27 for B. n = 3.
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Figure 5.8 A heat map illustrating the fold change in the level of each free AAin Iso |
and 111-V1 relative to the WT. The data are expressed as a Log of the values from
Appendix Table 28. n = 3.

5.4.7 Comparison of AA profile of 1so2 and WT hydrolysates

To test whether putative mutations leading to increased free-leucine content in Iso 2 are
reflected in the protein hydrolysate composition of the organism, WT, and Iso 2 F.
venenatum cultures were grown in shake-flask cultures and sampled after 30 or 36 h of
growth. The biomass samples were freeze-dried, powdered, and hydrolysed. The hydrolysate
was analysed using LCMSMS and the quantitative data compared independently in the 30
and 36 h datasets. For the 30 h dataset analysis of PC1 and 2 by One-Way ANOVA did not
indicate a significant difference in the total AA abundance or change in AA levels measured
by PC2 (p = 0.13, p = 0.11, respectively) (Table 5.6). Analysis of PC3, however showed a
significant difference between the WT and Iso2 hydrolysate profiles (p = 0.006). A lower
PC3 value in the 1so02 indicates an increase in Asp, His, Leu and lle (Table 5.6), these
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changes seems miniscule though in terms of relative abundance of the named AAs with
highest increase being in Asp (0.63 %) (Figure 5.9, Appendix Table 29).

Comparison of the PC1 of the hydrolysate profiles from the 36 h dataset revealed no change
to the overall AA abundance (p = 0.55) (Table 5.6). Similarly, no significant statistically
differences were identified in the analysis of PC2-3 (p = 0.055, p = 0.75, respectively).
Because p-value for the PC2 comparison approached significance threshold it was
determined it may be worth investigating possible change to the relevant AA levels, which in
this case would be elevated Ala and decreased Leu in 1so2 compared to control (Table 5.6),
1.2 % increase and 0.57 % decrease respectively in relative terms (Figure 5.9, Appendix
Table 29).

In summary in the leucine overproducing Iso 2 strain there is an indication of a change in the
hydrolysate AA composition profile but that is limited to increased total levels of Asp, His
and Leu, lle (measured at 30 h) or of Ala (measured at 36 h). Therefore, the high leucine
content in the free-AA pool of the Iso2 strain was strongly reflected in its protein hydrolysate.
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Table 5.6 Comparison of the amino acid profiles from protein hydrolysates of F.
venenatum WT and Iso 2 obtained from UV mutagenesis and the TFL selection screen.
The values are expressed as g/kg biomass +SD (n = 3, biological replicates). The 30 and 36 h
sets were analysed separately. The PC1-3 from different treatments were compared by One-
Way ANOVA (F =4.3327,df =1, p=0.1288; F =5.2189, df = 1, p = 0.1065; F = 45.315, df
=1,p=0.0067) for 30 h (F=0.4213,df =1, p=0.5517; F =7.1646, df = 1, p = 0.0554; F =
0.1174, df = 1, p = 0.7491) for 36 h cultivation respectively. Different letters in superscript in
the last three rows indicate statistically significant difference between values derived from
One-Way-ANOVA. Lack of any superscript letters indicates lack of significant difference
within the relevant part of a row.

30h 36h
WT Iso 2 WT Iso 2
Ala 41.17 +1.58 38.76 £ 1.17 35.08 + 0.95 41.14 + 2.69
Arg 33.73+0.03 36.21+1.72 33.79+£0.27 33.79+1.89
Asp 4943+ 0.9 55.18 + 2.78 47.88 £ 0.48 46.00 £ 1.61
Cys 2.75+0.07 2.67+0.12 3.17+0.15 2.73+£0.45
Glu 82.65+0.38 87.64+244 75.70 £ 3.63 88.62 = 3.06
Gly 23.21+0.45 27.58 + 1.66 23.13+0.73 22.14 +1.67
His 11.24 £ 0.90 12.80 £ 0.38 12.27£0.17 11.26 £1.16
lle 22.13+0.50 2395+ 172 23.29 £ 0.66 23.06 +1.89
Leu 33.44+2.01 36.09+£0.19 35.55+145 33.29+2.77
Lys 36.85+0.94 37.94 + 1.66 39.08 +1.08 37.49+1.15
Met 9.80+£0.35 11.12£0.52 10.40 £ 0.52 10.40£0.41
Phe 20.79+0.13 21.12+1.02 21.66 £0.81 20.63 +0.90
Pro 19.84 + 0.37 20.28 +0.88 20.38 £ 0.59 19.91 + 0.84
Ser 19.48 £ 0.24 20.64 £ 0.52 20.19+£0.72 19.71 £ 0.97
Thr 22.65+0.53 2487+1.34 23.01+0.83 22.49+1.18
Tyr 13.75£0.51 14.60 £ 1.30 14.60£0.19 13.09£0.51
Val 27.48 £ 0.10 27.47+1.01 26.61 +0.80 25.29+1.34
Total 470.39 £ 2.46 498.95 £ 18.67 465.75 £ 11.06 471.06 £ 22.67
PC1 1.88+0.1 3.14+£0.8 237+04 1.98+0.9
PC2 0.94+0.04 1.31+0.28 0.56£0.2 1.01+£0.2
PC3 0.41+0.0 0.03+0.1 0.74+0.1 0.70+0.2
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Figure 5.9 Heat map illustration of relative amino acid composition in hydrolysates of
F. venenatum from WT and Iso 2 strains extracted at 30 and 36 h. The values from Table
5.6 (converted to heatmap according to the right side scale) are normalised to the total amino
acid content of the same sample type (Appendix Table 29). n = 3 for all samples except WT
at30 h (n=2).

5.4.8 Amplification and sequencing of IPMS from TFL isolates

To assess whether the observed phenotype of interest in Iso Il and Iso 2 may be due to
mutations in IPMS-encoding DNA, as hypothesised at the beginning of this work, the
sequence of the predicted LEU4 gene encoding IPMS was compared between the WT, Iso 2
and Iso Il strains. Genomic DNA was extracted from each strain and used as a template for
amplification of the predicted LEU4 gene from F. venenatum, using forward and reverse
primers designed to amplify between the start codon and TAA STOP codon ending at 2117
bp (see section 5.4.1). PCR products were examined by agarose gel electrophoresis to
corroborate the anticipated fragment length of 2.1 kb. Purified PCR products and the DNA
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vector (pET-19b, 5.3.5.10) were digested with restriction enzymes (BamHI-Hf and Xhol) and
used to conduct three independent Gibson assembly reactions for vector-insertion of putative
LEU4 amplified from the WT, Iso 2 and Iso Il strains. Reaction products were then
transformed into E. coli and cells plated on LA agar containing 100 pg/ml carbenicillin. 10
transformant colonies per Gibson assembly transformation were subjected to colony PCR
and, of these, between 2 and 7 were found to contain the 2.1 kB insert between the bp 128
and 352 of the pET19-b plasmid backbone . Plasmid DNA was purified from clones
containing putative LEU4 from each of the three F. venenatum strains and sent for
sequencing. Resultant sequences were compared with those for the predicted IPMS-encoding
sequence available on the NCBI blast database and from sequence information for F.
venenatum A3/5 available for this project from NIAB (see section 5.3.5.10). The cloned
DNA derived from WT F. venenatum showed 100% identity with the database sequence for
the predicted IPMS encoding sequence. In contrast, the Iso 1l sequence contained a single
SNP A to G at 1694 that would cause a Asp565 to Gly substitution. Iso 2 contained two
mutations: (i) an A deletion at 1588 that would cause a frameshift and result in a premature
stop codon at AA 570; (ii) a SNP - A to G at 1693 that would result in Met565 to Val
substitution (Figure 5.9). Predicted structures of the IPMS proteins of the three strains were
generated using Swissprot software and overlayed using Chimera X software (Figure 5.11
A). Comparison of the structures predicted the protein product from Iso2 would lack two
alpha helices from its C- terminal end. Comparison of the Iso2 IPMS with the crystal
structure for the IPMS enzyme from Mycobacterium tuberculosis indicated that the structure
of the predicted truncated protein from Iso2 would resemble the bacterial enzyme (Figure
5.11 B).
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WT 1551 taaggagatcaacatcgaattcgacgtcaacgactacaaggagcacgcta 1600

LEEEEEREEREREEEE R e e e e e e e e e FEe e rer

Iso2 1551 taaggagatcaacatcgaattcgacgtcaacgactac-aggagcacgcta 1599

1601 ttggtgagggacgtggcgtcaaggctgcttcatacatcgagtgecaagect 1650

LECEEEECEREECEEEEEEEEEEEE R EEE R EEEE R FEE e
1600 ttggtgagggacgtggcgtcaaggctgcttcatacatcgagtgcaagect 1649

1651 gttggcagcaagaactctgtgtggggtgttggtatccacgaggatgttgt 1700

LEEREEERPEERREERE R EREEE e EEE R EE e EFL
1650 gttggcagcaagaactctgtgtggggtgttggtatccacgagggtgttgt 1699

WT 1651 gttggcagcaagaactctgtgtggggtgttggtatccacgaggatgttgt 1700

LECEEEREEEEEEEEEEC e Eree e e ee e e ee e e e e e
Isoll 1651 gttggcagcaagaactctgtgtggggtgttggtatccacgagggtgttgt 1700

Figure 5.10 Diagram summarising mutations found in sequence of putative LEU4 gene
from F. venenatum isolate 2 and 1. The cDNA sequences of putative LEU4 gene encoding
predicted a-isopropylmalate synthase (IPMS) from two UV mutagenesis TFL screen isolates
were compared to the cDNA of the putative LEU4 sequence of WT F. venenatum using
EMBOSS pairwise comparison NEEDLE tool
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/). Only fragments of the sequence
containing differences to WT are shown. A) Isolate 2 compared to WT B) Isolate Il compared
to WT. A vertical line between the two sequences signifies a base pair match, a lack of line
indicates a deletion, a dot indicates a mismatch.
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Figure 5.11 In silica comparison of IPMS from F. venenatum WT and Iso 2. A: predicted
structure of F. venenatum IMPS. The sequence of WT (blue) and Iso2 (orange) IPMS were
overlayed, the part that is missing in Iso2 IPMS is shown in red. B: diagram of crystal
structure of IPMS from Mycobacterium tuberculosis.

5.4.9 Bioassay for mycotoxin production by the high free-leucine Iso 2 isolate

As mentioned in the Introduction of this chapter, the BCAA synthesis pathway in Fusarium

species has been linked to the regulation of mycotoxin production (Subramaniam et al., 2015;
Beremand et al., 1988). To test whether selection for high-leucine in the Iso2 isolate may also
have altered mycotoxin production, supernatants were taken from WT and Iso2 F. venenatum
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flask cultures in RHM medium and used to treat cultures of K. marxianus GK1005, an
organism highly sensitive to various types of mycotoxin (Engler et al., 1999; Whittaker,
2022). Supernatant from F. venenatum cultured with sucrose was used as a positive control as
sucrose is known to induce mycotoxin production (Whittaker, 2022). The growth of K.
marxianus supplemented with supernatant from either WT or Iso2 on glucose was very
similar to that with no supernatant and there was no significant difference in cell doubling
time between these conditions (Mann-Whitney test: two-tailed p = 0.3) (Figure 5.12). This
suggested that the mutations to IPMS in Iso2 did not induce detectable mycoprotein
production, whereas the positive control (with sucrose) validated the sensitivity of the assay.

100
e WT from 3% Suc

e WT from 3% Glu
¢ Iso 2 from 3% Suc

Iso 2 from 3% Glu
e H,O

Optical density (ODggq)

Time (h)

Figure 5.12. Microplate culture of K. marxianus in YEPD medium supplemented with
supernatant from F. venenatum flask cultures. Aliquots (20 pl) of filtered supernatant
from cultures of either WT or Iso 2 F. venenatum grown for 96 h in RHM medium
supplemented with either 3 % glucose or 3 % sucrose was added to wells containing 130 ul
of YEPD medium inoculated to a starting ODeoo 0.01 of exponentially growing K. marxianus
cells. The plates were incubated with shaking for 20 h at 37 °C with OD readings at 600 nm
every 30 min. (n=3, biological replicates)

5.4.10 The extent of loss of free leucine (and other AAs) during the RNA
lowering step of mycoprotein production

As mentioned in the Chapter 1 (1.3.3) when F. venenatum mycelium is being extracted from
the airlift fermenter at the production plant it is heated at 68 °C for about 10-15 minutes to
reduce the levels of RNAs present in the cells to levels that are safe for human consumption.
It is likely that in the process free AAs and some proteins may also leak out of the cells
(Whittaker et al., 2020). To see whether any of the extra free leucine produced in Iso 2
remains in the cells after the heating step, mycelium of WT and Iso 2 was heated in water
bath at 68 °C for 10 minutes. Then mycelium samples from both WT and Iso 2, heated or
unheated were freeze dried, powdered, and free AA extracts were prepared. The free AA
extracts were analysed by LCMSMS (Table 5.7). No statistical analysis was carried out on
these data due a large high number of values for AAs that could not be quantified reliably
either due too low or too high levels. However, it is clear that the 68 °C incubation resulted in

146



the loss of most the free AAs. Free leucine is also among the AAs that leaked out of the
mycelium during the heating step meaning that any extra free leucine synthesised by Iso 2
would not end up in the final mycelium product in a routine production setup.

Table 5.7 Comparison of the free amino acid profiles of F. venenatum WT and isolate 2
after heat treatment. The values are expressed as g/kg biomass £ SD (n = 3, biological
replicates). O/S — oversaturated, N/D not detected.

WT WT heated Iso 2 Iso 2 heated
Ala 2.20+£0.10 0.14 £ 0.00 3.10+0.94 N/D
Arg oIS 0.27 £0.09 0o/s 0.16 +0.03
Asp 2.43+£0.53 0.27 £0.06 3.48£2.20 0.28£0.03
Glu 14.57 + 3.02 0.01+0.01 24.00+£1.21 0.03+£0.02
Gly 0.86 £ 0.37 0.32+0.09 0.70+0.19 N/D
His o/s N/D o/s N/D
lle 0o/s 0.13+0.05 0o/s 0.05 £ 0.01
Leu 0o/s 0.04 + 0.04 0o/s 0.03 £ 0.00
Lys 0o/s 0.18 £ 0.04 0o/s 0.11+0.02
Met 0.25+0.02 0.18 £ 0.07 0.32+£0.04 0.11+0.03
Phe 0.25+0.02 0.24 £0.08 0.31+£0.02 0.14 £ 0.04
Pro 0.46 £ 0.06 N/D 0.56 £0.04 N/D
Ser 1.33+£0.03 0.30 +0.09 1.70+£0.19 0.20 £ 0.03
Thr o/s 0.16 £ 0.06 o/s 0.10+0.02
Trp 0.13+0.03 0.18 £ 0.07 0.14+£0.01 0.11+£0.03
Tyr 0.26 £ 0.04 0.24 £0.09 0.29+£0.04 0.13+£0.02
Val 0o/s 0.24 +0.09 0o/s 0.15+0.02

5.5 Discussion

The use of TFL as means of selection of leucine feedback insensitive isolates of F.
venenatum proved successful yielding in particular two isolates (named 2 and I1) that had
measurably increased levels of free leucine by ~1.5 and ~ 5-10-fold respectively. A common
mutation A to G at 1694 in the DNA sequence of the putative LEU4 gene was identified for
both isolates and additional frameshift causing single base pair deletion was identified in Iso
2 at 1588. The frameshift resulted in premature stop codon introduction and truncation of the
IPMS protein.

147



5.5.1 The resistance to TFL in F. venenatum spores.

Pre-germination of F. venenatum spores proved effective in dramatically sensitizing the
organism to TFL and therefore improving the efficacy of the TFL screen. Nevertheless, it
remains unclear how ungerminated F. venenatum spores could escape inhibition by TFL
during germination outgrowth. The process of spore germination is complex and specific to
that part of the life cycle of the fungus. In the plant pathogen Corynespora cassiicola,
transcriptomes of germinating spores revealed a total of 3288 differentially expressed genes
compared to mature hyphae, many involved in i.a. metabolism, and environmental
information processing (Gao et al., 2020). Comparison of the transcriptomes of F. venenatum
spores and germlings with and without TFL should give clues to whether the ability to grow
with TFL is a result of specific window of response in ungerminated spores or in very early
germination, that the pre-germination in the present study was sufficiently long-duration to
miss. It is even feasible to consider comparing individual spores (as germination is not
perfectly synchronous), given that transcriptomics is possible for single spores of fungi
(Geoghegan et al., 2020). Understanding the mechanisms by which F. venenatum spores can
grow in the presence of TFL might also give some new insight to how fungal pathogens
might gain resistance to anti-fungal treatments more broadly, especially in the case of
antifungal approaches that target BCAA metabolism (Jastrzebowska and Gabriel, 2015).

5.5.2 Changes to IPMS in Iso2

In F. venenatum 1so2 the identified 1588A deletion should result in a frameshift and
introduce a premature stop codon, so truncating the protein from 616 to 570 AA in length.
Comparison of the predicted structure of the 1so2 IPMS with the crystal structure of the
corresponding protein of Mycobactetrium tuberculosis revealed that the predicted structure of
Iso2 IPMS is more similar to the IPMS of M. tuberculosis than to WT F. venenatum IPMS.

In another study, valine synthesis was upregulated by relocating the relevant pathway from
mitochondrial matrix to cytosol in S. cerevisiae (Brat et al., 2012). This was achieved by
constructing shortened versions of the enzymes 1lv2, 1lv3 and 1lv5 which lacked the
mitochondrial binding sequences. One additional possible explanation for the observed
increase in leucine synthesis in the 1s02 isolate would be relocation of the IPMS enzyme from
the mitochondrial matrix to cytosol as a result of truncation of the protein C terminus. As
mentioned before different isoforms of IPMS are present in S. cerevisiae that are located in
different places in the cells with shorter versions of IPMS present in the cytosol, the cytosol
version in fact reportedly lacks the final 30 AAs from the C terminus which contain the
mitochondrial binding sequence (Kohlhaw, 2003). To reveal whether this is similar in F.
venenatum, assays of the localization of IPMS isoforms could be used to determine any such
differences occur between the WT and Iso 2 strains.

Elsewnhere it was shown that Asp578 is a key residue for (in)sensitivity to leucine feedback
inhibition in S. cerevisiae (Oba et al., 2005). Here in F. venenatum both Iso 2 and Iso Il had
the same predicted A to G mutation at 1693/1694 bp in putative LEU4 respectively (the 1 bp
difference is due to an upstream 1 bp present in Iso Il but absent in Iso 2). Therefore, this
mutation could appear to be important for bypassing feedback inhibition in F. venenatum.
However, because of the upstream frameshift mutation in 1so2, the mutation did not result in
the same AA substitutions in the two isolates. To further investigate whether mutation at
1694 is a prerequisite for leucine feedback insensitive IPMS, the relevant site-directed
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modification could be introduced to the wild type and/or the variant protein versions purified
and assayed for in vitro IPMS activity with/without leucine additions.

Another question relevant to the altered free-leucine levels of the isolates is whether the
mutation of IPMS may regulate other enzymes in the pathway. In S. cerevisiae, the feedback
insensitive mutant was shown to have upregulated expression of LEU1, LEU2 and BAT1
genes of the BCAA synthesis pathway (Oba et al., 2006). Analyses of transcript levels could
be used to reveal whether expression of other genes in the BCAA pathway changes in Iso Il
and Iso 2. Additionally, because the isolates were generated by UV mutagenesis, it is possible
that mutations arising elsewhere in the genome had an impact on the leucine synthesis. One
way of checking whether mutations affecting other enzymes in the pathway may be having an
effect on leucine synthesis would be to compare directly the activities and levels of sensitivity
to leucine inhibition of WT and mutated IPMS by in vitro assay (Ulm et al., 1972). This
would help to indicate whether the activity of the mutated enzyme reflects the observed
phenotype and inform whether mutations elsewhere in the genome may also have an effect vs
WT. This could be followed up by measuring free AA profiles of WT with mutated IPMS
inserted via molecular cloning, then any change to leucine levels in WT carrying the mutated
IPMS vs the original isolate that is a source of this mutated IPMS would indicate role of other
mutations in the genome.

5.5.3 The utility of Iso2 and other potential isolates

Overall, the Iso 2 isolate did not show evidence of mycotoxin production nor marked changes
to growth rate. However, these strains’ increased free-leucine levels were not reflected in
their protein (hydrolysate) AA profiles. The increase in free leucine synthesis on its own was
not expected to change the AA profile of the proteins, but the wider association of BCAA
metabolism with mycotoxin production and virulence in Fusarium spp. could have changed
protein expression in F. venenatum consequently altering the AA hydrolysate profile
(Subramaniam et al., 2015). Unfortunately, during the heating up step designed to reduce the
amount RNA to levels that are safe for human consumption (Whittaker et al., 2020), most of
the free AAs of F. venenatum for Quorn production leak out of the cells as well. This
includes the extra leucine from Iso 2 cells (5.4.10). The mixture of nutrients leaked out of F.
venenatum mycelium during this heating step is referred to as the centrate and is currently
discarded, despite general interest in finding a use for it (T. Ingmire, pers. comm.).
Nevertheless, increased leucine content in the centrate would increase its nutritional value as
a component of growth medium for other SCP operations or even as a source of AAs for
operations such as laboratory grown meat (Specht, 2020). Alternatively, mycoprotein not
intended for human consumption would not need to go through this heating process as non-
primate animals possess the enzyme uricase that allows them to degrade the higher levels of
nucleic acids found in mycoprotein. This would also mean that the extra leucine in Iso 2
could be utilised in this type of feed. Additionally, isolates with increased synthesis of other
AAs could be generated in a similar way, where the relevant AA synthesis pathway is
regulatable by a compound that can be used for appropriate selection of mutants. The isolates
with increased AA synthesis could also be used in different experimental regimes, e.g.,
adaptive evolution experiments conducted in Chapter 4 of this thesis, with the idea that
increased intracellular leucine concentration could promote more leucine misincorporation
into protein under favourable conditions.
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6 General discussion

As outlined in the introduction of this thesis, the use of microbial derived proteins is on the
rise, but fundamental knowledge is still lagging behind when compared to livestock and
crops. The diversity and versatility of the microbes is enormous and so is the variety of ideas
regarding the application, and to address current problems. The progress in, molecular
diagnostic techniques combined with fast generation times of the microbes provides ample
opportunities for innovation.

This thesis aimed at establishing a background for monitoring the changes to AA profile of
Fusarium venenatum A3/5 on a lab scale that can be used as a proxy prediction of change
when the conditions of growth are changed. In the second part of the thesis the aim was to
explore of the possibility of manipulating the AA profile of F. venenatum with focus on
targeting translation and AA synthesis whilst avoiding methods that would be classed as
genetic modification

6.1 The stability of F. venenatum amino acid profile

In Chapter 2 of this thesis a framework for experimental scale assessment of changes to the
AA profile of F. venenatum was proposed and validated. The results have revealed that the
AA profile of F. venenatum exponentially growing in a flask culture is like the AA profile of
the mycelium from industrial production (2.4.5). The AA profile was shown not to change
when the fungus was grown in the exponential phase in different fungal growth media or in
sucrose (2.4.8 and 2.4.9). Chapter 3 continued to investigate the changes to AA profile of the
morphological mutant C-variants that emerge during industrial production of mycoprotein.
Even the changes to the AA profiles of C-variant morphological mutants were not dramatic
i.e., the content of essential amino acids — crucial determinant of nutritional value of a protein
remained unchanged (3.4.3). At the same time these results contradict previous claims that
the AA profile of C-variant is completely unchanged compared to WT (Trinci, 1994). This
could be due to the nature of the specific mutants tested in the other study, because as shown
(3.4.3) the changes to the AA profile very from mutant to mutant, this is also true about the
specific mutation load in each C-variant.

Overall, these experiments revealed that the AA profile of F. venenatum is reasonably stable
and likely considerable premediated effort needs to be taken to change it. This can be seen as
a positive from two perspectives. Firstly, the stability of the profile opens potential possibility
of changing the composition of the growth medium e.qg., by supplementing with nutrients
from waste streams (Hashempour-Baltork et al., 2020). Secondly, when the AA profile
changes due to change in the medium it should be relatively easy to identify the component
responsible. This is beneficial as the price and availability of particular components of the
medium may change overtime e.g., sucrose that was seen as a cheaper alternative to the use
of glucose in the mycoprotein industrial process (Whittaker, 2022), is no longer seen as a
worthwhile alternative due to change in economic circumstances (I. Geoghegan pers.
comms.). Nevertheless, composition of the AA profile is not the only factor worthy of
consideration. Different treatments during this thesis were able to change e.g. the colour or
smell of the culture (author’s unpublished data). These factors might be detrimental to the
mycoprotein as a product and would be disqualifying from use in industrial production even
if the AA profile is improved/unchanged (R. Johnsons pers. comms.). In the future, a
framework of steps in order of priority should be developed to be able to identify promising
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approaches more quickly whilst discarding others that although may outperform in some
criteria, fail in other aspects that are non-negotiable (like texture or smell) from the
mycoprotein product perspective. The focus of this thesis was on protein content (specifically
AA profile) but other factors e.g. B-vitamins, micro and macronutrients are of interest from
nutritional perspective of SCPs and not considered in this thesis, which does not mean that
they remained unchanged in tested conditions. Overall, any change introduced to the
organism would have to be viewed in context of all these parameters to accurately assess the
potential benefit/drawback balance.

An interesting aspect that was observed during the testing of the protein content of F.
venenatum across exponential growth was that the lower biomass was associated with higher
protein content. This is interesting as in bacteria the higher protein content was associated
with higher growth rate (Belliveau et al., 2021). Future research projects could investigate
this phenomenon in F. venenatum and other filamentous species as knowing how growth rate
can modulate protein content could have applications for optimising the protein content of a
filamentous fungus SCP by adjusting the growth rate.

6.2 The translation focused amino acid profile manipulation approach

The attempt to change the AA profile and increase the amount of branched chained amino
acid was of debatable success. Firstly, the use of chemical inducers of mistranslation did not
change the AA profile of the hydrolysates (4.4.3 and 4.4.6) . A different approach might have
been better for these experiments to e.g. use of mistranslation reporters to see what
mistranslation patterns exist and how often are caused by given drugs and conditions
(Cvetesic et al., 2016; Wohlgemuth et al., 2021; Altamura et al., 2016). In general use of such
reporters would be beneficial for preliminary experiments in all the experiments conducted in
Chapter 4, including confirming increased incorporation/changed protein expression in the
F. venenatum grown in the branch chained AA selection media (4.4.10 and 4.4.11).
Additionally, in recent years a lot of groundbreaking work was done in the area of monitoring
mistranslation in biological systems that could radically change future approaches to tackling
questions presented in Chapter 4. This includes novel methods to monitor mRNA translation
in real time (Livingston et al., 2023). Increasing understanding of the role of mistranslation in
adaptation and evolution and consequently its function and limitations. The fact that
mistranslation patterns can be more species or even strain specific than initially thought adds
complexity but also might promise unique solutions in specific organisms (Schmutzer and
Wagner, 2023). Mapping of specific preferences for mistranslation in different codons on a
proteomic level and distinguishing deleterious vs non-deleterious forms of substitutions on
proteomic level can inform of best practice to achieve desired changes to proteome via
misincorporation (Mordret et al., 2019; Rodriguez-Mias et al., 2022). Or measuring the
effects of mistranslation on proteome by use of tRNA variants from different organisms or
even engineered ones (Schuntermann et al., 2023; Cozma et al., 2023). Considering the
examples of research presented here it is likely that fundamental research into the responses
and relationship of F. venenatum with mistranslation would be a necessary first step. This
could be then followed by identification of properties of F. venenatum translational system to
design potential approaches to capitalise on parts of the mistranslation that happens in F.
venenatum.

Specifically regarding the adaptive evolution experiments attempted in this thesis (4.4.12 and
4.4.13) the utilisation of the mutated tRNA variants that incorporate a different AA than
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dictated by tRNA anticodon and were shown to be deleterious for growth due to toxic
impacts of mistranslation could be considered to evaluate the ability of F. venenatum to adapt
to such artificially increased levels of mistranslation in an experimental evolution setup
(Cozma et al., 2023). Of course, organism like this could still not be used directly for food
production due to genetic modification status, but it would inform about the level of
mistranslation that F. venenatum can adapt to and potentially the maximum enrichment of the
proteome with the AA of interest.

The leucine overproducing variant selected on TFL had a significantly increased leucine
production, however as it is the use would be limited because 1) even 10 fold increase in free
leucine (5.4.6) represents relatively low increase (~3%) in overall leucine locked in the
protein, 2) the free leucine leaks out of the cells during the mycelium heating step applied
during industrial production process (5.4.10). The method for selection of increased leucine
as shown here is quite simple due to the way the leucine synthesis pathway regulates itself by
leucine inhibition of the key enzyme a-isopropylmalate in the pathway (Kohlhaw, 2003).
However, to increase the synthesis of other AAs without the use of genetic engineering
would be more challenging but could potentially done e.g., using specifically engineered
auxotrophic bacteria for identification of mutants excreting elevated amounts of desired AAs
(Hernandez-Valdes et al., 2020). Overall, though, with the current way F. venenatum is
produced, increasing the free AA content will only likely increase abundance of these AAs in
the centrate limiting the potential of this approach. However, a leucine overproducing isolate
tested here did not exhibit any obvious disadvantages meaning that if centrate was to be used
as e.g. an ingredient for a growth medium for other applications the amount of free AAs (and
therefore value) could be increased without impacting the main biomass production process.

6.3 Concluding remarks

This PhD project has built on existing knowledge of the application of F. venenatum as a
SCP organism by assessing the changes the AA profile in in a variety of growth conditions. It
also explored some methods that aimed to manipulate the AA profile of the fungus, these
however had limited success with potential for further exploration for the adaptive evolution
selection approach. This work has also generated F. venenatum isolates that in principle
should be usable in industrial production as no change to growth rate or toxicity was
measured. Without further work however, these would be providing the same product with
addition of extra free leucine that would enrich the centrate left over from the production
process. Overall, this thesis added current body of knowledge by providing some background
on the behaviour of the AA profile of F. venenatum and highlighted obstacles in attempts to
modify the AA composition, that can be extrapolated to other fungal SCP candidates.
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7 Appendix
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Appendix Figure 1. The relationship between total dry mass at the point of extraction
and the protein content in F. venenatum samples grown in flask cultures. The protein

content and mass

of individual samples from Figure 2.5, Figure 2.9, Figure 2.10 were

plotted on x and y axis respectively. There was a negative correlation between the protein
content an increasing extracted dry mass of the samples; Pearson r (68) =-0.7150, p <

0.0001.
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Appendix Table 1. Comparison of relative AA profiles of F. venenatum biomass
hydrolysate extracted from flask cultures at 30 h and airlift fermenter. The values for
each AA represent % abundance relative to the AA total of the sample. n=3

ng Flask Airlift Q5 Airlift Q3
Ala 9.23+1.25 10.14 + 0.61 10.22 £ 1.20
Arg 6.93 + 0.20 7.46 +0.35 7.88 + 0.59
Asp 8.28 + 0.24 8.19+0.14 8.35 + 0.22
Cys 0.71+0.03 0.73+0.03 0.70 + 0.06
Glu  18.66+2.68° 16.67 + 0.288 15.56 + 0.32C
Gly 4.40 % 0.07 4.10+0.10 4.14 %002
His 239 +0.19 2,60 +0.07 253 +0.06
lle 4.82 +0.49 5.00 + 0.19 5.18 + 0.34
Leu 7.41 +0.49 7.40+0.14 7.82+0.29
Lys 8.08 + 0.20 8.45 + 0.16 8.26 + 0.26
Met 2.64+0.39 2,57 +0.20 251+0.13
Phe 449 +0.11 443 +0.13 448 +£0.12
Pro 4.29+0.09 4.57+0.05 453+0.12
Ser 4.06 + 0.14 3.87+0.11 3.99 +0.10
Thr 5.07 + 0.15 5.03 + 0.04 5.08 + 0.11
Tyr 230+ 0.24 2144005 220+ 0.06
val 6.23 +0.91 6.64 + 0.07 6.56 + 0.22
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Appendix Table 2. Absolute AA values from analysis of hydrolysate from F. venenatum
biomass grown in flask cultures. The values are expressed as mg AA per kg of dry biomass.
The bottom three rows indicate the principal component values + SD. The PC1-3 from
different treatments were compared by One-Way ANOVA (F =0.1265,df =1, p=0.741; F =
2.9317,df=1,p=0.162; F =0.36, df = 1, p = 0.5809) for replica 1, and (F =1.1184, df =1,
p =0.3499; F =9.7705, df = 1, p = 0.0353; F = 5.6981, df = 1, p = 0.0754) for replica 2.
Different letters in superscript in the last three rows indicate statistically significant difference
between values derived from One-Way-ANOVA with Tukey’s multiple comparisons. Lack
of any superscript letters indicates lack of significant difference within the relevant part of a
row + SD.n=3.

Replica 1 Replica 2
30h 36h 30h 36h
Ala 48.88 + 4.94 32.99 +3.19 34.10+1.80 23.98 + 0.57
Arg 36.19+1.24 33.62+3.14 25.21+0.97 24.57 £ 0.44
Asp 56.12 + 1.85 59.57 + 3.48 42.72 + 2.86 41.33 +3.43
Cys 2.33+£0.47 2.77 £0.23 1.93+0.21 2.16£0.14
Glu 95.94 + 3.20 93.43 + 13.25 59.52 + 2.60 49.65 + 1.51
Gly 23.04 £1.12 24.23 £1.40 23.40 £ 1.63 21.06 + 1.53
His 12.80 £ 0.45 12.67+1.11 8.93 £ 0.46 9.16 + 0.46
lle 22.80 +0.28 22.44 +1.75 18.30 +1.22 16.81 +£0.29
Leu 37.92+1.24 38.46 + 3.38 20.30 + 0.64 20.09+ 1.09
Lys 41,54 + 1,55 40.25 +2.03 28.30 £ 1.06 29.77 + 2.56
Met 12.61 +0.36 11.18 £ 0.61 8.01 +0.04 7.75+0.45
Phe 21.71£0.51 21.64 +£1.98 14.31 £ 0.35 14.33+£0.77
Pro 21.79£0.95 21.54+1.78 14.27 £ 0.48 14.19 £ 0.60
Ser 17.44+0.71 1751+1.11 13.70 £ 1.27 14.49 + 0.50
Thr 27.09 £+ 0.87 27.66 + 0.94 15.33 £ 0.76 14.24 £ 0.92
Tyr 12.66 £+ 0.60 13.22+0.84 8.00 £ 0.22 7.73 £0.37
Val 28.97 +1.24 30.35+2.12 16.68 + 0.83 16.21 +£0.32
Total 519.82 £ 14.13 503.54 + 40.21 353.01 £8.71 327.50 £ 13.81
PC1 3.46£0.5 3.15+1.4 -3.22+0.3 -331+1.0
PC2 1.87+0.3 1.30+05 0.22+0.2% -0.56+0.38
PC3 0.49+0.5 0.32+0.2 -0.72+£0.2 -0.65+0.1
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Appendix Table 3. Absolute AA values from F. venenatum biomass grown in flask
cultures. The values for each AA represent % abundance relative to the AA total of the
sample n = 3.

Replica 1 Replica 2
30h 36h 30h 36h

Ala 9.39+0.76 6.55+0.12 9.66 + 0.59 7.33+0.21
Arg 6.96 + 0.08 6.67 £0.14 7.15+0.36 7.51+041
Asp 10.81 + 0.65 11.85+0.30 12.10 £ 0.61 12.60 + 0.54
Cys 0.45 +0.08 0.55+0.00 0.55+0.05 0.66 + 0.02
Glu 18.45+0.14 18.49+1.21 16.86 £ 0.41 15.17 £ 0.20
Gly 443+0.11 4.82+0.21 6.63 + 0.38 6.43+0.27
His 2.46 + 0.09 2.52 +0.02 2.53+0.16 2.80 +0.04
lle 4.39 £ 0.07 4.46 £ 0.08 5.18 £ 0.32 5.14 £ 0.31
Leu 7.30+0.38 7.65 + 0.58 5.75+0.05 6.13+0.09
Lys 7.99 + 0.08 8.01+0.26 8.02+0.41 9.08 + 0.47
Met 2.43 £ 0.07 2.22 +0.07 2.27 £ 0.06 2.37+£0.04
Phe 4.18 + 0.03 4.29 +0.05 4.05+0.04 4.37 +0.06
Pro 4.19+0.08 4.28 +0.09 4.04 +0.06 4.33+0.01
Ser 3.35+0.08 3.48 +0.07 3.88+0.28 4.43 +0.05
Thr 5.21+0.10 5.51+0.28 4.34+0.20 4.35+0.18
Tyr 2.43 +0.07 2.63+0.12 2.27 £0.07 2.36+0.01
Val 5.57 + 0.09 6.03 + 0.07 4.72+0.15 4.95+0.11
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Appendix Figure 2. Relative free AA levels in F. venenatum biomass at different timepoints. The free AA levels were measured by HPLC
and expressed as parts of the total pool within one sample. The free AAs were extracted as described in (2.3.10), n = 3.
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Appendix Table 4. Comparison of relative AA profiles of F. venenatum biomass
hydrolysate extracted at 30 or 41 h from flaks cultures grown in RHM, ACM or AMM
medium. The values for each AA represent % abundance relative to the AA total of the
sample.

AA 30h growth 41h growth
g/kg
RHM (n=4) AMM (n=4) ACM (n=4) RHM (n=4) AMM (n=4) ACM (n=4)
Ala 8.81+1.32 10.31 £ 0.80 7.60 £ 0.55 7.46 £ 0.67 9.79+1.88 8.14 £ 0.45
Arg 6.95+0.17 6.50 £ 0.22 6.91+0.11 7.38+£1.27 9.26 £ 2.86 8.67 £2.03
Asp 8.49 + 0.46 8.62 +0.36 9.17+0.19 11.36 £ 0.85 10.18 £ 0.25 10.60 £ 1.03
Cys 0.71 +£0.02 0.97+0.22 0.92+0.15 1.25+0.20 1.17+£0.10 1.20+0.11
Glu 19.02 £ 2.31 1790+ 131 18.04 £1.36 17.50 £ 1.36 18.30 £ 1,534 16.08 £1.92
Gly 452 +0.24 4.78 £0.20 4.88 £ 0.28 5.46 £ 0.64 511+0.11 5.38 £ 0.34
His 2.37+0.16 2.27+0.18 2.41+0.09 1.68 £ 0.81 1.55+0.98 1.60 + 0.88
lle 457 +0.63 472+0.31 4.54+0.39 4.44 +0.20 416+0.12 4.58+0.40
Leu 7.41+0.40 7.54+0.12 7.29+0.28 7.19+0.30 6.78 £ 0.49 7.23+£0.47
Lys 8.18+0.25 7.98+0.33 9.07 £0.83 719+1.11 6.25+1.15 7.64+1.55
Met 2.70+0.34 2.54+0.38 2.65 +0.37 2.38 £ 0.54 2.26 +0.47 2.56 +0.54
Phe 4.48 £ 0.09 4.26 £0.18 4.35+0.05 4.22+£0.13 4.00£0.18 4.32+0.18
Pro 4.29 £0.07 4.49 £0.02 452 +0.10 4.75+0.47 4.45+0.10 4.53+0.04
Ser 4.01+£0.15 3.96 £0.18 4.06 £ 0.04 4.20£0.20 3.98 £ 0.39 4.13£0.05
Thr 5.07£0.12 4.88£0.15 5.06 £ 0.17 5.22£0.12 4.80£0.16 5.00 £ 0.15
Tyr 2.37+0.24 2.25+0.14 2.28 £0.27 2.49+0.22 2.40+0.13 2.56+0.10
Val 6.06 £ 0.82 6.01+£0.84 6.24 £0.35 5.82+£0.19 5.57 £ 0.37 5.77 £ 0.63

Appendix Table 5. Extracted dry biomass from samples grown with different carbon

sources. R —replica, G — glucose, S — sucrose.

Mass (mg/ml)

R1 R2 R3
3%G30h 1.75 2.23 1.56
3%S30h 1.47 1.51 0.73
1.5/1.5% G/S30 h 3.13 3.27 2.28
3%G36h 6.20 6.73 5.46
3%S36h 7.31 2.29 6.50
1.5/1.5% G/S 36 h 1.86 2.27 5.51
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Appendix Table 6. Comparison of relative AA profiles of F. venenatum biomass
hydrolysate extracted after 30 or 36 h from flask cultures grown in RHM with glucose,
sucrose or 50/50 glucose sucrose mix as a carbon source. The values for each AA
represent % abundance relative to the AA total of the sample.

30 h 36h

9@ Glucose 3% (n=3) Sucrose 3% (n=2) ?Ig /i?;eé/so u(zrzog)e Glucose 3% (n=3) Sucrose 3% (n=3) ?"5“' /Cff_fg/f u(cnr:o;)e
Ala 10.76 £1.55 11.18+1.12 9.50 £ 015 9.05+0.35 10.32 £1.02 9.17+£0.99
Arg 5.98 £ 0.56 526+041 6.01 + 0.26 5.68 £ 0.51 5.90+0.34 6.03 £ 0.45
Asp 1451+ 2.62 17.85+1.50 14.85 £ 0.86 16.88 + 3.08 15.46 £ 1.58 14.42 £1.69
Cys 0.33+0.11 0.23+0.00 0.31+0.05 0.34 +0.06 0.29 + 0.07 0.33+0.01
Glu 17.29+£1.92 15.70 £ 1.57 17.32+£0.34 14,94 +£1.23 15.18+1.24 16.62 £ 0.64
Gly 6.29 £ 1.27 7.62 +0.62 6.55 + 0.53 7.19+£0.99 7.58 £2.30 6.26 £ 0.96
His 2.00+0.18 1.74+0.13 2.02+0.08 2.02+0.14 2.09+0.26 217+0.12
lle 4.39 +£0.36 3.85+0.26 4.39+£0.22 4.57+0.37 4.18 £0.37 4.67+0.40
Leu 6.94 £ 0.26 7.55+0.54 7.19+ 047 7.40+0.19 7.28+0.45 7.41+0.10
Lys 7.26 £0.70 6.48 £ 0.04 7.34+£0.33 6.84 £ 0.46 6.96 £ 0.59 7.62 £ 0.46
Met 1.98+0.21 1.81+0.14 2.04 £ 0.09 2.06+£0.21 2.08 £0.23 2.11+£0.22
Phe 3.79+0.33 3.41+0.28 3.80+0.15 3.80+0.30 3.79+£0.20 4.02+0.31
Pro 3.74+£0.31 3.27+£0.21 3.72+0.14 3.73+£0.34 3.67 £0.26 3.91+0.27
Ser 3.30+0.44 3.25+0.28 3.46 £ 0.07 3.50+0.21 3.47+0.31 3.50+0.17
Thr 4.28 £0.49 3.68 £ 0.52 4.27 £0.04 4.39+£0.33 4.47+0.38 4.59+0.44
Tyr 2.18 £0.02 2.13+£0.04 2.21+£0.02 2.34+£0.15 2.26 £0.04 2.32+£0.17
Val 4.98 £ 0.09 4.99+£0.11 5.01 £0.07 5.26 £0.04 5.04+£0.12 4.84 +£0.04
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Appendix Figure 3. Growth curve of F. venenatum C variant mutants in flask cultures
with 1 % glucose. RHM medium was inoculated with 10 000/ml of spores and 50 ml of the
suspension was deposited into 250 ml baffled flasks and incubated statically at 28° C with
shaking (150 rev/min). The biomass was extracted at 24, 30, 36, 41, 48, 56 and 74 h. Data
points indicate mean average, + SD, n = 3.
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Appendix Table 7. Absolute values from free AA extracts from F. venenatum C5 isolate.
The samples were harvested from flask cultures at 30 h, n =3 N/I —not included, N/D- not

detected

WT C5
Ala N/I N/I
Arg 52.80 + 3.70 74.70 +8.00
Asp  120.68 +29.67 62.55 + 18.31
Cys 0.06 + 0.02 N/D
Glu N/I N/I
Gly 25.91 +3.21 24.90 + 0.86
His 15.09 + 1.52 14.40 + 0.51
Ile 3.22+0.15 3.13+0.16
Leu 3.73+0.26 3.66+0.18
Lys 14.36 + 0.38 14.24 +0.78
Met 0.34 +0.01 0.33 +0.02
Phe 2.37 £0.02 2.05+0.05
Pro 12.88 + 0.40 20.17 +0.29
Ser 36.33 + 1.47 29.96 + 1.56
Thr 30.31+2.74 36.00 + 2.33
Tyr 1.89 +0.01 1.57+0.08
val 57.75+5.34 85.98 + 0.64
Trp 2.22+0.16 2.17+0.11
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Appendix Table 8. The relative AA profiles of hydrolysates from C-variant mutants. All
the samples were produced by growth in flask cultures and extracted 36 h from inoculation.
The values for each AA represent % abundance relative to the AA total of the sample.

Setl Set 2

WT (n =3) C5(n=3) WT (n = 3) C4(n=3) Cl1 (n=?2)
Ala 10.12+£1.48 8.73+£0.62 7.81+£0.22 757+£1.79 741+£0.01
Arg 6.91+0.21 6.80 + 0.07 7.03+£0.11 7.17+£0.19 7.13+£0.06
Asp 10.06 + 0.35 11.15+£0.95 10.87 £ 0.38 12.27+1.04 11.18 £ 0.56
Cys 0.49 £ 0.07 0.35+0.09 0.62+0.01 0.45+0.04 0.42 £0.02
Glu 16.73 £0.30 15.76 £ 0.61 16.74 £ 0.46 14.54 + 1.38 16.57 £ 0.89
Gly 4.16+£0.13 4.67+£0.34 4.61+0.21 6.60 £ 1.54 5.70 £ 0.66
His 2.20+£0.08 2.04 £ 0.17 2.73+£0.02 2.64+0.10 254 +£0.01
lle 5.11+£0.16 4.98 £0.23 4.75+0.13 454 +0.10 5.04 £0.25
Leu 7.53 +0.06 7.55+0.15 7.54+0.17 8.02+0.25 8.36 £ 0.18
Lys 7.80 £ 0.20 8.01+0.16 8.48+0.01 8.41+0.38 8.04 £ 0.10
Met 2.50+0.25 241+0.04 247+0.11 2.67+£0.24 2.47£0.00
Phe 4.23+0.16 4.37+0.16 4.36 £ 0.08 3.98 £ 0.08 4.05+0.03
Pro 4.22+0.14 4.49+0.21 4.35+0.03 4.08+0.24 4.24+0.14
Ser 3.61+0.09 3.88+0.17 3.46 +0.10 3.56 +0.29 3.47+0.20
Thr 4.65+0.38 4.65 +0.08 6.35+0.12 6.13+0.49 5.54+0.15
Tyr 2.70+£0.11 2.85+0.05 2.28 £0.02 2.15+£0.05 2.28 £0.05
Val 6.97 £0.20 7.31+£031 5.55+0.05 5.24 £ 0.30 554+0.12

162



10
-o- No treatment
-2 +2mM H202
.g ~o +3mMH,0,
E 14 +4 mM H,0,
0
(1]
=
0.1 T T | 1
0 20 40 60 80

Time (h)

Appendix Figure 4 Growth of F. venenatum in flask cultures in presence of H202, Flasks
with RHM medium treated or not with H20> were inoculated with 10 000 spores per ml. The
biomass was extracted at indicated times, lyophilised, and weighed, the values are expressed

as mg of biomass per ml of medium, n = 1.

Appendix Table 9. Growth of F. venenatum in flask cultures treated with 500 pg/ml
paromomycin. The flask cultures of F. venantum were treated or not with 500 pg/ml
paromomycin and extracted after 30 or 36 h of growth. Extracted biomass was freeze dried
and weighed. The differences between means of masses of samples extracted at the same
timepoint were analysed using Welch’s t-test: 30h (t = 1.520, df = 3.870 two-tailed p =
0.2032); 36 h (t =17.88, df = 3.581 two tailed p = 0.0001). The values in the table are
expressed as mg of dry mass per ml of liquid culture. n = 3.

Mass (mg/ml)

Control 30 h 3.28 + 0.59
+500 pg/mIPm30h 2.47 £0.71
Control 36 h 6.49 +0.10
+500 pg/ml Pm 36 h 5.23 +0.07
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Appendix Table 10. Growth of F. venenatum in flask cultures when treated with H20:.
The flask cultures of F. venantum were treated or not with 0.5, 0.75 and 1 mM H20; and
extracted after 30 h of growth. Extracted biomass was freeze dried and weighed. Brown-
Forsythe ANOVA test (F* (DFn, DFd) = 10.63 (3.000, 6.480) with multiple comparisons was
used to compare the means of extracted biomass from samples treated with H,O, with
control. “*” at the treatment row indicates significant difference between that treatment and
control as derived from the multiple comparison analysis. The mass is expressed as mg of dry
biomass per ml of liquid culture. n=4.

Treatment Mass (mg/ml)
Control 431+1.42
+0.5 mM H202 2.26+1.17
+0.75 mM H.0;* 1.32+0.44
+1mM H202* 0.81+0.12
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Appendix Figure 5. Growth curve of F. venenatum in RHM medium with limited
nitrogen source in microplate culture. Standard or nitrogen deficient RHM medium was
inoculated with 10,000/ml of spores and 300 pl of the suspension was deposited into wells
and incubated statically at 28°C for 72 h with OD measurements taken every 1 h for 72 h.
Data points indicate mean average, £ SD, n = 3.
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Appendix Table 11. Comparison of amino acid profiles of F. venenatum hydrolysate
grown in BCAA-modified RHM medium for 36 h. The values are expressed as g/kg
biomass = SD. Experiment 1 and 2 were performed and analysed separately. n = 3 (biological
replicates). The bottom three rows indicate the principal component values + SD. The PC1-3
from different treatments were compared by One-Way ANOVA (F =4.0245,df=2,p =
0.0779; F =5.359, df = 2, p = 0.0462; F = 2.0844, df = 2, p = 0.2054) for experiment 1, and
(F=0.1924,df=1,p=0.6835; F=0.1341,df =1, p=0.7327; F = 10.077,df =1, p =
0.0034) for experiment 2. Different letters in superscript in the last three rows indicate
statistically significant difference between values derived from One-Way-ANOVA with
Tukey’s multiple comparisons. Lack of any superscript letters indicates lack of significant
difference within the relevant part of a row.

Experiment 1 Experiment 2

Control Leu+ lle Leu Control lle
Ala 32.99+3.19 30.66 + 2.77 30.71+1.82 23.98 + 0.57 28.29 + 1.83
Arg 33.62 +3.14 32.53+0.64 30.30 £ 0.84 24.57 £ 0.44 27.96 +1.40
Asp 59.57 + 3.48 51.44 + 0.36 48.76 + 3.18 41.33 +3.43 39.07 £2.13
Cys 2.77+£0.23 2.36+£0.19 2.43 +0.06 2.16 £0.14 2.07 £ 0.06
Glu 93.43+13.25 79.92 +0.80 76.46 + 1.30 49.65 + 1.51 57.02 + 3.88
Gly 24.23 £1.40 22.20 £ 0.45 20.03 £ 1.09 21.06 £ 1.53 22.01 £ 2.07
His 12.67+1.11 12.47 £0.25 12.44 £ 0.76 9.16 + 0.46 9.74 + 1.39
lle 22.44 +1.75 22.95+2.42 20.24 +1.32 16.81 £ 0.29 22.69 +2.00
Leu 38.46 + 3.38 37.31+2.90 38.03 +2.43 20.09 £ 1.09 22.71+£2.95
Lys 40.25 + 2.03 37.88 +0.39 36.23+0.72 29.77 + 2.56 28.02 +1.38
Met 11.18 £ 0.61 10.91 £ 0.29 10.80 + 0.47 7.75+0.45 7.32+0.39
Phe 21.64 +1.98 20.16 £ 0.31 19.22 £ 0.29 14.33 £ 0.77 13.18+1.10
Pro 21.54+1.78 20.80 £ 0.17 19.95 + 0.82 14.19 + 0.60 13.72+1.13
Ser 1751+1.11 15.80 + 0.43 15.31 £ 0.40 14.49 + 0.50 12.49+1.08
Thr 27.66 + 0.94 25.34 £ 0.64 25.28 + 1.72 14.24 £ 0.92 14.22 £+ 1.56
Tyr 13.22 £ 0.84 12.08 £ 0.31 10.84 + 0.58 7.73+0.37 7.01+0.74
Val 30.35+2.12 28.90 + 0.57 27.32+£0.85 16.21 £ 0.32 16.12 + 1.58
Total 503.54 + 40.21 463.71 £5.54 444.34 £ 12.57 327.50 +13.81 343.63 £ 23.47
PC1 315+ 1.4 1.15+£0.4 1.95+0.2 -3.60+0.5 -3.31+1.0
PC2 1.30£0.5 0.47+0.3 0.52+0.2 -0.46 £ 0.3 -0.56 +0.3
PC3 0.32+0.2 0.47 £0.0 0.24+0.1 -0.45+0.04 -0.65+0.1B
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Appendix Table 12. Comparison of relative AA profiles of F. venenatum biomass
hydrolysate extracted from flask cultures at 30 h and airlift fermenter. Values indicate %

of total AAs. n = 3.

Flask Q5 fermenter Q3 Fermenter

Ala 10.22 £ 1.20 10.14 £ 0.61 9.23+1.25
Arg 7.88 +0.59 7.46 +0.35 6.93+0.20
Asp 8.35+0.22 8.19+0.14 8.28 + 0.24
Cys 0.70 + 0.06 0.73+0.03 0.71 £ 0.03
Glu 15.56 + 0.32 16.67 £ 0.28 18.66 + 2.68
Gly 4.14 +0.02 4.10+0.10 4.40 + 0.07
His 2.53+0.06 2.60 £ 0.07 2.39+£0.19
lle 5.18 +0.34 5.00+0.19 4.82+0.49
Leu 7.82+0.29 7.40+£0.14 7.41+0.49
Lys 8.26 + 0.26 8.45+0.16 8.08 +0.20
Met 2.51+0.13 2.57+0.20 2.64 +0.39
Phe 4.48 +0.12 4.43+0.13 4.49+0.11
Pro 453+0.12 4.57 £ 0.05 4.29 + 0.09
Ser 3.99+0.10 3.87+0.11 4.06 +0.14
Thr 5.08+0.11 5.03 +0.04 5.07 £0.15
Tyr 2.20 £ 0.06 2.14 £ 0.05 2.30 £ 0.24
Val 6.56 + 0.22 6.64 + 0.07 6.23 +0.91
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Appendix Table 13. Relative AA profiles of F. venenatum biomass hydrolysate in

different media after growth for 30 h and 41 h. Values represent % of the total AAs.

Statistical analysis was carried out separately for data from 30 and 41h time points.

30 h growth 41 h growth
RHM AMM ACM RHM AMM ACM

Ala 8.82+1.32 10.31 £ 0.80 7.60 + 0.55 7.46 + 0.67 9.79+1.88 8.14 + 0.45
Arg 6.95+0.17 6.51+0.21 6.91+0.11 7.38 £1.27 9.26 £ 2.86 8.67 £ 2.03
Asp 8.49 + 0.46 8.62 +0.36 9.17+£0.20 11.36 £ 0.85 10.18 £ 0.25 10.60 + 1.03
Cys 0.71+£0.02 0.97 £ 0.22 0.92+0.14 1.25+0.20 1.17+0.11 1.19+0.11
Glu 19.02 £ 2.31 17.91+1.32 18.04 £ 1.36 17.50 £ 1.36 18.30 £ 1.54 16.08 £ 1.92
Gly 452 +0.24 4,78 +0.20 4.89+0.29 5.46 + 0.64 5.11+0.11 5.38 +0.34
His 2.37+0.16 2.26+£0.19 2.40 £ 0.09 1.68 + 0.81 1.55 + 0.98 1.60 + 0.88
lle 4.57 £ 0.63 472 +0.31 4,55+ 0.39 4.44 +0.20 4.16+£0.12 4.58 £ 0.40
Leu 7.41+0.40 7.54+0.12 7.29 +£0.29 7.19+0.30 6.78 + 0.49 7.24 +0.47
Lys 8.18 + 0.25 7.98 +0.33 9.07 +0.83 7.19+1.11 6.25+1.15 7.64 + 1.56
Met 2.70 £ 0.34 2.54 £ 0.37 2.66 £ 0.37 2.38+£0.54 2.26 £ 0.47 2.56 £ 0.54
Phe 4.47 +0.09 427 +0.17 4.35+0.05 4.22+0.13 4.00+0.18 4.32+0.18
Pro 4.29 +0.07 4.49 + 0.03 452+0.11 4,75+ 0.47 4.45+0.10 4.53+0.03
Ser 4.01+0.15 3.96+0.19 4.06 + 0.04 4.20+0.20 3.98+0.39 4.13+0.04
Thr 5.06 +0.12 4.89+0.15 5.06 +0.17 5.22+0.12 4.80+0.16 5.00+0.15
Tyr 2.38+£0.24 2.25+0.14 2.28 +0.27 2.49 +0.22 2.40+0.13 2.56+0.10
Val 6.06 + 0.82 6.01 +0.84 6.25 + 0.34 5.82+ 0.19 5.57 +0.37 5.77 + 0.63
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Appendix Table 14. Relative AA profiles of F. venenatum biomass hydrolysate from
samples grown on different carbon sources. The values in the table represent % of the total

AAs.
30 h growth 36 h growth
Sucrose 3% Glucose/Sucrose Glucose 3% (n=3) Sucrose 3% Glucose/Sucrose
Glucose 3% (n=3) (n=2) 1.5/1.5% (n=3) (n=3) 1.5/1.5% (n=3)

Ala 10.76 £ 1.55 11.18+1.12 9.50+0.15 9.05+0.35 10.32 £ 1.02 9.17 £ 0.99
Arg 5.98 + 0.56 5.26 +0.41 6.01 +0.26 5.68 + 0.51 5.90 + 0.34 6.03+0.45
Asp 14,51 £ 2.62 17.85+ 1.50 14.85 £ 0.86 16.88 + 3.08 15.46 + 1.58 14.42 £ 1.69
Cys 0.33+0.11 0.23+0.00 0.31+0.05 0.34 +0.06 0.29 + 0.07 0.33+0.01
Glu 17.29+1.92 15.70 £ 1.57 17.32 +£0.34 14.94 +1.23 15.18 +1.24 16.62 + 0.64
Gly 6.29 + 1.27 7.62 £ 0.62 6.55 + 0.53 7.19+0.99 7.58+2.30 6.26 + 0.96
His 2.00+0.18 1.74+0.13 2.02 +£0.08 2.02+0.14 2.09+0.26 2.17+0.12
lle 4.39+0.36 3.85+0.26 4.39+0.22 457 +0.37 4.18 +0.37 4.67+0.40
Leu 6.94 + 0.26 7.55 + 0.54 7.19 £ 0.47 7.40 +0.19 7.28 + 0.45 7.41+0.10
Lys 7.26 £0.70 6.48 + 0.04 7.34 +0.33 6.84 + 0.46 6.96 + 0.59 7.62 +0.46
Met 1.98 +0.21 1.81+0.14 2.04 +0.09 2.06+0.21 2.08 +0.23 2.11+0.22
Phe 3.79+0.33 3.41+0.28 3.80+0.15 3.80+0.30 3.79+0.20 4.02+0.31
Pro 3.74+0.31 3.27+0.21 3.72+0.14 3.73+0.34 3.67+0.26 3.91+0.27
Ser 3.30+0.44 3.25+0.28 3.46 + 0.07 3.50+0.21 3.47+0.31 3.50+0.17
Thr 4.28 +0.49 3.68 £ 0.52 4.27 £ 0.04 4.39 + 0.33 4.47 +0.38 4,59 + 0.44
Tyr 2.18+0.02 2.13+0.04 2.21+0.02 2.34+0.15 2.26 +0.04 2.32+0.17
Val 4,98 +0.09 499+0.11 5.01+0.07 5.26 + 0.04 5.04+0.12 4.84 +0.04
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Appendix Table 15. The relative AA profiles of hydrolysates from C-variant mutants.
All the samples were produced by growth in flask cultures and extracted 36 h from
inoculation. The values in the table represent % of the total AAs.

Setl Set 2
WT (n=3) C4 (n=3) WT (n=3) C5 (n=3)

Ala 7.81+0.22 7.57+1.79 10.12 + 1.482 8.73+0.62°
Arg 7.03+£0.11 7.17+£0.19 6.91+0.21 6.80 + 0.07
Asp 10.87 £0.38% 12.27 +£1.048 10.06 + 0.35% 11.15 +0.958
Cys 0.62 +0.01 0.45 + 0.04 0.49 + 0.07 0.35+0.09
Glu 16.74 + 0.46" 14,54 +1.388 16.73 + 0.30° 15.76 + 0.61B
Gly 461 +0.21° 6.60 + 1.548 4,16 +0.13 4.67 +0.34
His 2.73+0.02 2.64+0.10 2.20 £ 0.08 2.04+0.17
lle 475+0.13 454 +0.10 5.11+0.16 4,98 + 0.23
Leu 7.54+0.17 8.02+0.25 7.53 £ 0.06 7.55+0.15
Lys 8.48 + 0.01 8.41+0.38 7.80 +£0.20 8.01+£0.16
Met 2.47 £0.11 2.67 £0.24 2.50 £ 0.25 2.41 £ 0.04
Phe 4.36 +0.08 3.98 +0.08 4.23+0.16 4.37+0.16
Pro 4.35+0.03 4.08 +0.24 422 +0.14 4.49+0.21
Ser 3.46+0.10 3.56+0.29 3.61+0.09 3.88+£0.17
Thr 6.35+0.12 6.13+0.49 4.65+0.38 4.65+0.08
Tyr 2.28 +0.02 2.15+0.05 2.70+£0.11 2.85+0.05
Val 5.55 + 0.05 5.24 +0.30 6.97 £0.20 7.31+£0.31
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Appendix Table 16. Comparison of relative hydrolysate amino acid profiles from F.
venenatum cultures grown in the absence and presence of paromomycin and/or leucine.
Values indicate the % amount relative to the AA total. Pm — paromomycin, L — leucine.

+ 100 pg/mg Pm

Control + 50 pg/mg Pm + 100 pg/mg Pm + 300 pg/mg Pm +2mM Leu +2mM Leu

Ala 8.82+1.324 9.04 +0.854 8.86 +0.10 A 7.21+0.028 8.69 £ 0.29 8.82+0.04
Arg 6.95+0.17 7.67 £ 0.34 7.97 £0.34 7.04 +0.01 7.12+0.08 7.54 +0.01
Asp 8.49 + 0.46 8.52 + 0.67 8.27 £ 0.04 9.73+1.41 8.55+ 0.56 8.21 +0.24
Cys 0.71+0.02 0.65+ 0.04 0.67 +0.01 0.79 +0.06 0.68 + 0.05 0.61 +0.00
Glu 19.02 +2.31 17.50 £+ 0.80 15,79+ 2.18 19.56 + 0.91 16.58 + 0.43 17.52 £ 0.00
Gly 452 +0.24 4.43+0.15 4.49 + 0.05 5.03 +0.68 4.37+0.01 4.62+0.12
His 2.37£0.16 2.51+0.07 2.55+0.11 2.24 £ 0.03 2.51+£0.11 2.57 £ 0.04
lle 457 +0.63 5.03+0.09 5.20 + 0.08 4.29+0.10 5.13 +0.04 5.04 + 0.02

Leu 7.41+0.40 7.13+0.16 7.81 +0.54 7.55+0.08 8.25+0.27 7.84 +0.10
Lys 8.18 £ 0.25 8.47 £ 0.27 8.64 £ 0.24 8.11+0.40 8.52+0.11 8.45+ 0.03
Met 2.70 £ 0.34 2.31+0.06 2.51+0.18 2.99+0.13 2.49 +0.02 2.25+0.14
Phe 4.47 +0.09 453+0.12 4,70+ 0.23 428 +0.17 4.59 + 0.06 4.46 + 0.04
Pro 4.29 + 0.07 4.29 £ 0.05 4.38 £ 0.10 4.25+0.11 4.37 £ 0.00 4.24 + 0.05
Ser 4.01+0.15 4.01+0.05 4.04 +0.07 4.09 +0.06 3.96 + 0.06 3.85+0.04
Thr 5.06 +0.12 496 +0.13 4.85+ 0.04 4.86 + 0.04 5.05+0.10 5.04 + 0.04
Tyr 2.38+£0.24 2.15+0.02 2.16 £0.10 2.57+0.10 2.23+0.07 2.09+0.05
Val 6.06 + 0.82 6.80 + 0.25 7.09+0.61 5.42 +0.61 6.90 +0.16 6.85+0.11
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Appendix Table 17. Comparison of relative hydrolysate amino acid profiles of biomass
samples of F. venenatum cultured with 500 pg/ml paromomycin (Pm) or 500 pg/ml
paromomycin and 2mM leucine (Leu). The values are expressed as % of the total AAs.
Samples extracted at 30 and 36 h were compared separately.

30h 36h

+ 500 pg/mg + 500 pg/mg Pm + + 500 pg/mg Pm

Control Pm 2mM Leu Control + 500 pg/mg Pm +2 mM Leu
Ala 9.66 + 0.59 8.52+0.12 8.31+0.56 8.10 £ 0.26 7.53 £0.92 9.76 £ 1.27
Arg 7.14 £ 0.36 8.15+0.41 7.12+0.79 7.89 £ 0.26 7.88+0.19 6.84 + 0.59
Asp 12.09 + 0.61 12.20 £ 0.75 12.03+0.78 9.50 + 0.52 11.77 £ 0.74 11.50 £ 0.24
Cys 0.55+0.05 0.53+0.10 0.68 + 0.04 0.65+0.01 0.65+ 0.06 0.65+ 0.08
Glu 16.86 + 0.41 17.66 + 0.66 17.98 £ 0.63 15.63 £ 0.20 18.24 £ 0.66 16.55 + 0.47
Gly 6.63 +0.38 6.54 + 0.58 6.76 £ 0.73 5.46 + 0.27 6.48 + 0.49 6.21+0.51
His 2.53+0.16 2.79+£0.16 2.65+0.26 2.84 £ 0.02 2.69 £ 0.06 2.87+0.32
lle 5.18+0.32 5.10+0.18 5.09+0.34 6.55 + 0.05 4.96+0.42 5.16 +0.13
Leu 5.75+ 0.05 5.63+0.18 5.78 + 0.43 6.40 +0.13 576 +0.21 5.96 +0.19
Lys 8.02+0.41 8.33+0.37 7.89 +£0.38 8.84 £ 0.29 8.17 £ 0.37 8.82 £0.12
Met 2.27 £ 0.06 2.19 £ 0.09 2.15+0.27 2.38 £ 0.02 2.11+£0.18 2.04 £0.17
Phe 4.05 + 0.04 3.92 +0.07 4.12+0.15 4.48 + 0.04 4.14 +0.07 416 +0.10
Pro 4.04 +0.06 3.95 £ 0.02 4.08 £ 0.06 4.47 £ 0.03 4.11 £ 0.04 411+0.11
Ser 3.88+0.28 3.54+0.33 3.73+0.27 4.49 £ 0.01 4.00 £ 0.02 3.84+£0.19
Thr 4.34+0.20 4.07+0.17 4.39+0.23 4.68 +0.27 426 +0.14 4.22 +0.03
Tyr 2.27 £ 0.07 2.27 £0.22 2.16 £0.16 2.49 £ 0.05 2.36 +0.03 2.35+0.13
Val 4,72 £0.15 4.62 +£0.17 5.08 £ 0.35 5.15 + 0.09 4.90+0.16 4.95+0.44
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Appendix Table 18. Comparison of relative hydrolysate amino acid profiles of F.
venenatum samples cultured with 0.5-0.75 mM H202. The values are expressed as g/kg
biomass = SD. n = 3 except for 0.75 mM H,O, where n = 2.

Control +05mMMH202  +0.75 mM H20:
Ala 10.12 £1.48 8.86 + 0.66 9.34+1.39
Arg 6.91+0.21 7.03+£0.27 6.95+0.13
Asp 10.06 £ 0.35 10.39+£1.41 9.88 +0.42
Cys 0.49 + 0.07 0.36 +0.18 0.38+0.11
Glu 16.73+£0.30 16.84 £ 0.47 17.89+£0.16
Gly 416+0.13 433+0.21 422+0.12
His 2.20+0.08 2.16 +0.13 2.08 £0.01
lle 5.11+0.16 493+0.11 492 +0.14
Leu 7.53+0.06 7.29+0.23 7.29+0.22
Lys 7.80+0.20 8.15+0.56 7.96 £ 0.09
Met 2.50+0.25 2.46 £ 0.09 2.51+£0.15
Phe 423+0.16 4.36+0.12 4.40 +0.02
Pro 422+0.14 429+0.11 414 +0.14
Ser 3.61+0.09 3.80+0.05 3.67+0.21
Thr 4.65+0.38 4.68 +0.05 455+0.10
Tyr 2.70+0.11 3.05+0.17 2.92 +0.04
Val 6.97 £0.20 7.02+£0.12 6.90 £ 0.27
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Appendix Table 19. Comparison of relative hydrolysate amino acid profiles of F.
venenatum samples grown in RHM lacking NH4Cl and supplemented with a mix an
equimolar mix of branch chained amino acids (Leu, lle, VVal). The values are expressed as
% of the total AAs. n =3.

Control -N +40 mM BCAAS - N +80 mM BCAAS
Ala 10.12 +1.48 7.00 +0.33 7.19+0.51
Arg 6.91+0.21 7.14 +0.34 6.93+0.23
Asp 10.06 + 0.35 9.91+0.98 9.76 £ 0.57
Cys 0.49 + 0.07 0.30+0.14 0.30+0.18
Glu 16.73 £ 0.30 15.83 £ 0.51 15.20 £ 0.42
Gly 416 +0.13 4.26 +0.14 4.60 + 0.81
His 2.20+0.08 2.28+0.21 2.18+0.20
lle 5.11+0.16 4.96 £ 0.13 5.10+0.23
Leu 7.53 £ 0.06 7.32+0.23 7.66 +0.48
Lys 7.80+0.20 8.28 + 0.34 7.80 + 0.36
Met 2.50+0.25 2.52+0.14 2.52+0.15
Phe 4.23+0.16 448 +0.19 4.35+0.05
Pro 4.22+0.14 4.31+0.09 4.19 + 0.06
Ser 3.61+0.09 3.95+0.32 3.72+0.20
Thr 4.65 + 0.38 4,92 +0.19 4.84 + 0.07
Tyr 2.70+0.11 3.19+0.29 3.06 + 0.28
Val 6.97 +0.20 9.37 +0.37 10.57 £ 0.51
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Appendix Table 20. Comparison of relative hydrolysate amino acid profiles of F.
venenatum samples grown in modified RHM (lacking NH4Cl and replaced with 40 mM
in total of Leu, lle or equimolar mix of both) medium for 30 h. The values are expressed
as % of the total AA content within the sample. Experiment 1 and 2 were analysed separately.
n=3.

Experiment 1 Experiment 2
Control Leu+ lle Leu Control lle

Ala 9.39+0.76 6.95+ 0.36 3.64 +2.36 9.66 + 0.59 8.15+0.51
Arg 6.96 + 0.08 7.20+0.32 6.13+0.60 7.14+0.36 8.20+0.53
Asp 10.81 + 0.65 11.10 £ 0.29 13.85+2.48 12.09 £ 0.61 11.31+0.64
Cys 0.45+ 0.08 0.37 £0.02 0.32+0.14 0.55+0.05 0.54 + 0.07
Glu 18.45+0.14 18.02 + 0.60 16.11+1.71 16.86 + 0.41 16.49 + 0.88
Gly 4.43+0.11 4.37+0.20 6.83+1.68 6.63 +0.38 6.38 + 0.46
His 2.46 +0.09 2.63+0.12 2.73+0.13 2.53+0.16 2.77 £0.28
lle 4.39+0.07 5.36 + 0.27 4.15+0.07 5.18 +0.32 6.85+ 0.06
Leu 7.30+0.38 7.66 +0.25 9.73+0.53 5.75+0.05 6.74 +0.18
Lys 7.99 +0.08 8.15+0.09 8.07 £ 0.07 8.02+0.41 8.32+1.17
Met 2.43+0.07 2.28+0.08 2.47+0.18 2.27 +0.06 2.04 +0.09
Phe 4.18 +0.03 4.27 +0.04 4.19+0.05 4.05 + 0.04 3.84+0.15
Pro 4.19+0.08 4.39+0.09 4.17+0.25 4.04 +0.06 3.92+0.08
Ser 3.35+0.08 3.44 +0.09 3.96 + 0.60 3.88+0.28 3.50+0.48
Thr 5.21+0.10 5.35+0.05 5.28 +0.30 4.34+0.20 4.09+0.29
Tyr 2.43 +0.07 2.52+0.19 2.34+0.10 2.27 +0.07 2.16 +0.09
Val 5.57 + 0.09 5.95+ 0.03 6.04 +0.14 4.72+0.15 4.62+0.18

174



Appendix Table 21. Comparison of relative hydrolysate amino acid profiles of F.
venenatum samples grown in modified RHM medium for 36 h. The values are expressed
as % of the total AA content within the sample. Experiment 1 and 2 were analysed separately.
n=3.

Experiment 1 Experiment 2
Control Leu+ lle Leu Control lle
Ala 6.55+0.12 6.22 +0.24 6.91 +0.29 7.64 +0.39 8.24 +0.40
Arg 6.67 £ 0.14 7.17 £ 0.05 6.82 + 0.04 7.58 £ 0.41 8.15 + 0.36
Asp 11.84 +0.30 11.28 +0.20 10.97 £ 0.41 12.31+0.47 11.38+0.18
Cys 0.55 £ 0.01 0.51+0.04 0.55 £ 0.02 0.63 £ 0.05 0.61 £+ 0.03
Glu 18.49+1.21 17.43 £ 0.05 17.21+£0.28 15.27 £ 0.16 16.60 + 0.40
Gly 4.82+0.21 4.85+0.11 451+0.17 6.27 +0.49 6.41 +0.46
His 2.51+0.02 2.69 +0.03 2.80+0.10 2.80 £ 0.03 2.83+£0.27
lle 4.46 + 0.08 4.88 + 0.55 4.56 + 0.43 5.28 + 0.28 6.60 + 0.34
Leu 7.65 + 0.58 7.84+0.34 8.55 £ 0.33 6.05 + 0.08 6.59 £ 0.41
Lys 8.01 £ 0.26 8.29+ 0.04 8.16 + 0.40 8.67 +0.34 8.17 + 0.50
Met 2.22 £ 0.07 2.35+0.04 2.43 £ 0.06 2.34+£0.04 2.13+0.03
Phe 4.29 + 0.05 4.33 £ 0.03 4.33+£0.11 4.37 £ 0.05 3.83+£0.08
Pro 4.28 + 0.09 4.52 +0.04 4.49 £ 0.06 4.36 £ 0.05 3.99 £ 0.06
Ser 3.48 £ 0.07 3.39+£0.05 3.45 £ 0.07 4.45 £ 0.07 3.64+0.11
Thr 5.51 +0.28 5.49+0.13 5.69 + 0.27 4.58 + 0.27 4.13+0.20
Tyr 2.63+0.12 2.61 +0.07 2.44 +0.07 2.40 +0.08 2.04 +0.07
Val 6.03+6.14 6.14 £ 0.11 6.15+0.12 5.01+0.11 4.69 +0.14
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Appendix Table 22. Comparison of relative hydrolysate amino acid profiles of F.

venenatum isolates obtained from tube race experiments in liquid medium grown flask

cultures in RHM medium. The values are expressed as % of the total AAs. n =3.

WT Tube race 1 Tube race 2 Tube race 3
Ala 6.46 £ 1.23 7.23+£0.43 7.70 £1.37 7.23+£0.28
Arg 7.13+£0.13 7.04+0.05 6.96+ 0.10 7.04+£0.22
Asp 11.33+1.59 10.81+0.60 10.06+1.48 9.85+0.63
Cys 0.29+0.06 0.54+0.25 0.27+£0.24 0.27+0.05
Glu 18.11+0.56 18.83+0.45 18.99+0.90 19.75+0.66
Gly 4.69+0.15 4.68+0.09 477+0.51 4.83+0.03
His 3.02+£0.04 2.85+£0.17 2.87+£0.12 2.81+£0.03
lle 4.86+0.25 4.81+0.37 5.48+0.23 5.28+£0.22
Leu 7.87+0.17 7.72+0.24 7.75+£0.24 8.10+ 0.06
Lys 8.00+0.28 7.85+£0.12 7.89+0.09 7.82+£0.18
Met 2.01+0.05 1.99+0.06 2.03+0.07 1.92+0.08
Phe 4.64+0.01 451+ 0.06 454+0.14 451+0.07
Pro 3.87+£0.16 3.77+£0.04 3.58+0.12 3.82+£0.24
Ser 4.18+0.23 4.06+0.25 4.02+0.13 3.95+0.53
Thr 4.51+0.58 4.35+0.38 410+ 0.36 3.95+0.29
Tyr 3.12+£0.09 2.99+0.03 3.11+£0.22 3.05%0.07
Val 5.94+0.19 5.98+0.17 5.88+0.29 5.82+0.23
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Appendix Table 23. Comparison of relative hydrolysate amino acid profiles of F.

venenatum isolates obtained from tube race experiments in liquid medium grown flask

cultures in RHM medium lacking NH4Cl and supplemented with a mix of branch
chained amino acids (40 mM equimolar mix of Leu, lle and Val). The values are
expressed as % of the total AAs. n = 3 (unless stated otherwise).

WT Tube race 1 Tube race 2 Tube race 3 (n=2)

Ala 2.15+ 0.87 4.56 + 0.62 4.76 + 3.87 0.79+ 1.11
Arg 7.95+ 0.4 7.54+0.31 7.69+ 0.99 9.30+ 0.55
Asp 8.85+ 0.37 9.09+ 0.41 8.19+2.70 4.82+3.93
Cys 0.12+0.21 0.31+ 0.24 0.47 +0.42 0.00
Glu 14.40 + 2.96 16.85+ 0.81 15.79+ 1.79 14.26 + 2.48
Gly 3.73+0.77 3.89+ 0.54 3.19+0.51 4.00+1.32
His 426+ 0.44 350+ 0.21 411+ 1.00 5.80+ 1.38
Ile 6.24+ 1.26 4.83+0.10 5.31+ 0.64 7.36+0.47
Leu 9.28+0.63 7.85+ 0.56 8.80+0.78 8.25+ 0.22
Lys 8.81+ 0.44 8.28+0.12 8.52+ 1.46 10.23+ 1.00
Met 2.15+0.10 1.99+ 0.04 2.12+0.23 2.32+0.07
Phe 5.19+ 0.43 4.63+0.20 5.05+ 0.98 6.70+ 0.95
Pro 3.35+ 0.54 3.58+0.43 3.39+0.41 217+ 057
Ser 4.30+ 0.44 4.33+0.09 3.54+ 0.46 3.04+0.32
Thr 4.60+0.13 4.67+0.25 4.69 + 1.00 4.49+0.04
Tyr 3.60 + 0.34 3.37+0.18 3.69+ 0.87 5.08 + 0.95
Val 11.01+0.53 10.72 +0.42 10.69 + 0.52 11.42+0.41
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Appendix Table 24. Comparison of relative hydrolysate amino acid profiles of F.

venenatum isolates obtained from tube race experiments on agar medium grown flask

cultures in RHM medium. The values are expressed as % of the total AAs. n =3.

WT Tube race 1 Tube race 2 Tube race 3
Ala 6.46+1.23 5.68+ 0.63 5.94+0.30 8.64+0.54
Arg 7.13+£0.13 6.91+0.05 6.86+0.18 7.10+£0.17
Asp 11.33+1.59 10.63+0.81 10.60+0.75 10.66+0.14
Cys 0.29+0.06 0.68+ 0.07 0.67+0.20 0.57+0.05
Glu 18.11+0.56 19.97+0.83 20.37+1.07 18.09+0.43
Gly 4.69+0.15 5.76+ 0.61 5.08+ 0.82 4.84+0.26
His 3.02+£0.04 2.87+£0.12 2.91+0.07 2.84+0.10
lle 4.86+0.25 4.88+0.22 4.84+0.12 5.10+£0.22
Leu 7.87+0.17 7.70+£0.19 7.33+£0.19 7.82+0.56
Lys 8.00+0.28 7.98+ 0.05 7.99+0.29 8.07+0.14
Met 2.01+0.05 1.90+ 0.05 1.96+0.01 2.08+0.06
Phe 4.64+0.01 455+0.11 4.49+0.04 4.46+0.11
Pro 3.87+£0.16 3.96+ 0.04 3.88+£0.34 3.67+0.27
Ser 4.18+0.23 3.78+0.60 3.76+0.36 3.45+0.15
Thr 4.51+0.58 4.09+0.09 4.94+0.36 A 3.94+0.31
Tyr 3.12+£0.09 2.68+0.03 2.72+0.06 2.72+0.17
Val 5.94+0.19 5.97+0.16 5.68+ 0.31 5.94+0.10
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Appendix Table 25. Comparison of relative hydrolysate amino acid profiles of F.
venenatum isolates obtained from tube race experiments on agar medium grown flask
cultures in RHM medium. The values are expressed as % of the total AAs. n =3.

WT Tube race 1 Tube race 2
Ala 2.15+0.87 348+1.71 2.77+2.05
Arg 7.93+£0.43 7.58+0.23 7.62+0.12
Asp 8.83+0.38 11.18+1.09 9.45+0.40
Cys 0.29+0.07 0.15+0.19 0.00
Glu 14.38+2.99 16.32+1.03 15.80+ 0.58
Gly 3.72+£0.77 456+0.13 3.82+£0.49
His 4.26+0.43 3.73+£0.44 4.09+0.20
lle 6.23+£1.25 5.44+0.40 6.34+0.64
Leu 9.27+0.63 7.95+0.22 8.19+0.38
Lys 8.79+0.42 8.04+0.30 8.33+0.19
Met 2.14+0.10 2.02+£0.13 2.10+0.07
Phe 5.18+0.42 458+ 0.32 4.89+0.20
Pro 3.35£0.54 3.48+0.12 3.53+£0.10
Ser 4.29+0.43 3.79+£0.35 3.45+0.07
Thr 4.60+0.13 5.17+£0.42 5.47+0.13
Tyr 3.60+0.33 2.88+0.39 3.19+0.17
Val 10.99+ 0.53 9.66+ 0.21 10.94+ 0.53
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Appendix Table 26. Free amino acid profiles of F. venenatum isolates 1 and 2 obtained
from UV mutagenesis TFL selection screen normalised to the mean the free AA profile
of the WT. The value of each AA was normalised to the mean of that same AA from WT
dataset = SD. All the values are derived from Table 5.3. The means of the rows were
compared using One-Way ANOVA with Tukey’s multiple comparisons. Different letters in
superscript between values in the same row indicate statistically significant difference
according to One-Way ANOVA with Tukey’s multiple comparisons (p < 0.05). A lack of any
superscript letters indicates lack of significant difference within a row. n = 3.

WT Iso 1 Iso 2
Ala 1.00+ 041 0.90+£0.29 1.18+0.15
Arg 1.00 £ 0.28 AB 0.79+0.104 149+0.36°5
Asp 1.00 + 0.86 1.41+0.43 1.29+0.25
Cys 1.00+0.14 1.12+0.28 1.08 £0.12
Glu 1.00+0.32 0.86 + 0.30 1.37+0.25
Gly 1.00+0.27 0.95+0.20 1.44 +0.17
His 1.00+0.198 0.96 £0.14 8 1.54+0.278
lle 1.00+0.23 1.02+0.29 1.32+0.19
Leu 1.00+0.24 A 1.20+0.22 A 11.15+ 15358
Lys 1.00+£0.264 0.99+0.204 1.73+£0.208
Met 1.00+0.30 1.48 +0.58 1.61+0.32
Phe 1.00+0.17 1.30+0.25 1.24+0.13
Pro 1.00+0.14 1.03+0.25 1.20+0.15
Ser 1.00+0.29 0.87+0.13 1.28 +0.30
Thr 1.00+0.15AB 0.82+0.174 1.36+0.18 B
Tyr 1.00+0.24 1.43+0.31 1.23+0.13
Trp 1.00 £ 0.40 0.76 £0.19 1.14+0.19
Val 1.00+0.20 1.02+0.11 1.10+0.09
Total 1.00+0.28 0.90£0.26 1.34+0.22
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Appendix Table 27. Free amino acid profiles of F. venenatum isolates Il and 2 obtained
from UV mutagenesis TFL selection screen normalised to the mean the free AA profile
of the WT. The value of each AA was normalised to the mean of that same AA from WT
dataset = SD. All the values are derived from Table 5.4. The means of the rows were
compared using One-Way ANOVA with Tukey’s multiple comparisons. Different letters in
superscript between values in the same row indicate statistically significant difference
according to One-Way ANOVA with Tukey’s multiple comparisons (p < 0.05). A lack of any
superscript letters indicates lack of significant difference within a row. n = 3.

WT Iso 11 Iso 2
Ala 1.00+0.10A 1.25+0.08 4B 1.35+0.138
Arg 1.00 £ 0.074 0.85+0.028 1.13+£0.05°¢
Asp 1.00+£0.25 1.39+0.58 1.24+0.11
Cys N/Q N/Q N/Q
Glu 1.00 £0.09 1.14+0.10 1.16 £ 0.12
Gly 1.00+0.12 1.23+0.11 1.11+0.09
His 1.00+0.10A8B 0.85+0.04 A 1.09 £ 0.068
lle 1.00 £ 0.054 1.31+0.07B 1.49+0.158
Leu 1.00 £0.07 A 1.32+0.118 5.58+0.17 ¢
Lys 1.00+0.03 A 1.00 £ 0.08 A 1.50+0.09 B
Met N/Q N/Q N/Q
Phe 1.00+0.01A 1.25+0.06 8 1.18+0.03B
Pro 1.00 £0.03 A 0.96 +0.00 A 0.88+0.02°8
Ser 1.00 £0.04 A 1.13+0.018 1.09+0.018
Thr 1.00+0.09 A 1.24+0.055 1.24+0.068
Tyr 1.00+0.00 A 1.25+0.09 8 1.32+0.03B
Trp 1.00 £ 0.09 1.23+0.07 1.02 £ 0.08
Val 1.00 £0.07 A 1.06 £0.02 8 1.02+0.02~
Total 1.00 £0.09 A 1.19+0.04 A8 1.23+0.108
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Appendix Table 28. Free amino acid profiles of F. venenatum isolates I and I11-VI
obtained from UV mutagenesis TFL selection screen normalised to the mean the free
AA profile of the WT. The value of each AA was normalised to the mean of that same AA
from WT dataset + SD. All the values are derived from Table 5.5. The means of the rows
were compared using One-Way ANOV A with Tukey’s multiple comparisons. Different
letters in superscript between values in the same row indicate statistically significant
difference according to One-Way ANOVA with Tukey’s multiple comparisons (p < 0.05). A
lack of any superscript letters indicates lack of significant difference within a row. n =3,
unless indicated otherwise.

WT Iso | Iso 111 Iso IV Iso V Iso VI
Ala 100011  093+015  089+0.16  085:019 102003 1134004
Arg  100£001 078+003A® 074+002° 1024018% 076+009° 064+ 005°
Asx  100£002° 083:0.16AC 049+009° 055%0.19°%  074+005  0.66+014°
Asp  100£007A 0814020 087£042° 042£003° 072+009A 0.47+016°
Cys 1002021  095:013 MO0 el 099£002  0.84+0.10
Glu 100£007AC 0974003AC 079+0045C 077£009° 1014015AC 106+0.06%
Glx 100£018A°F 125+026A 055+003° 0.64+033A° 104+015A° 088+0.324°
Gly ~ 100£004  108+032  050%0.17  047£023  069+025  0.94+038
His  100£014A 074+007° 071+002° 079+006%° 0830144 071+006°
lle  100£009  111#012  125$007  102£017  118+008  107%007
Leu  100£011  108+021  105:028  094£029  105:013 102002
Lys 1004006 0994018 0974017 1174012 0914011  0.84£020
Met ~ 100£003 0924008  094+010 0784001 086013  0.93+009
Phe 1000064 1010084 151+015° 118+032% 1074005 098006
Pro 1000034 099+0014 081+0.10° 0.83+006A° 0.83+008A° 0.83+005A°
Ser  100+003A° 108+002° 098+007A® 0904003 109+006°  1.09+008°
Thr  100£003  089+006  092+007  082+005  100£009  099%0.09
Trp  100£009A 09840117 1684017° 126+037A8 106+006% 0010124
Tyr  1.00£002 1043006 1194009  101+015  109+003  1.07+003
Val  100£006  113+007  108+015  094+006  115:008  108%0.07
Total 1.00%0.04A 0.91+003APC 084+003C 0.774005° 0.95%009AC 096+0.04AC
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Appendix Table 29. Comparison of relative hydrolysate amino acid profiles of WT and
Iso 2 F. venenatum strains. The values are expressed as % of the total AAs. The 30 h and 36

h datasets were analysed separately. n = 3, unless stated otherwise.

36h
WT (n=2) Iso 2 WT Iso 2

Ala 7.98 +£0.80 7.77+£0.17 7.53+0.11 8.73+0.40
Arg 7.15+£0.05 7.26+0.13 7.26 £0.16 7.17+£0.13
Asp 10.43+£0.29 11.06 £0.16 10.28 £0.15 9.77£0.22
Cys 0.61+0.02 0.54 £0.02 0.68 £ 0.04 0.58 £0.08
Glu 17.02+0.95 17.57 £ 0.26 16.25+0.41 18.82 £ 0.26
Gly 5.05+0.04 552+0.14 497 +0.13 4.70+0.13
His 2.55+0.02 257 +0.04 2.64 £0.09 2.39+£0.13
lle 4.81+0.23 4.80 £0.23 5.00 £ 0.04 4.89+0.16
Leu 7.18 £0.49 724+ 031 7.63+0.18 7.06 +£0.28
Lys 8.03+0.44 7.60+0.14 8.39 £ 0.07 7.96 £0.15
Met 2.24+0.13 2.23+0.03 2.23+£0.09 2.21+£0.02
Phe 454 +0.18 4.23£0.07 4.65+0.07 4.38+£0.03
Pro 4.29+0.16 4.06 £0.03 4.38+£0.03 4.23+0.03
Ser 431+0.17 4.14 +£0.09 4.33+0.08 4.19+0.10
Thr 4.99+0.10 4.98 £0.09 4.94 +0.20 4.77+0.15
Tyr 2.96 £0.15 2.92+0.16 3.14 £ 0.07 2.78 £ 0.07
Val 5.86 £ 0.03 5.51+0.09 5.71+£0.15 537+£0.11
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® T7 No treatment

+ 75 ug/ml TFL

+ 150 pg/ml TFL

+ 75 ng/ml TFL + 2 mM Leu
® +150pg/ml TFL + 2mM Leu

Growth (ODsoo)
1

0:00:00 12:00:00 24:00:00 36:00:00
Time

Appendix Figure 6. Growth of Saccharomyces cerevisiae cells in YNB medium
containing 2 % glucose with 5°5°5 - Tri-fluoro — DL — leucine (TFL). Exponentially
growing cells were inoculated into microplate wells containing YNB medium with or without
75/150 pg/ml TFL or 75/150 ug/ml TFL + 2 mM leucine. The cultures were incubated at 28
°C with shaking for 36 h with OD readings at 600 nm taken every 30 min. The error bar
represent SD, n = 5 (biological replicates).
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