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Preface

The thesis in the present form was submitted in accordance to the requirement for
attaining the PhD degree at the faculty of Engineering and Science, Aalborg
University. The project is structured as a 4+4 PhD project, and the work was carried
out during the period of September 2017 to August 2021. The research project was
fully funded and supported by the Danish Research Council, Technology and
Production grant 7017-00167.

During my PhD project, I have been enrolled at the Department of Chemistry and
Bioscience, Faculty of Engineering and Science. The research was conducted at
Aalborg University, Esbjerg, Denmark. To expand my scientific horizon, I spend
three months in the laboratory of Dr. Tanja van Mourik, University of St Andrews, St
Andrews, Scotland. The PhD project has been a multidisciplinary research study,
which includes elements of computational chemistry, electrochemistry, downstream
process separation processes and biotechnology.

The photograph appearing on the cover is illustrating a Fusarium solani mutant,

expressing some of the secondary metabolites of which I have worked within this
study.

111



Electrochemistry and production optimization of naturally occuring quinones for flow battery technology

This thesis is based on the following papers:

1.

Kristensen, S.B.; Mourik, T. Van; Pedersen, T.B.; Serensen, J.L.; Muff, J.
(2020) Simulation of electrochemical properties of naturally occurring
quinones.

Scientific Reports, doi:10.1038/s41598-020-70522-z.

Kristensen, S.B.; Pedersen, T.B.; Nielsen, M.R.; Wimmer, R.; Muff, J;
Serensen, J.L. (2021) Production and selectivity of key fusarubins from
Fusarium solani due to media composition.

Toxins, doi:10.3390/toxins13060376.

Kristensen, S.B.; Fini, M.N.; Pedersen, T.B.; Serensen, J.L.; Muff, J. (2021)
Membrane based separation and purification of fusarubins from Fusarium
solani.

Separation and Purification Technology, doi:10.1016/j.seppur.2021.119576.

In addition to these papers, I have played a major role in the development and
implementation of the experimental research facilities for redox flow battery studies
in the laboratories of Section of Chemical Engineering, AAU Esbjerg. This work, in
addition to introductory studies on phenicin and development of extraction
procedures, laid the foundation of paper number 4, of which my contributions are
included in the summary.

4.

Wilhelmsen, C.O.; Kristensen, S.B.; Nolte, O.; Volodin, I.; Christiansen,
J.V.; Petersen, T.L.; Larsen, T.O.; Frisvad, J.C.; Hager, M.; Schubert, S.U.;
Muff, J; Serensen, J.L. (2021) The fungal battery: A redox flow battery
containing the biosynthesised negolyte phoenicin.

Manuscript in draft.

Furthermore, I have contributed to the following publications as side-projects. The
publications are related to the production of naturally occurring quinones, but are not
directly within the core of the thesis. They are included to demonstrate the perspective
of the multidisciplinary project I have been involved in.
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Yasmine, W.; Matthiesen, R.; Kaniki, S.E.K.; Sarensen, T.; Petersen, C.;
Muff, J.; et al. (2020) Heterologous expression of the core genes in the
complex fusarubin gene cluster of Fusarium Solani.

International Journal of Molecular Science, doi:10.3390/ijms21207601.
Pedersen, T.B.; Nielsen, M.R.; Kristensen, S.B.; Spedtsberg, E.M.L.;
Serensen, T.; Petersen, C.; Muff, J.; Sendergaard, T.S.; Nielsen, K.L.;
Wimmer, R.; Gardiner, D.M.; Serensen, J.L. (2021) Speed dating for
enzymes! Finding the perfect Phosphopantetheinyl Transferase partner for
Your Polyketide Synthase.

Manuscript submitted to Microbial Cell Factories



Acknowledgements

First and foremost, I wish to say thank you to my project supervisor Associate
Professor Jens Muff for the valuable support and good advice in the project. Secondly,
I want to express my gratitude towards my co-supervisor Associate Professor Jens
Laurids Serensen for his guidance and support in the academic world and the area of
biotechnology. To both of my supervisors, I wish to say thank you for allowing me to
take the best of both worlds and for creating a well-balanced academic atmosphere
with positive and inspiring outlook.

I want to say thank you to Dr. Tanja van Mourik for allowing me to work in her
laboratory and welcoming me in a generous way at the University of St Andrews, and
for helping me with the development of methods in the area of computational
chemistry, which was a critical milestone of this project and the starting point for
hopefully many other projects in the future. I wish to thank Professor Anders Bentien
for welcoming me in his laboratory at Aarhus University and for showing me the tips
and tricks with regards to flow cell testing which also proved essential in this project
and others.

For patience in answering my countless questions, my thanks goes to Associate
Professor Sergey Kucheryavskiy. To my colleagues in Esbjerg, Dorte and Linda, my
deepest gratitude is given for all their help throughout my years at AAU Esbjerg.
Without their hints, tips and tricks, good constructive questions, and help in the lab
this PhD would have been even harder to finalize. I want to give a big thank you to
Associate Professor Rudi P. Nielsen for helping me in the role as work employment
representative, and leading the way with a positive foresight. My most sincere thank
you goes out to my co-students Mikkel and Charlotte for all the talks, endless coffee
breaks, and Friday beers. Thank you to the rest of my colleagues at the department for
creating a friendly and positive working environment at AAU Esbjerg.

To my designated partner in crime, Tobias Bruun Pedersen, thank you for listening to
all my complaints and for the endless advanced academic discussions about our
projects in our office. And for being a good friend.

Last but very not least, I would like to show my deepest appreciation and gratitude to
my family and friends for their support and encouragement during the last four years.
You never doubted my capabilities even when I was doubting them myself. Thank
you all. A special thank you goes to my girlfriend who has traveled up and down from
the Netherlands to visit me over the last years, the support and consolation provided
by you have been invaluable, thank you.

Sebastian Birkedal Kristensen
August 2021
Esbjerg, Denmark



Electrochemistry and production optimization of naturally occuring quinones for flow battery technology

English summary

The worldwide energy consumption is increasing each year, and has been throughout
the history. The influence of fossil fuel-based energy sources on the climate changes
has been wide reported and the green transition is ongoing with the renewable energy
sources e.g. wind and solar power being the vastest investigated and promising
solutions. To fulfill the potential of renewable energy sources to fit the demands of
the energy grid, a steady and safe energy storage solution is evidentially needed to be
found. However, it is not possible to have one specific solution in the current situation.
An energy storage solution which marks itself as a potential candidate is the redox
flow battery, which can be scaled according to the specific application needed, and
possess relatively safe operating possibilities. An alternative to the commercially
available, yet environmentally questionable, vanadium redox flow battery is the
quinone based redox flow batteries. These have showed potential as a candidate to
challenge the vanadium flow batteries. The potential of quinones as electrolyte is
enormous when considering the redox behavioral properties and the amount of
research which have been performed within this subject throughout the history. Until
now, research in the use of quinones as electrolytes in flow batteries have been
focused on synthetically produced quinones, derived from waste products from fossil
fuel productions. Quinones are however produced naturally by various organisms, and
herein lays an even greater potential for safe and environmental production of
electrolytes, which can push the green transition one step closer to an even greener
approach on energy storage. In this multidisciplinary project I have investigated the
potential of using naturally occurring quinones as electrolytes and how to produce
them in a sufficient and environmental considerate way.

Initially, I developed a local database containing 990 different naturally occurring
quinones, originating from various natural sources. The quinones were all subjected
to the computational chemistry simulations using density functional theory to
calculate the redox potentials and solubility of the quinones with the purpose to screen
for potential electrolyte candidates. The method was developed during my abroad stay
at the University of St Andrews in Scotland. The investigations elucidated that the
largest distribution of redox potential was to be found in the realm of fungi, as the
quinones possessing the largest and lowest redox potentials was found here. It was
also shown that the genus Fusarium and Penicillium were the largest contributors to
the production of quinones. The solubility of the quinones was proved to be correlated
to the presence of polar side chain groups rather than the size, molar weight, and the
number of rings present in the molecule.

With the basis of a mutant strain of Fusarium solani, 1 investigated the influence of
carbohydrate source and nitrogen source on the production of the secondary
metabolites with specific purpose to enhance the yield of the fusarubins produced by
the organism. The fusarubins are produced by the polyketide synthase PKS3 and
depending on the availability of specific ions in the growth media specific compounds
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could be extracted. Four different quinones were produced in high enough amounts to
be relevant for future experiments and a quantifiable HPLC method was developed as
well to determine the concentrations of the specific compounds. The learnings from
this development sequence have been a significant outcome of this project as well as
the findings in the study. The extraction procedure was developed specifically for
these compounds, however prepared to yield maximum concentrations and not
considering environmentally challenges with future upscaling projects. It was
established that when using the carbohydrate maltose and the nitrogen source
ammonium tartrate the production favored the quinone bostrycoidin as well as
producing the compound with a high selectivity, yielding only small amounts of the
other three compounds. The production could evidentially be enhanced further by
prolonging the fermentation period from seven to nine days. The compounds
fusarubin, javanicin and anhydrofusarubin were produced in the largest amount with
relatively moderate selectivity in media composed of sucrose and sodium nitrate,
where bostrycoidin was produced in very small amounts.

To utilize the extracted quinones in a future redox flow battery set up, significantly
higher concentrations were needed for even lab scale testing of the quinones. Utilizing
the findings with regards to the media composition which possessed high selectivity
and high concentrations of bostrycoidin, an upscaling study was initiated. However,
the extraction procedure posed as a significant challenge due to the extensive use of
chloroform as the solvent. It was not desirable to use when handling larger volumes,
as the ratio of solvent was 1:1. A potential way to lower the volumes needed extracted
was to apply membrane filtration steps to separate and concentrate the quinones.
Initially, a full separation train was investigated to elucidate if and how a potential
filtration step could be utilized. This showed great potential in using microfiltration
to separate bostrycoidin from the other three quinones. Additionally, the bostrycoidin
yields could be greatly enhanced when using the optimized media composition. The
concentrated retentates from the microfiltration step, which was exposed to the
extraction procedure, showed a high concentration of bostrycoidin, making this a
potential upscaling procedure for future productions of electrolytes.

The preliminary investigations of the naturally occurring quinone phenicin was
conducted, which provided the foundation for the further study on this compound as
a potential electrolyte. Lastly, to investigate if the compound bostrycoidin even
possess the potential to be used as an electrolyte a preliminary electrochemical
assessment was performed. The redox potential of the compound was found to be —
0.58 V vs SHE, which is considered very compatible when other researched
compounds is considered. The content of the thesis can therefore be seen as the first
of many steps and the foundation towards finding the most optimal naturally occurring
organic electrolyte for a greener energy storage of renewable energy.
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Dansk resume

Det globale energiforbrug stiger hvert dr og har veret stigende gennem historien.
Fossile breendstofbaserede energikilders indflydelse pé klimaforandringerne er blevet
bredt rapporteret, og den grenne omstilling er i fuld gang med vedvarende energikilder
som eksempelvis vind og solenergi som de mest studerede og lovende lgsninger. For
at udnytte vedvarende energikilders potentiale til at imedekomme kravene i
energinettet, er der et vasentligt behov for at finde en stabil og sikker
energilagringslosning. En enkelt specifik leosning er imidlertid ikke mulig, da
situationen kreever storre lagring end hvad der teknisk muligt p& nuvarende tidspunkt.
En energilagringslesning, der markerer sig som en potentiel kandidat, er redox
flowbatteriet, som kan skaleres i forhold til den specifikke applikation, og har relativt
sikre driftsmuligheder. Et alternativ til det kommercielt tilgengelige, men alligevel
miljemaessigt tvivlsomme, vanadium redox flow batteri er de quinon baserede redox
flow batterier. Disse har vist potentiale til at kunne udfordre vanadium flow
batterierne. Quinonernes potentiale som elektrolytter er store, ndr man tager redox
egenskaber og den store mangde forskning i disse gennem historien i betragtning. De
quinoner, der er undersegt til brug som elektrolytter i flowbatterier, har indtil nu veeret
fokuseret péd affaldsprodukter fra fossile breendstofproduktioner og heraf syntetisk
producerede quinoner. Quinoner produceres imidlertid naturligt af forskellige
organismer, og heri ligger et endnu sterre potentiale for sikker og miljemassig
produktion af elektrolytter som kan bruges til potentielt at skubbe den grenne
omstilling et skridt tettere pa en endnu grennere tilgang til energilagring. I dette
tveerfaglige projekt har jeg undersogt potentialet i at bruge naturligt forekommende
quinoner som elektrolytter, og hvordan man producerer dem pa en tilstreekkelig og
miljemassig hensynsfuld méde.

Som det forste udviklede jeg en lokal database som indeholder 990 forskellige
naturligt forekommende quinoner, som stammer fra forskellige kilder. Quinonerne
blev alle udsat for simuleringer udfert med beregningskemi hvori densitets
funktionale teorien blev anvendt til at beregne redox potentiale og opleseligheder for
quinonerne for at screene for potentielle elektrolyt kandidater. Metoden anvendt blev
udviklet under mit udenlandsophold ved universitetet i St Andrews i Skotland.
Undersogelsen viste at den sterste fordeling af redox potentialer kunne findes i
svampenes rige, hvor quinoneren med de hgjeste og laveste redox potentialer blev
fundet. Ligeledes viste det sig at svampe typerne Fusarium og Penicilium producede
flest quinones som var placeret i de ydre extremer. Opleseligheden af quinonerne blev
vist at vaere athangig af tilstedevarelsen af polere sidekadegrupper frem for
storrelsen, molvaegten og antallet af ringe, der er til stede i molekylet.

Med udgangspunkt i en mutant stamme af Fusarium solani undersegte jeg
kulhydratkildens og nitrogenkildens indflydelse p& produktionen af de sekundare
metabolitter med et specifikt formal at ege udbyttet af fusarubiner produceret af
organismen. Fusarubinerne produceres af polyketidsyntasen PKS3, og athangigt af
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tilgeengeligheden af specifikke ioner i vakstmediet kan specifikke forbindelser
ekstraheres. Fire forskellige quinoner blev produceret i tilstreekkelige koncentrationer
til at vere relevante for fremtidige forseg. Der blev endvidere udviklet en
kvantificerbar HPLC -metode til bestemmelse af koncentrationerne af de specifikke
forbindelser. Laeringen fra denne udviklingssekvens har varet et veesentligt resultat af
dette projekt sével som resultaterne i undersogelsen. Ekstraktionsproceduren blev
udviklet specifikt til disse forbindelser, dog med fokus p& at give maksimale
koncentrationer og ikke overveje miljomassige udfordringer med fremtidige
opskaleringsprojekter. Det blev fastsliet, at ved anvendelse af maltose som
kulhydratkilde og ammoniumtartrat som nitrogenkilde, favoriserede produktionen
quinonen bostrycoidin og pa samme tid med en hgj selektivitet, hvilket kun gav sma
koncentrationer af de tre andre forbindelser. Produktionen kunne eges yderligere ved
at forleenge gaeringsperioden fra syv til ni dage. Forbindelserne fusarubin, javanicin
og anhydrofusarubin blev produceret i hgjeste koncentrationer med relativt moderat
selektivitet i medier sammensat af sucrose og natriumnitrat, hvor bostrycoidin kun
blev produceret i ubetydelige mangder.

For at kunne udnytte de ekstraherede quinoner i et fremtidigt redox flow batteri, er
der brug for betydelige hgjere koncentrationer for at kunne teste quinonerne i
laboratoriet. Ved at tage wudgangspunkt i resultaterne med hensyn til
mediesammensatningen, der viste hgj selektivitet og heje koncentrationer af
bostrycoidin, blev et opskalerings forseg startet. Ekstraktionsproceduren udgjorde
imidlertid en betydelig udfordring, da anvendelsen af chloroform som
oplesningsmiddel ved héndtering af sterre volumener ikke er hensigtsmassig, og
forholdet mellem anvendt oplesningsmiddel er 1: 1. En mulig méde at senke de
nedvendige volumener kan vare at anvende membranfiltrering for at adskille og
koncentrere quinonerne. Oprindeligt blev et separationstog undersggt for at vise,
hvorvidt og hvordan et potentielt filtreringstrin kunne udnyttes. Dette viste et stort
potentiale ved anvendelse af mikrofiltrering til at adskille bostrycoidin fra de tre andre
quinoner, og ved hjelp af den optimerede mediesammensetning for bostrycoidin
kunne udbytterne forbedres betydeligt. De koncentrerede retentater fra
mikrofiltreringstrinnet, som blev udsat for ekstraktionsproceduren, viste en hgj
koncentration af bostrycoidin, hvilket kan bruges som en potentiel
opskaleringsprocedure for fremtidige produktioner af elektrolytter.

De indledende undersogelser for hvorvidt den naturligt forekommende quinone
phenicin kan anvendes som elektrolyt er udfert, hvilket udgjorde grundlaget for de
videre underspgelser af dette stof. For at undersgge, om bostrycoidin overhovedet
besidder potentialet for anvendelse som elektrolyt, blev der udfaerdiget en forelabig
elektrokemisk vurdering. Forbindelsens redox potentiale viste sig at vaere - 0,58 V vs
SHE, hvilket anses for meget kompatibelt og konkurrencedygtigt, nir andre
undersggte forbindelser overvejes. Indhold af denne athandling kan derfor ses som
det forste af mange trin og grundlaget for at finde optimale elektrolytte til en grennere
energilagring af gren energi.
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Aims and Research questions

The overall aim of this thesis was to investigate and develop the possibilities of using
natural occurring quinones in redox flow battery technology. This can be divided into
specific research questions:

e Which of the already known naturally occurring quinones is the best suited
for use in a redox flow battery, and in addition to this, where in nature are
they to be found? And which compound properties are governing the
potential candidates?

e s it possible to produce the found quinones in the native host in sufficient
amounts for use in a redox flow battery? If not, what are the possibilities for
optimization?

e  Are the extraction procedures found in literature for similar compounds valid
for extraction of quinones, and how can this be optimized for the specific
compounds?

e  When extracted, how can the electrochemical properties be verified and how
to assess whether the quinone can be used as electrolyte in a redox flow
battery?

The research questions led to the formulation of the extended objectives described
hereunder:

e Develop a database concluding all known naturally occurring quinones and
screen for possible candidates, based on reduction potential and solubility,
using density functional theory, DFT, calculations.

e  With basis in the screening find potential candidates and optimize production
in native organisms and extraction methods. A secondary objective was to
develop a quantitative method for concentration determination of the
individual molecules. Additionally, molecular engineered organisms, like
organisms with overexpressed genes for higher yield or have heterologous
expression, can be used if available.

e Develop and perform practical assessment using electrochemical tools, such
as cyclic voltammetry of the candidate, for the use in an RFB.

o Inscope of future upscaling experiments, large scale production optimization
should be investigated for the best suited candidate.
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As indicated, the project grabs over several different disciplines whereas each of them
over the project period have been worked with some in greater detail than others. The
multidisciplinary project elements are visualized in the project wheel presented in
Figure 1.

Computational Chemistry

Biotechnology

Molecular biology

Redox flow battery

- with natural occuring
quinones as electrolytes

Downstream
separation
technology

Electrochemistry

Figure 1 - Elements of the project, indicated by the subjects and papers with 1) Computational
chemistry, 2) Biotechnology, 3) Downstream separation technology, 4) Electrochemistry, 5)
Molecular biology. The 6 paper, is covered by the field of Molecular biology

In the following introductory chapter, the subject will be clarified in connection to the
relevant theoretical aspects. The chapter initiates with describing why the solution of
energy storage is needed, which provides the reasoning of the project. Hereafter, the
different elements are explained with relevance to the research questions and
objectives, which resulted in the research papers found in the end of this dissertation.
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Chapter 1. Introduction

Chapter 1. Introduction

The world has an increasing use of energy, and has had this since the 1920’s, where
oil and gas production was introduced [1]. The Energy consumption reached a very
high increase in 2018 of 2.8% where the average growth over a 10year period have
been 1.6% increase. From 2018 to 2019, the increase was only 1.3% which was lower
than the 10-year average. However, 41% of this was due to renewables and a decline
in coal consumption was seen which reached the lowest level in the energy mix since
2003 [1,2]. So, overall a shift in energy matrix is seen going from coal and oil towards
natural gas and renewables, leading to lowering the carbon emissions as well.
Renewable energy sources grew the most of all energy types with an increase of 3.2
EJ and natural gas showed the second largest increase with 2.8 EJ. This picture was
opposite in 2017 where natural gas showed the largest increase followed by
renewables.[3] The renewables went from 4.5% to 5.0% of in the total energy mix,
and the largest contributor to this was wind energy which increased with 1.4 EJ and
hereafter the solar energy followed with 1.2 EJ increase. A very interesting point to
note is that if electricity only is considered, the renewable part showed an increase
from 9.3% to 10.4% in the total electricity consumption. This increase brings
renewable energy in front of nuclear energy in the total energy mix for the first time
in the history [1]. The overall energy consumption over the timeframe from 1965 to
2019 is visualized in Figure 2.

600
— Renewables
— Hydropower
500 — Nuclear
— Gas
400

—Coal

200

100

0
1965 1970 1980 1990 2000 2010 2019

Figure 2 - The worlds energy consumption in Exajoules (EJ) in the period from 1965 to 2019
[1].
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The shift from oil and coal-based energies to renewables has been over many different
politicians’ lips during the last ten years, with global warming being a real issue and
dealt with accordingly. In 2015 at the international climate conference in Paris, 196
members of the UN signed an agreement which commits the countries to each lower
the greenhouse emissions and work towards a greener approach. The agreement was
named the Climate agreement of Paris.[4] Denmark has after the agreement in Paris
improved these goals and chosen to work toward being independent of fossil fuels
after 2050 [5]. The tendency of the green transition is however also seen in the energy
production in Denmark. The usage of coal decreased with 44% from 2018 to 2019,
and the renewable energy sources, such as wind, solar, biogas etc. showed an increase
of 5.2%. Also, crude oil and natural gas exhibited a decrease in the production, with
11.4% and 25.4% respectively. When looking back to 2015, the percentage of
electricity used that was produced by renewable sources was 56% of the total amount
of electricity used in Denmark, where 41.8% of this was attributed to wind [6]. The
year after in 2016 the number increased to a total renewable electricity use of 53.9%,
and between 2016 and 2017 the production increased by 15.6% and was then
composing 63.7% of the total electricity use, the amount attributed to wind turbines
was then 43,2% as the highest of the contributors [7]. In 2018 a slight decrease was
seen in the total amount of renewable electricity, where the percentage was 60.5%,
but from 2018 to 2019 an increase of 16.2% was found and the percentage of
renewable electricity was at the highest ever at 67.5%, where 46.8% was from wind
energy. These tendencies can be attributed the increase use of biomass and wind
turbines, where there have been large investments the last years. This can be seen if
the overall increase in electricity produced by renewable sources from the year 1994
t0 2019 is considered 1180% and if only wind turbine energy is considered the number
is 1260%. When looking at the overall energy production the increase from 2016 to
2017 was 7.6% and the total produced energy in 2017 was shown to be 171 PJ. From
2018 to 2019 the increase was 5.2% to the highest level yet, of 176.4 PJ. The increase
over the years from 1990 to 2019 was shown to be 288% of production of renewable
energy in Denmark. The highest contributor to this in the wind energy, which
composed of 58.1 PJ in 2019 which was an increase of 16.2% from 2018 [8], Figure
3. The group listed as “other” consist of solar energy, geothermal and hydropower
energy. When looking at the total amount of energy produced in 2019 the percentage
covered by renewables was 36.7%, and the CO> emissions was decreasing by 7.8%,
and from 1990 to 2019 the decrease was at 43%.
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Figure 3 - Annual production of renewable energy in the period of 1990 to 2019, divided into
the largest contributors measured in Petajoules, (PJ)[8].

The green shift towards renewable energy sources has over time brought knowledge
and investments to the different technologies. This has led to 72% of all new additions
to energy capacities worldwide is accounted for by renewables in 2019. The prices
have, because of the maintained focus over time, also seen a significant drop, making
the technologies widespread over the world. From 2010 to 2019 the levelized cost of
electricity (LCOE) have decrease by 82% for the utility solar photovoltaic power
sources, 47% decrease is seen for the concentrating solar power, 39% decrease for the
onshore wind energy, and 29% for the offshore wind energy cost, Figure 4. This
makes the renewable energy sources competitive with the fossil fuel industry, leading
to more investments and more widespread technologies [9].

To make the green transition function in an optimal way a smarter grid scale energy
storage solution will be required, because the renewable sources is based on e.g.
sunlight and wind, where the fluctuation of production not necessary complies with
the steady state demand on energy. This has been taken into account by the Danish
government [10], that has agreed on investments in renewable energy storage
solutions, going forward to 2030. The common storage possibilities as of today, e.g.
solid state batteries, is not however viable when the economic and environmental
properties is taken into consideration [11,12]. The issue is that the solution has to be
scalable, inexpensive and efficient, and that different types of energy storage, such as
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capacitators, flywheels, and enclosed secondary batteries can only be used for short
duration of grid services. An example of this could be frequency regulation and grid
power quality maintenance. The main solution for long term storage which is needed
for wind and solar power is then pumped hydroelectric energy storage [12,13]. This
type of storage is geographically limited to where it is possible to have to large
reservoirs of water with significant large elevation [14].
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Figure 4 - Price development or the global weighted-average levelized cost of electricity
(LCOE) over time, in USD/kWh for the four main contributors of renewable energy worldwide,

[9].

Another type is compressed air energy storage in caverns where natural gas is
combusted during discharge, which also then requires certain geographical properties.
Secondary batteries are however not restrained by geographical demands, and could
potentially enable the storage of fluctuating renewable energy at a large scale. The
scalability and use of rechargeable batteries have until now been limited to few types,
whereas lead-acid and lithium-ion batteries is the far most developed. The use of these
batteries goes from automobile batteries, to the small lithium-ion batteries in cell
phones and computers, due to the high energy density in the lithium-ion batteries.
Despite these many well-defined properties of the lithium-ion battery and the
extended funding to research the development of the battery into the utilization in
cars, the integration into large grid scale application has been very limited. This
because some challenges such as limitation and geopolitical issues around raw
materials [15], and recently there has been issues with fire hazards due to the organic
solvents which are contained in the batteries [16,17].
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1.1. Redox flow batteries

A battery type that potentially can be used for large grid scale energy storage, peak
shaving of production versus demand for intermittent renewable energy production is
redox flow batteries, (RFB). The RFBs are scalable with regards to energy and power
independently, whereas if a large power in/output is required a large number of cell
stacks can be used, and if the requirement is large storage capacity, an increased
volume of the electrolyte tanks can be utilized. When economy and safety are
considered, the RFBs are also recognized as the realistic choice of energy storage for
large scale applications in the ranges kW/kWh to MW/MWh [18,19]. Even though
the energy density or the energy stored per unit volume of RFB is lower than for
lithium-ion batteries, the scalability and economy of RFB still makes the battery type
a valid candidate. Techno-economic studies estimates that an aqueous RFB with an
open circuit voltage of 1.5V, with electrolyte costs of USD$ 5 per kg for the active
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Figure 5 - Overview of the basic principle of a redox flow battery. Where A indicate the anolyte
and B indicate the catholyte, in the two cell compartments. Separating them is the ion-selective
membrane which is indicated by allowing H* to permeate through upholding the charge
balance. The redox reactions of the two electrolytes is occurring at the two electrodes
illustrating the electron flow through the flow cell.
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material and up to 150 g per mole electrons transferable should be priced around
USD$ 120/kWh, where there is still significant room for improvement of further
production cost reductions. Where cheap electrolytes and large production volumes
can be mentioned as examples [20].

In Figure 5 the overall basic principle of an RFB is illustrated. When the battery is
charged and discharged the following reaction will occur at the anode and cathode,

[21];

Charge
A+ 4 xe A=+ _in the anolyte (E° < 0). (1)

Discharge

Charge
_—

B+ _ 4o Bm+0+  _in the catholyte (E° > 0) (2)

—
Discharge

In the RFB, electrical energy is converted into chemical energy which is stored in two
reservoirs or tanks. The tanks are separated from each other, and contain the two
electrolytes, often named anolyte and catholyte or negolyte and posolyte. The
electrolyte is two different redox couples, which undergoes a reduction and
oxidization when the battery is charged or discharged depending on their reduction
potential. One of the tanks is containing a solution of electrolyte with a large (positive)
standard reduction potential (E°), which receives an electron spontaneously when the
battery is being discharged. The second tank contains a solution that has a
corresponding low (negative) E® which donates an electron spontaneously when the
battery is discharging. In the charging phase of the battery, the two electrolytes
undergo the non-spontaneous opposite reactions. The reactions occur in the battery
cell at the surface of the two electrodes, the electrolytes are being recirculated through
the cell by two separate pumps. The cell potential, (Ecen), is defined as the difference
between the standard reduction potential of the anolyte and catholyte, whereas a larger
cell potential can be obtained if an anolyte is used with a more negative E° and
simultaneously a more positive catholyte is utilized. The battery flow cell is
constituted by two half cells which is divided by an ion-selective membrane. For the
optimal number of reactions to occur in the half cells, is a relatively large surface area
provided by these. The purpose of the ion-selective membrane is, besides ensuring
that the two electrolytes does not cross to the other half call and initiate unwanted side
reaction which can potentially lower the capacity of the battery, to serve as an ionic
charge balance facilitator. The membrane is allowing small ions, e.g. H" ions, to move
between the two half cells ensuring the ionic charge balance to be maintained. Often
Nafion membranes have been utilized as these have shown promising results when
using organic electrolytes [22—24].

The most investigated and developed type of RFBs, is the vanadium redox flow
battery, VRFB,[25-27]. The battery utilizes the metal vanadium as both anolyte and
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catholyte, due to vanadium’s ability to appear in solution in four different oxidization
states. The half-cell reactions are described below.

Charge

V3t + e >y (E°= —-0.255V) (3)
Discharge

Charge
VO?* + H,0 — e " VOF + 2H* (E°=1.004V) (4)

Discharge

The difference between the anolyte and catholyte is yielding 1.26V for a proton
concentration of 1M, where only the second reaction is coupled to protons, and
therefore the potential will increase at lower pH. Several companies in the industry all
over the world have developed and evolved the VRFB, where the largest batteries in
use is under construction by Rongke Power in Dalian, China, and it is rated at 200
MW/ 800 MWh. But even though the vanadium electrolytes are very stable and the
crossover through the membrane is not of any significant meaning because it’s the
same electrolyte on both sides, the price of vanadium is fluctuation a lot and in average
to high when considering worldwide large applications. As example the United states’
department of Energy stated that a utility scale storage application should not cost
more than USD$ 150/kWh [28] in 2023, of which the VRFB are expected to exceed
[29], where systems can have costs between USD$ 3-800/kWh [30]. The vanadium
itself is priced with fluctuation around USD$ 80/kWh, while the ion exchange
membrane is the expensive part, taking up nearly 40% of the cost of the battery [31].

In addition to the expensive but reliable VRFB, several other types have over time
been investigated and developed, among these chemistries are hydrogen-bromine
[32], sulfur-oxygen [33], metal-hydride [34] and all-iron based which are in a slurry-
form [35]. Others have developed hybrid system using zinc as a non-flowing
electrolyte, in combinations such as zinc-bromine [36], zinc-iron [37] and zinc-cerium
[38], however these batteries lose the separation capability of power and energy
because the electroplating which occurs in these batteries is limited by the cell surface
area instead of the volume of the electrolyte reservoirs.

In the recent years, a variety of organic compounds have been investigated for use in
RFBs. These provide several benefits and advantages when comparing to the
expensive inorganics. The organic materials provide a diverse molecular pallet with
different properties and also being non corrosive, safe, and low cost [39—41]. There
has been different variations of organic RFBs over the past, where metal-ligand
complexes with organic ligands were used as electrolytes [42,43], also electrolyte
couples which were composed of one organic and one inorganic electrolyte was
researched [44], and where the couples were organic and halogens [45], and also types
where both electrolytes were organic based, named all organic RFBs [46,47]. An early
study from 2010 investigate a hybrid flow battery using lead and 4,5-dibenzoquinone-
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1,3-benzenedisulfonate, or commonly named Tiron, as the electrolytes, being the first
to investigate the class of organic compounds called quinones as electrolytes for use
in RFBs [48]. In the recent years quinones have received some attention and showed
to possess several qualities when considered in RFBs [18,22,45,49]. Quinones has
been shown to be a cheap, reliable, and displaying fast energy transfers, which all are
key parameters in flow battery technology [1].

1.2. Quinones and their electrochemical properties

Quinones are organic molecules which consists of at least one aromatic ring structure
or hexacyclic saturated ring, combined with a di-one or di-ketone system. The
molecules can occur as ortho or para-constituents, which is illustrated in Figure 6.
Quinones can contain one or more ring structures, where the simplest form is the
benzoquinones, containing one ring. The quinone containing two rings, which can be
explained as a naphthalene backbone connected to two carbonyl groups, are called
naphthoquinones, whereas the compounds containing three rings are named
anthraquinones and are containing the backbone of anthracene, connected with two
carbonyl groups[50,51].

A o B 0 C o
o o o
A o B o) C o
o ¢
o o o

Figure 6 - Types of various quinones. Orthoquinones; A) 1,2-benzoquinone, B) 1,2-
napthoquinone, C) 9,10-phenanthrenequinone. Paraquinones; A) 1,4-benzoquinone, B) 1,4-
naphtoquinone, C) 9,10-anthraquinone.

Quinones have been researched thoroughly for many years based on the redox
behavior and stability in aqueous solutions, where both para- and orthoquinones can
be present in either fully reduced or oxidized forms, or in an intermediate state where
the quinone occurs as a semiquinone radical. The redox behavior can be illustrated
Figure 7 [52].
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Figure 7 - Redox behavior of 1,4-benzoquinone, the process is however similar for all quinone
compounds. Oxidation proceeds from left to right, reduction is opposite.

The hydroquinone is oxidized from left to right, and can be described through some
steps. The first step is a loss of a proton, where after the compound is named a
Phenoxide ion, a rapid loss of an electron yields the phenoxy radical. When this
compound is oxidized and loosing another proton the semiquinone radical is formed,
where two resonance forms is present. These forms are unstable so the loss of a second
electron will take place and yield the fully oxidized 1,4-benzoquinone [52-54]. It is
in general believed that the redox reaction of quinones is a rapid transfer of two
electrons and two protons, [45,52,53,55]. However, depending on the pH of the
solution, the amount of protons present in the reaction can differ, yielding slightly
different compounds [56].

A o OH B o o C o o
o OH o OH o o

Figure 8 - Redox behavior of quinones in different pH. A) Acidic pH, B) Neutral pH, C)
Alkaline pH [56].

In acidic solutions excess number of protons will lead to the reaction illustrated in
Figure 8A. If the reaction occurs in a solution around neutral pH there will only be a
limited number of protons available and the reaction could undergo the rapid two
electron -two proton redox reaction, however, if not enough protons is available the
reaction will proceed with only one proton as illustrated in Figure 8B. When the pH
raises to alkaline, the number of protons will be very limited making the reaction
undergo only a to electron transfer, illustrated in Figure 8C. The quinone is reduced,
however not hydrolyzed, where the compound then is named a dianion.

These behavioral tendencies have been investigated as well with respect to the
reduction potentials, where different quinones were analyzed at varying pH levels
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between 0-13[49,57,58]. The relation between pH and reduction potential is explained
to be a decreasing slope of 59mV/pH for reaction where two protons is involved, and
30mV/pH for reaction where only one proton is involved. The slope is 0 when no
protons is involved in the reaction. The relation was described in detail using the
Nernstian equation by Richard G. Compton et al. 2012 [59].

1.3. Quinone redox flow batteries

Quinones have been studied in some years for the use in RFBs, due to their reversible
redox behaviors and versatile organic nature. The stability, solubility, and redox
potential of the compounds can be adjusted to fit specific batteries based on side chain
groups bonded to the backbone of the compounds, thereby designing the optimal
quinone compound as electrolyte. Several different quinone combinations of
electrolytes in full cell RFBs have been researched over the years, some examples
hereof are presented in Table 1.

Table 1 - Overview of quinone based RFBs, the electrolyte combination, redox potential,
molarity, capacity fade ratio when listed, pH of the electrolytes when published and author/date
of the studies. Quinones and their E° and molarity have been highlighted by bold.

Redox Capacity
Electrolytes p(;t‘?;tslal M(Ell\?[r)lty fade % pH Author/year
per cycle
SHE)
0.5/0.4 0.1 14 Lin et al./2015 [49]
2,6- -0.68/0.50
DHAQ/K4Fe(CN)e 0.1/0.05 0.1 14 Goulet etal.2019 [60]
DHBQ/KiFe(CN)q -0.72/0.50 0.5/0.4 0.24 14 Yang et al./2017 [58]
DMBQ/KsFe(CN)s -0.75/0.50 0.1/0.1 0.11 14
Sun et al./2019 [61]
DMOBQ/K.Fe(CN)s -0.70/0.50 0.1/0.1 0.17 14
Bislawsome/ -0.55/0.50 0.1/0.2 3.8x107 14 Tong et al./2019 [62]
KuFe(CN)s
2,6-DBEAQ/ -0.54/0.50 0.5/0.3 1.0x 107 12 Kwabi et al./2018 [63]
K4Fe(CN)s
2,3-HCNQ/ -0.53/0.50 0.5/0.4 53x102 14 Wang et al./2018 [64]
KaFe(CN)s
9-
2,6-DPPEAQ/ -0.47/0.50 0.5/0.4 4.0x10* Jietal./2019 [65]
KsFe(CN)s 13
-0.43/0.50 0.1/0.1 4.0x107? 7 Jin et al./2019 [66]

PEGAQ/ K4Fe(CN)s
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AQS/HBr 0.19/1.06 1.0/3.0 1 0 Gerhardt et al./2017 [67]
1.0/3.0 1.4x10? 0 Huskinson et al./2014 [45]
AQDS/HBr 0.21/1.06
1.0/3.5 0.1 0 Chen et al./2016 [68]
-5
AQDS/FeSO4 0.15/0.77 0.33/0.67 7.6x10 0 Yang et al./2020 [69]
ARS/BQDS 0.08/0.91 0.05/0.05 2 0 Zhang et al./2015 [70]
0.21/0.82 1.0/1.0 1 0 Hoober-Burkhardt et
AQDS/DHDMBS o o al./2017 [71]
BQDS/AQS 0.82/0.13 0.2/0.2 - 0 Yang et al/2014 [46]
0.5/0.82 0.1/0.1 " Brsh 12015 [72
Quinoxaline/BQDS T -170 - 14 rushett et al. [72]
0.35/0.72 lid/0.25 0- Xu et /2010 [48
PbSO4/BQDS -0.35/0. solid/0. - 10 uete [48]
2 -
Zn(OH)¢*/FQH» -1.30/0.70 0.2/0.1 9.0x10 07 Park et al./2019 [73]
ZnCl/1,4-BQ -0.76/0.65 1.5/0.05 - 7
ZnC1/1,2-BQ -0.76/0.75 1.5/0.05 - 7 Leung et al/2016 [74]
-0.76/0.85 1.5/0.05 - 7

ZnCl1/BQDS

There is great variation in the combinations of electrolytes, some use a quinone-iron
complex at high pH, and HBr has been investigated as the second electrolyte
combined with different quinones at low pHs. All-quinone RFBs have likewise been
investigated and also several hybrid RFBs have been researched. It is noted that the
majority of the published full cell studies have cell potentials around 1-1.5 V, and is
therefore comparable and can be competitive with the cell potential of the VRFB. The
variation of the capacity fading ratios reveals that there is still room for improvement
even though some studies show low capacity fading ratios.

Several studies have researched the stability of the quinone by the structure of the
compounds, e.g. Yunlong Ji et al. 2019, [65], which proposed a phosphonate-
functionalized quinone, (((9,10-diox0-9,10-dihydroanthracene-2,6-diyl)-
bis(oxy))bis(propane-3,1-diyl))bis(phosphonic acid) or (2,6-DPPEAQ). This study
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was a continued study based on an earlier published article by Kwabi et al. 2018, [63]
in which they investigated four anthraquinones, with the base compound being
hydroxyanthraquinone, and substituted two sidechain groups into 1.2-DBEAQ), 2,6-
DBEAQ, and 1,8-DBEAQ, and they assessed the influence of these substituents on
the electrochemical properties of the quinones. Yunlong Ji and co-workers, [65],
showed that substitution of the functional groups could improve the electrolytes and
thereby the RFB, with the capacity fading as low as 0.00036% per cycle. These
improvements of electrolyte compounds are however very time consuming if all
combinations, molecules, sidechain groups, and placements hereof should be
considered. To investigate the optimal composition of the molecules several
researchers have been using computational chemistry.

1.4. Computational evaluation of electrolytes for RFBs

Computational chemistry can be applied to investigate various combinations of
molecules and different functional groups. The computational calculations can be
used to gain important information about redox systems in an efficient way where
unwanted side reactions and decomposition products can be studied in detail.
Traditional density functional theory (DFT) has been applied to investigate the
vanadium complexes reactions with water molecules, to the hydrated vanadyl ion
(VO(H20)5)*" [75-77]. Also hybrid RFBs have been investigated using DFT where
the adsorption and diffusion of zinc ions to the carbon electrode was simulated [78].
Various studies have been conducted to study organic redox species. The use of
computational chemistry elucidates a fast way of investigating many different
molecules and their substituted functional side chain groups, thereby finding
promising compounds before conducting experiments in the laboratory. The
published research from Er et al. 2015, [79], presents a high throughput virtual
screening of 1710 quinone molecules, where reduction potential and solubility are
investigated based on functional sidechain groups and amount of rings in the quinone
structure. The paper also presents valid information about the functionalization of the
sidechain groups such as electron donating groups (EDGs), e.g. -NHz and -OH, which
tend to lower the electron affinity and thereby results in a decrease in the reduction
potential. When quinones are substituted with electron withdrawing groups (EWGs),
such as -NO», -SO3H, and -PO3H>, the opposite tendencies where higher reduction
potentials are observed. It is also stated that the most promising compounds for the
negative side is 9,10-AQ quinones, whereas on the positive side 1,2-BQ, 2,3-NQ, and
2,3-AQ derived quinones are the promising candidates. The solubility of the quinones
could be improved by substituting the functional groups furthest away from the cyclic
ketones [79]. The same tendencies of EDGs and EWGs was concluded by the study
of Assary et al. 2014, [80], which investigated the reduction potentials of 40 nitrogen-
containing molecules called quinoxalines. The quinoxalines has also been researched
by Pasadakis-Kavounis et al. 2021, [81], where the electrochemical characterization
of these types of compounds was investigated for use in flow batteries. The study of
Cheng et al. 2015 [82], proposed a different workflow where a downstream selection
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model was published to investigate potential candidates for a non-aqueous RFB.
Simulations of 1417 derivatives of aromatic molecules were screened for their
reduction potentials, and based on these 353 candidates were chosen to continue. The
solvation energies were computed for the 353 potential candidates, and of these 262
were chosen to continue in the screening. The structural changes of the compounds
were then assessed, by simulating the geometrical stability of the molecules, which
led to the conclusive number of candidates of 231 for the non-aqueous RFB. Tabor et
al. 2019, [83] , presented a study where the stability of quinones was investigated,
which elucidated that depending on the backbone of the quinone, side chain group
placement etc., the molecules reactiveness with water through the Michael addition
was one of the important factors to consider and investigate when choosing
electrolytes.

Table 2 provides an overview of some of the computational studies which have been
conducted over the years. The tendency of which functional and basis set to use is
relatively clear, as most of the studies share the B3LYP functional and then a variation
of 6-31G basis set with or without polarization functions, noted either as (d,p) or by
**_ A general observation is that the majority of the studies use similar procedure in
the structure of the work. To find the most stable form of the molecule of interest the
potential energy surface is used to find the lowest amount of energy of the molecule.
In a diatomic molecule, the potential energy increases if the bond length is stretched
or compressed. A stationary point on the energy surface is often found to be the
minimum potential energy, a saddle point or a transition state of the molecule.
Conduction a geometric optimization is performed by submitting a structure of a
molecule to a computational algorithm which systematically alters the structure until
the minimum energy is found [84].

Table 2 - Overview of some computational studies of potential electrolytes for usage in RFB
technology.

Computational

Compound methods Study highlights Author/year
O S e et e
ouble
redox-unit B3LYP/6-311G(d,p) redox flow batteries [85]
compounds
DFT Stability and redox behaviour.
1 - )
DMB ‘and B3LYP/6-31G (2df, potentials in different solvents. Assary/2016 [86]
derivatives p)
1417, DFT (B3LYP/6- High throughput screening of redox
various 31+G(d)) and PCM? potentials, stability and solubility, ~ Cre"&/2015 [82]
aromatics
DFT Functional sidechain groups influence
Quinoxaline group Assary/2014 [80]

derivatives

B3LYP/6-31+G(d)

on the redox potential.
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Various
organic
compounds

TDT?

Cyclic
nitroxides

4178 organic
molecules

106 organic
compounds

1710,
various
quinones

5 basic
quinones

DHAQ and
derivatives

134 various
quinones

4 p-quinones

10611
quinones

25 quinones

6 basic
quinones

Multi descriptor —
multiple kernel
method

DFT
B3LYP/6-31+G(d)

DFT
B3LYP/6-31+G(d)

DFT
B3LYP/6-31+G(d)
and TEF*-PCM

DFT
B3LYP/6-31+G(d)

DFT
PBE/6-31G**

DFT
B3LYP/6-31+G(d)

Semi-empirical
method
PM7 - COSMO

DFT
B3LYP/6-31++G**

DFT
BHandHLYP/MO6-
2x/PBE0 / 6-
31+G(d,p)

DFT
B3LYP/6-31+G(d,p)

Semi-empirical
Molecular Orbital
method

DFT
B3LYP/6-31+G(d,p)

Solubility and pH dependency, logS.

Stability of active material for non-
aqueous RFB, in combination with Li".

Solvation energies and redox potential.

High throughput screening of
molecules for non-aqueous RFBs.

Screening of redox potential and
solubility of various organic
compounds for use in RFB technology.

High throughput screening of quinone
compound, redox potential, solubility
and stability, based on different
functional groups.

Combined computational and
experimental study of redox behaviour
in RFBs.

Combined computational and
experimental study decomposition of
DHAQ in RFB.

One and two ¢” redox potential and pKa
was computed. Various functional
groups were also considered.

Combined computational and
experimental study of four quinone
compounds and their redox behaviour.

Screening of thiophenoquinones and all
possible combinations of functional
group substituents, for redox potentials
and solubility.

Relating redox potential to the free
energy or atomization energy of the
quinone compound.

Redox potentials for the quinones and
semiquinone radicals.

Kim/2017 [87]

Carino/2016 [88]

Gryn’ova/2012
(89]

Pelzer/2017 [90]

Moon/2016 [91]

Er/2015 [79]

Ding/2016 [92]

Goulet/2019 [60]

Huynh/2016 [93]

Martinez-
Cifuentez/2017
[94]

Pineda
Flores/2015 [95]

Dewar/1969 [96]

Johnsson
Wass/2006 [50]
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Combined theoretical and experimental

AQDS and PBE/]ggl; G+ study of ADQS and possible HuSkn[l:g?/ZOH
derivatives substituents in an RFB set up.

DFT Combined theoretical and experimental
DH‘BQ‘and PBE/6-31+G(d,p) study of DHBQ as electrolyte in an Yang/2017 [58]
derivatives RFB.

'1,4-demethoxybenzene, *Polarizable continuum model, °1,2,3,4-tetrahydro-6,7-dimethoxy-1,1,4,4-

tetramethylnatphthalene, *integral equation formalism.

1.4.1. Density functional theory

The use of Density functional theory (DFT) is widespread in Table 2, and where as
all ab initio methods take the starting point in the Hartree-Fock (HF) approximation
the HF equations are solved for the spin-orbitals and these are utilized for the
construction of the configuration state functions, and are widely used today. However,
when working with large datasets these reveals some limitations with correct
calculations, especially when handling basis sets containing large amounts of atoms
and electrons [97].

DFT is used as an alternative to these computational heavy calculations when
handling large molecules. Where HF methods uses configuration state functions,
which is an eigenfunction of all the operators that commute with H, DFT uses the
concept of electron probability density. This enables DFT calculations to consider
electron correlation while being less computational costly. The principle of DFT is to
consider the energy of an electronic system(molecule) as the electron density
probability, p. Then for a molecule containing n electrons, p(r) notes the total number
of electron density at a specific location, r in the space. The energy is then explained
as a functional of the electron density and is noted E[p] [97].

1.4.2. Functionals and basis sets

The functionals used in DFT calculations are all taking the initial point from the
formal proof written by P.Hohenberg and W.Kohn in 1964, which describes the
ground state energy and all other ground state electronic properties could uniquely be
described by the electron density. The Hohenberg-Kohn theory was only proving that
a functional that had the potential did exist, not the functional itself. The electron
density, however was derived from the theory and is described as following:

p(r) = Xl (I? ©)

Several approximations (B3LYP, PBE, M06-2X, HTCH etc.) was composed to solve
the functional, but this has not been completed so far. The generalized gradient (GGA)
functionals consider gradients of local densities to the exchange-correlation energy of
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the functional, which is considered to be the largest contributor of error in the
functional. Taking this into account is seen as an essential correction of the estimation
of bond energies [97,98].

The higher level of accuracy a functional possess, the higher up on the Jacobs ladder
the functional is. The Jacobs ladder of functionals, Figure 9, is used for ranking the
functionals with the lower levels being less accurate and less computational expensive
and the higher the functionals is on the ladder, the more accurate and the more
computational expensive they get.

Heaven of chemical accuracy Including dispersion
corrections (D)
A
[ Generallized random phase
E M (B2PLYP, MPW2PLYPD,...)
Hyper GGA
E fartree (B3LYP, M06-2x,...)
£ >
e :
g. Meta GGA 3
@ T or V?p(r) (TPSS, M06-L,...) ]
GGA
V2p(r) (BLYP, PBE,...)
LDA
p(r) (SVWN)
Y

Earth of Hartree

Figure 9 - The Jacobs ladder of functionals. The higher the functional is placed on the ladder,
the more accurate and more computational costly the calculations will be, adapted from Perdew
et al. 2005, [239].

The Basis sets used in DFT is in general a set of atomic orbitals, which is representing
all of the electrons in the molecule. A very simple form of a basis set contains the
minimum number necessary for explaining the electrons in the molecule, e.g. the
STO-3G basis set, which is a 3 Gaussian model for each orbital present, hence the 3
and G. A typically used type is the split valence basis set, e.g. 3-21G, which is more
or less the double of all functions in the valence shell. Another example is the 6-31G**
or 6-31G(d,p) basis set, which also is a split valence basis set. It uses one basis
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function for each of the core orbitals, and two basis functions for each of the valence
orbitals. Basis functions are in general a linear combination of gaussian functions,
which are functions proportional to exp(-r?) where r is the distance from the nucleus.
The core orbital is modeled by a function that consists of 6 Gaussians, one of the two
functions for the valence orbitals consists of 3 Gaussians, the other one Gaussian, this
is indicated by 6-31. The polarization function for each atom, which is a function
containing a higher momentum, is indicated by the ** or as a d for C, O atoms, etc.
and a p for H atoms, indicating d and p-functions. The basis sets are thereby providing
an expression for a wave function, and the more things that are present in the basis
set, the more computational heavy the calculations will be, but it will also add more
flexibility for the results and therefore a higher level of accuracy [97-99].

1.4.3. Solvation models and simulation of reduction potentials

Several of the studies presented in Table 2, were also considering solubility as a
parameter for calculations. The computation of solvation or solubility is often
considered as this is an important factor for RFB; the higher the concentration the
more energy the electrolytes can uphold. Huskinson et al. 2014, [45] and Er et al.
2015, [79] present a method of computing the total energy difference between the
molecules calculated in gaseous phase and aqueous phase, as described below:

AGsolv = Ggas - Gaq (6)

This was used as a descriptor of the solubility of the molecules, indicating that the
more negative the solvation energy is the higher the solubility would be. To compute
Gqq» a solvation model is however needed. There are two types of solvation models
available;

Implicit solvation model: A simplistic model, where a molecule is simulated being in
a solvent, where the dielectric constant of the solvent is used as simulation of the
molecule being in solution. These models are often used when considering large
numbers of molecules [84,98].

Explicit solvation model: A complex model where the molecule is placed in 3D and
surrounding it numerous solvent molecules are placed. Various parameters have to be
considered however, such as the number of solvent molecules surrounding the
molecule of interest, and where and how many points of interactions should be
examined. These model types are commonly used when specific molecules are
investigated under specific conditions in a given solution. The models are often
computation costly because of the high amount of molecules present in the
simulations [84,98].
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The study conducted by Dewar in 1969 [96], presented a model for correlation of
experimental redox potentials of quinones versus calculated formation energies, AH.
Forming following modified Nernst equation:

E° = —(nF)'4AH; + b (7)

This can be exploited to calculate the redox potentials for possible electrolyte
candidates. Huskinson et al. 2014, [45] and Er et al. 2015, [79] used this as
assimilation with the calibration curve correlation line presented in Figure 10. In the
studies, they used six various basic quinones and experimental determined redox
potentials. The entropy part of the energy is assumed to be equal for the quinone and
corresponding hydroquinone, which is why AHy, can be used instead of AG. The
molecules were all simulated at OK in gaseous phase with no solvation model.

1-0 T T T

y =-0.4629x + 0.05720
0.8 ~ R2=0.9827 4

04 ~ i

0.2+ > .

E? from literature [V vs SHE]
o/

0.0 1 1 1
-2.0 -1.6 -1.0 -0.5 0.0

AH; [eV]
Figure 10 - Calibration curve presented in Paper 1, [236], of similar type used in the studies

of Huskinson et al. 2014, [45] and Er et al. 2015, /79]. Literature provided the experimental
redox potentials and the formation energies was computed.

1.5. Naturally occurring quinones

While the current focus of finding the optimal electrolyte-compounds until now has
been limited to synthesized organic molecules, where different synthesize steps are
needed to develop the best suited candidates, the quinone molecules are available and
produced by natural sources. Quinones that occur in nature also include multiple
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aromatic structures, similar to synthetically produced quinones, varying from the 1-
ring BQs, to the NQs, AQs to the complex polyquinones [51,100-102].

In the majority of biological systems, the general quinones that are present can be
limited to ubiquinones (2,3-dimetoxy-5-methyl-6-polyprenyl-1,4-benzoquinones),
Figure 11A, which have a widespread presence in all mitochondria. Menaquinones
(2-methyl-1,3-polyprenyl-1,4-napthoquinones), Figure 11B, are found in several
types of bacteria. Plastoquinones (2,3-dimethyl-5-polyprenyl-1,4-benzoquinones),
Figure 11C, which can be found present in the chloroplast, where the photosynthesis
of plants occurs. All three types are mentioned as examples of the group of quinones,
where functional side chain groups can differ depending on the specific organism.
Some bacteria have proven to produce both the ubiquinones and menaquinones,
whereas the majority of organisms are only producing one of the three types [103].
Interestingly, green plants have shown to possess ubiquinones in the mitochondria and
plastoquinones in the chloroplast. The quinones acts as an electron transporter in cell
membranes, where the addition of an electron creates the semiquinone or by two
electrons forming dianion, that can occur in an equilibrium with the protonated form
of the quinones [102-106].

A B
cH, © 0
° CH, H,C
H,C CH, CH
o He N N N :
o CH, 0 CH, CH, CH,

Figure 11 - Naturally occurring quinones, A) Ubiquinone, B) Menaquinone, C) Plastoquinone.

The occurrence of quinones in plants has been a point of interest for many years. In
history, as far back as the Han dynasty, the use of rhubarb (Rheum spp.) as a medical
plant was reported [107]. Anthraquinones observed in the rhubarb plant has since been
investigated for treatment of cancer, inhibit bacterial growth and the inhibition of
protein misfolding for use in the treatment of diabetes, where the quinones emodin,
rhein, and physcion can be mentioned, Figure 12, [100,107,108]. In rhubarb, the
anthraquinones have been determined to be a part of the defense mechanism against
foreign microorganisms, where the plant produced the molecules in excess when
exposed to elicitor-active chemicals [109]. The anthraquinones have also been utilized
as pigments and components in dyes, where the antimicrobial properties of the
quinones was discovered when thread was treated with the pigment and showed a
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higher resistance tolerance towards bacteria. The studies relate the antimicrobial
properties directly to the redox process occurring in the plant, where the quinones act
an important part [110-112].

A OH 0 OH B ou o OH C OH o OH
O‘O O‘O OH O‘O cH
s
H,C OH H,C o~
o o ) o

Figure 12 - Examples of anthraquinones observed in rhubarb; A) Emodin, B) Rhein, C)
Physcion.

Ubiquinones and menaquinones have been found to act as important electron transfer
agents in bacteria, being constituents of the plasma membranes. The mechanism has
been studied in several projects and can be described as an important part of the
electron supply chain in the mitochondria. The quinone is prone to electron and proton
acceptance from the aqueous environment in the cell and because of this the quinone
is able to diffuse through the mitochondria membrane and transport the electron to the
next constituent of the respiratory chain. When this occurs, the protons are detached
from the quinone yielding the oxidized form of the quinone, making the quinone ready
for a second transport of electrons [102,105,106,113].

Similar to bacteria, ubiquinones and menaquinones are used for the electron transport
in cell membranes in fungi. However, some organisms, just like the rhubarb plant
mentioned, have other uses for quinone compounds. These quinones are produced as
secondary metabolites, which is not a life-essential part of the organisms. Secondary
metabolites have been researched in depth throughout the years, with one of the
famous secondary metabolites produced by fungi being penicillin, produced by
Penicillium and Aspergillus species [114].

1.6. Secondary metabolites

Secondary metabolites in general presents a structural diverse plethora of chemical
compounds which can be attributed a wide array of biological activities [115,116].
Filamentous fungi represents a variety of molecules which include dangerous toxins
and useful drug candidates [117,118]. The very specialized molecules are produced
in the fungi for extending the ability of survival, where they can be used to fight of
predators [119], combating other microorganisms, or act as protection against
environmental changes in the surroundings of the microorganism [120]. The
secondary metabolites are often produced with a high level of structural complexity,
meaning that copying through chemical synthesis has been proven challenging if even
possible [121,122]. Because of this, the molecules are often used as starting products
or scaffolds in chemical synthesis which leads to an extended use for these products
[123]. Fungal secondary metabolites have been utilized in the pharmaceutical industry
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for several years and in 2009 -lactam and cephalosporin antibiotics constituted the
most comprehensive broad used antibiotics worldwide [124]. Several other secondary
metabolites from fungal sources have found their way into the pharmaceutical
industry, for use in cancer treatment an anti-tumor agent is found in aspergiolide
[125], the compound cyclosporin, [126], is used for its immune suppressive
properties, and lovastatin which is used as an cholesterol lowering treatment
[127,128]. However, some secondary metabolites can cause severe loss of economics
and affect humans harmfully, which is then monitored as mycotoxins in raw feed stock
and food sources. These include the harmful potent carcinogenic aflatoxin [129],
fumonisins [130], and ochratoxins [131].

The fungi genus of Fusarium, which is categorized as ascomycetes type, has been the
subject of research due to the high impact on agricultures and health [132]. Many of
the species are quite harmless, but types like F. graminearum, which is also called
Gibberalla zeae, and F. oxysporum have been found to produce several mycotoxins
and thereby damaging crops and harvest to an extend which lead to heavy economical
losses [133]. The condition which is called Fusarium head blight has been considered
one of the worst crop diseases and is caused by F. graminearum in Europe, Africa and
Asia [134]. Fusarium genus concludes 100-500 species, [135], which like other
eukaryote ascomycetes also have the ability of producing secondary metabolites
[136]. The secondary metabolites produced by Fusarium represent a diverse
collection of compounds which varies in structure and function. Usually, the
molecules are formed by multi domain core syntheses after cooperation of different
decorating enzymes in the compound specific pathway. The biosynthetic gene cluster
is formed by the genes that encodes the enzymes and the core-synthase genes, which
often are placed close together. Also genes coding for transport proteins and
transcriptional regulators are found in these clusters [137,138].

1.6.1. Production of secondary metabolites

Secondary metabolites are biological synthesized by precursor monomer compounds
similar to small chain carboxylic acids and amino acids yielding from the primary
metabolism. The precursor molecules are then polymerized by enzymes called
synthetases or synthase, and are often divided into three major groups; iterative
polyketide synthases (PKS, type I and III), non-ribosomal peptide synthases (NRPS),
and terpene cyclases (TC). The majority of secondary metabolites are produced via
the PKS either reduced or non-reduced [139—141], where the quinones are produced
as pigments, [142], via the PKS and is therefore the only part which is being
investigated further in this thesis. The three predominant pigments found in the genus
of Fusarium are bikaverin, Figure 13A, aurofusarin, Figure 13B, and fusarubin,
Figure 13C, which also accounts for a group of molecules containing several quinone
compounds such as bostrycoidin, javanicin, and 8-O-methylfusarubin as illustrated in
Figure 13C. Different species of Fusaria produces the pigments as mycelial
pigmentation in the perithecia [143,144], and some produce the pigments during the
mycelial growth.
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Figure 13 - Examples of some fungal pigments, A) Bikaverin, B) Aurofusarin, C) Fusarubins,
which shows examples of key fusarubins.

The polyketide synthetic pathways are initiated by multidomain iterative PKSs, type
I or III, which contain at least three core domains, B-ketoacyl synthase (KS),
acyltransferase (AT), and acyl-carrier protein (ACP) which corresponds to the
iterative cycle that elongate a polyketide chain with one ketide-group [145]. The
synthesis will in general initiate with an acetyl coenzyme A (acetyl-CoA) molecule,
which is elongated with a malonyl coenzyme A (malonyl-CoA) through the so called
Claisen condensation, which is taking place in the KS domain [146].

Besides the three domains of KS-AT-ACP, there can also be various tailoring domains
present such as reductase, methyltransferase, and dehydrogenase, that ensure
chemical and structural diversity of the produced molecules [145,147,148]. The PKS
type I, which accounted for the majority of PKSs in Fusarium [149], can be divided
into two types. The reducing type, which results in fatty-acid like polyketides, and the
non-reducing type, which is yielding in true polyketide structures. The polyketides
produced as pigments of fungi are often synthesized by multidomain non-reducing
PKS, which can be seen as the minimal fungal PKSs, only containing a KS domain, a
malonyl-CoA, ACP transacylase (MAT) domain, and one or two ACP domains
resulting in a carbon skeleton defined by several elongation steps[143,150,151].
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1.6.2. Antimicrobial activity

A study performed by Sendergaard et al. 2016 [152], revealed that several of the
pigmentation compounds and quinones produced by Fusaria possessed antibacterial
properties against lactobacillus spp. and Bifidobacterium spp. They specifically
showed that the fsr gene cluster or PKS3 in F. solani and also the PKS12 in F.
graminearum, which produces the compound aurofusarin, was responsible for the
antibacterial effects in the two organisms. The products of PKS3 are concluded to be
the fusarubins and can be found is all genome sequenced species of Fusarium
[143,144,149]. Several of the products, such as fusarubin and bostrycoidin, and the
intermediates from PKS3 have shown other types of biological activities. This
includes antimicrobial and antitubercular properties which was published by Shah et
al. 2017 [153], where compounds such as fusarubin and javanicin were presented with
these properties. Antifungal activity was demonstrated by Frandsen et al. 2014 [144],
and cytotoxic activity towards cancer cells was shown to initiate from both
naphthoquinones and the aza-anthraquinones published by Chowdhury et el. 2017
[154]. The study published by Khan et al 2018 [155], extracted several compounds
including fusarubin, bostrycoidin, and anhydrofusarubin from F. solani and presented
prominent cytotoxic activity towards several bacteria types and towards human
leukemia cells.
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Figure 14 - Biomechanism of the cytotoxic activity of the fungal naphthoquinone compounds.
The redox mechanism of the quinone, producing the semiquinone radical and the superoxides
which can damage DNA and RNA of foreign organisms [157].

The antimicrobial and cytotoxic mechanism of the quinones have been researched and
described by Medentsev et al. in 1996 and 1998, [156,157], and also by Futuro et al.
2018 [158]. The effects can be described as a stimulation of the cellular respiration
and the oxidation of bacteria induce by the membrane NADH [155,159]. The
biomechanism illustrated in Figure 14 describes the involvement of the redox process
from the naphthoquinones, which is induced by the mitochondrial NAD- and NADP
dependent flavoprotein enzymes, resulting in the reduction of the naphthoquinone
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which yields the semiquinone radical. These can react with oxygen and create
superoxide molecules which together with the radicals can damage DNA, RNA, and
other macromolecules [156]. This concludes the relation between the protective
system of the organism and the redox process of the quinones, indicating that valuable
information can be deducted from the redox potentials.

1.7. Regulation

As the secondary metabolites are not directly necessary for the organism to survive
and not a part of the primary metabolism, the compounds are not produced
continuously during the growth of the organism. The presence of the gene cluster does
therefore not directly equal the production of the secondary metabolite. The secondary
metabolism, is controlled by two main factors, pathway-specific transcription factors
and global regulation factors [138,160].

The pathway-specific transcription factors covers protein structures which bind to a
specific promotor sequence on the DNA stand of the cluster genes and hereby regulate
the initiation of the transcription of the gene and, depending on the synthetic pathway,
the production of a specific metabolite [160].
Interspecies
Carbon source communication

. . . Nitrogen source
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Ambient pH
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Figure 15 - Overview of global regulation factors, which can be defined as extracellular
environmental factors and physiochemical conditions which activate the biosynthetic gene
clusters, due to the regulatory protein activation [136].

The global regulation factors, Figure 15, include the biosynthetic response to the
environmental influence on the production of secondary metabolites. More specific,
the availability of growth conditional substrates such as carbon source and nitrogen
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source, also the ambient temperature, pH, and light intensity exert influence on the
secondary metabolism, as well as stimuli received from other organisms [136].

The availability and specific type of carbon source have been investigated for various
organisms and proven to affect the production of the mycotoxins sterigmatocystin of
aflatoxin in Aspergillus spp. Where simple carbon sources such as fructose, glucose,
and sucrose as the only carbon source yielded high growth rates, sporulation and
aflatoxin production ([161,162]), and more complex carbon sources such as galactose,
xylose, and lactose did not yield production of aflatoxin [161-163]. This also
corresponds with that fungal growth is favored in media types which consist of simple
carbon sources such as glucose when compared to more complex types consisting of
e.g. lactose, which are poorly metabolized by the fungi [164]. Also, the specific
nitrogen source influences the production of the mycotoxins in Aspergillus nidulans.
Nitrate as the nitrogen source has shown to repress the synthesis of aflatoxin
intermediates in A. parasiticus [163], but enhance the production of sterigmatocystin
in A. nidulans [165]. Different studies suggest that ammonium based media favors
the production of the mycotoxins where nitrate based media shows a decrease in
production [166,167]. In F. fujikuroi a repression of the gibberellin biosynthesis was
shown due to the influence of nitrogen availability and type [168], as well as the
production of fumonisin B1 in F. vericillioides [169]. Studt et al. 2012 showed that if
the nitrogen source glutamine was substituted with sodium nitrate in a ICI medium,
the pigmentation of F. fujikuroi would consist of fusarubins rather than bikaverin
[170].

The pH regulator PacC activate different genes depending on the surrounding pH.
This is interesting as the bacterial competition has been found to be more intense at
alkaline pH. The fugal response is seen as the production of antimicrobial compounds,
such as the regulation of the penicillin biosynthesis which is observed to be connected
to the B-lactam antibiotics, exhibit higher toxicity to some bacteria at high pH [171].
The production of aflatoxin and sterigmatocystin has also been showed to be highly
influenced by the pH of the media [172].

When fungi are cultivated close to another species, which lead to competition with
regards to nutrition, the organism can be stimulated to enhance production of certain
metabolites and mycotoxins, but also accelerate the rate of growth to outcompete the
neighbor [173,174]. An example is F. demicellulare which, when grown together with
competing organisms, enhances the production of furarutatin A which inflicts growth
inhibition of the competitors and thereby enhances the growth conditions for the fungi
itself [175].

The presence of precursor modules is also defined as a regulatory factor. It is implicit
that if no precursor modules are present the PKS is unable to proceed and produce the
desired molecules. The presence of acetyl-CoA is therefore assumed of importance to
produce the polyketides. The prediction was investigated by Zhang et al. 2004 [176],
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which showed that the various acetyl-CoA ratios could reduce and even terminate the
production of polyketides in Aspergillus nidulans [138].

In order to find the optimal growth and secondary production conditions, many
variations and combinations of media compositions were investigated, a common
method to perform this is to use different cultivation parameters. The methodology is
often referred to as the One Strain Many Compounds methodology or OSMAC
[177,178]. The global regulation factors are important parameters to control when
investigating the production of specific metabolites [179,180], and these highly
influence the production depending on the specific components in the media which
makes it possible to develop specialized media for production of specific metabolite
[181,182].

1.8. Extraction and purification of naturally occurring quinones

Extraction or sample preparation of secondary metabolites is crucial for analysis of
the specific desired molecules. Various methods have been investigated throughout
the years, of which solvent extraction, liquid-liquid extraction, and solid phase
extraction methods are the types most widely utilized [183,184]. Usually, solvent
extraction is used for solid fermented fungi. Here, plugs are cut out from the
fermentation agar media and an organic solvent or mixture of solvents is added. The
submerged plugs are ultrasonicated or left to stand for some time, where the extraction
then takes place from the solid to the solvent and can then be subsequently analyzed.
In the study of Serensen et al. 2014 [182], a mixture of solvents was used,
acetonitrile/water/acetic acid in the ratio 79/20/1, and hereafter the samples were
sonicated and the supernatant was spun down and analyzed using chromatography.
The use of ethyl acetate has been widely used for solvent extraction of quinone
compounds produced by Fusarium spp. In the studies of Khan et al. 2016 [185],
Chowdhury et al. 2017 [154], and Khan et al 2018 [155], the plugs of the fermentation
media are exposed to ethyl acetate in three stages where the three batches are then
pooled and concentrated for optimal extraction yields.

In 1997 Smedsgaard published an article describing a Micro-scale extraction
procedure for standardized screening of fungal metabolites [186], which uses a
mixture of ethyl-acetate/dichloromethane/methanol in the ratios 3:2:1, including 1%
v/v formic acid. This method has later been used by several other studies
[152,182,187]. But as the name of the procedure indicates, the solvent extraction
methology is used for small scale experiments where the quantity of the desired
molecules is not important but rather the occurrence of the compounds.

26



Chapter 1. Introduction

When the amount of a desired molecule is important, and the optimization of
production, yields of extraction etc. need to be accounted for, the usual method for
cultivation of fungi, with respect to production of secondary metabolites, is the
submerged fermentation or liquid fermentation. This fermentation type yields larger
quantities of secondary metabolites in general, however the plethora of produced
secondary metabolites can vary due to the environmental change going from solid
state fermentation to liquid state. In general liquid-liquid extraction, LLE, can be
explained by the transfer of desired compounds from one phase to another, when
soluble and immiscible compounds are in contact with each other. The method is
widely used and is seen as being simple and being of low cost compared to other
extraction types. Conventionally a two-phase system is applied consisting of a water
phase and an organic phase, Figure 16A, [184].
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Figure 16 - Liquid-Liquid extraction. A) LLE laboratory setup, B) Salting out principle, [180].

The distribution of a desired compound between the two phases can be described by
the partition coefficient, Kp.

_ [Aorg]

2= Taag] ®)
Where [Aorg] indicate the concentration of a compound A in the organic phase and
[Aaq] indicate the compound A concentration in the aqueous phase. The organic
solvent used in LLE is of great importance to which compound that can be extracted
and to what extent. There are several molecule interactions which should be
considered when choosing the solvent. When only considering extraction properties
and not e.g. safety when handling, hydrogen bonding donor/acceptor properties and
dipole interaction properties of the solvents are seen as the primary parameters. A
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common way to illustrate these parameters is to use the Kamlet and Taft
solvatochromic parameters o, 3, ¥, as indicated in Table 3, [188].

Table 3 - Overview of some organic solvents and their Kamlet and Taft solvatochromic
parameters, [188].

Solvent v [ ¥

Nonpolar solvents
Cyclohexane 0.00 0.00 0.00

Aromatic Solvents
Toluene 0.00 0.11 0.54

Dipolar solvents
Dichloromethane 0.13 0.10 0.82
Ethyl acetate 0.00 0.45 0.55
Hydrogen bonding donor solvents
Chloroform 0.20 0.10 0.58
Hydrogen bonding acceptor solvents

Diethyl ether 0.00 0.47 0.27

The a-value indicates the hydrogen bonding donor properties, where a high number
illustrates that the solvent is prone to act as a hydrogen bonding donor. This means
that solvents with a high o-parameter are desired when extracting basic compounds,
and hereof is solvents like dichloromethane and chloroform often used. The B-value
is the hydrogen bonding acceptor parameter, and therefore indicates the tendency of
a solvent to act as a hydrogen bonding acceptor; the higher the number, the higher the
tendency. Solvents showing a high [-value are desired when compounds containing
acidic functional groups are extracted. The m*-parameter is the dipolarity-polarization
of a solvent, and indicate the tendency of the solvent to interact through dipole and
dispersion interactions. A high w*-value solvent is a desired solvent for polar
compounds [188]. If solvents possess high values in several of the parameters they
are usually considered strong solvents and is often used for LLE.

Ethyl acetate was used in LLE by Awakawa et al. 2012 [189], to extract fusarubin and
bostrycoidin from the sexual form of F. solani, Nectria haematococca. Here, the
fermentation broth was exposed to HCI prior to extraction to ensure fully hydrolyzed
compounds to control the extraction. Similar approach was used by Shah et al. 2017
[153], but the LLE was conducted by addition of ethyl acetate over three times, and
collecting the organic phases together and then evaporating to dryness.

In 2005 Mendentsev et al. published a study on the biosynthesis of several of the

naphthoquinones produced by Fusarium spp. In this study an LLE method is
presented where the solvent used is chloroform. The compound aurofusarin was
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extracted from the mycelia using acetone and ethanol, combined with chloroform,
where after the extracts was dried and separated using plates containing silica gel.
Menezes et al. 2020 [190], showed that the addition of chloroform in ratios 1:1 v/v
could be used to extract pigments from crude extracts of F. solani. The investigation
of chloroform as the solvent for extraction was also utilized by Kurobane and Vining,
where different metabolites of F. solani and the production hereof was published. The
paper also contains a second extraction method where ethyl acetate was used for
extraction of large volumes above 1L media [191]. This corresponds with the fact that
chloroform is toxic and should be substituted if possible when handling large amounts
of extracts. A mixture of chloroform and methanol in the ratio 1:1 was applied to the
liquid fermentation broth which prior to exposure had been filtered through filter
paper, in the study of VanderMolen et al 2013, [192], which had the purpose of
evaluating different media composition for the production of secondary metabolites.

The addition of a third constituent in the LLE matrix, such as salts, can result in
modification of the intramicellar and intermicellar interactions where water molecules
form a boundary layer around the organic molecules and thereby enhances the
solubility in the aqueous phase. By adding salts to the solution the salt ions will
interact with the water molecules, which then leads to the organic molecules having
higher affinity to the organic phase and will then be transferred to this phase, Figure
16B, [184,193,194]. The salting out principle has been utilized in the study of
Westphal et al. 2018 [195], where aurofusarin was extracted by LLE using chloroform
as the main solvent, and methanol and co-solvent, which enhances the crossover
between the boundary layer between the two phases, and addition of NaCl for salting
out the compounds to the organic phase. The salt was added after discarding of the
majority of the aqueous phase. This method have also been used for extraction of
fusarubins from liquid fermentation broths containing mutant stains of F. solani by
Nielsen et al. 2019 [196], and also for extraction of fusarubins from liquid
fermentation of heterologous expressions in yeast by Pedersen et al 2020 [197] (paper
5). The method was optimized and adapted in the paper by Kristensen et al 2021,
(paper 2) [198], which resulted in methanol and NaCl was added twice to the solution
to avoid unclear separation of the two phases. Also, to optimize the yield of the
extraction by adding the NaCl before the aqueous phase was removed, allowing the
leftover quinones in the aqueous phase to be drawn to the organic phase instead of
simply discarding it. The substitution of chloroform for ethyl acetate was investigated,
but the yields were somewhat lower and because ethyl acetate possesses higher
solubility in the aqueous phase the separation of the phases was also not as sufficient
as when using chloroform.

Lastly, some studies uses solid phase extraction, SPE, where liquid fermentation
broths are being added to columns containing C-18 silica gel, and based on the affinity
to the column contra mobile phase, specific compounds can be eluted through the
column [143,199]. Using both solvent extraction of plugs with ethyl acetate, and LLE
also containing ethyl acetate, and a purification step utilizing SPE, the study of
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Frandsen et al 2016, [144], shows the versatility of extraction procedures which can
be optimized to extract specific molecules and simultaneously yield samples
containing high purity.

1.9. Large scale separation of fungal quinones

Because of the heavy use of harmful chemicals, like chloroform, in the extraction
procedures, it can be hard to find a sustainable and safe extraction method to perform
when the production of metabolite is scaled up to feed the industry or for electrolytes
in RFBs. To solve this, pressure-driven membrane technologies have been introduced
as a potential technology for pretreating, concentrating, and separation of metabolites
originating from fermentation broths. Membrane filtration technology has been used
to obtain concentrates which have been enriched by vitamins such as vitamin C [200],
and also for extraction of pigments such as betaxanthines and betacyanines [201,202],
and various sugar types such as sucrose, fructose and glucose [203]. Membranes have
traditionally been used for size based separations for high-throughput operations and
normally consist of microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reversed osmosis filtration (RO) [204]. Membrane filtration have also been proposed
for other types of selective separations, such as water treatment and remediation [205]
and separation of gases [206]. The process of membrane filtration allows the
separation of compounds and containing them in liquid solution e.g. fermentation
broths. Examples of purification of compounds using membrane filtration could be
molecules in and for the food industry which includes isolates from fruit and juices
[207,208].

1.9.1. Membrane based separations

In general, the membrane is a semipermeable barrier which allows certain compounds
the possibility to transfer across in a bulk solution. This splits the feed solution into
two different streams, retentate, which is retained by the membrane, and the permeate,
which is allowed to permeate through the membrane due to the molecular weight cut
off (MWCO) [209]. The MWCO can be defined as molecular weight equivalent to
the weight of the smallest molecule which would achieve 90% rejection of the
membrane [204]. In classical membrane filtration the MWCO is directly linked to the
pore size of the membrane, and typically the membranes are ranked as follows; MF
(100-10,000 nm), UF (2-100 nm) and NF (0.5-2 nm) [210]. The general mode of
operating membrane filtration can be divided into two types, crossflow filtration,
Figure 17A, and dead-end filtration, Figure 17B. In crossflow filtration the feed
solution is flowing in parallel to the membrane and permeates through due to pressure
difference, this allows the fouling of the membrane to be kept at a minimum. In the
dead-end filtration the feed is flowing directly towards the membrane, which can lead
to membrane fouling [204]. The dead-end type is more commonly used in sterile
filters, where an example is when 0.2 um filters was applied to remove bacteria of the
type Brevundimondas diminuta [211].
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Figure 17 - Membrane filtration operation modes, A) cross-flow filtration, B) dead-end
filtration
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Because of the chance of the membrane fouling, the crossflow filtration mode is often
used in the industry compared to the dead-end operation mode. However, the
performance of all membranes are gradually affected by the fouling that is generated
during filtration [212]. Fouling can be defined as the gradually deposition of inorganic
and organic constituents in the pores and on the surface of the membrane. It depends
entirely on the nature and composition of the feed solution whether fouling
phenomenon occurs and to what extent it happens. Fouling can occur in four
individual types which accounts for the complete blockage of the pores, filter cake
formation, partial blockage of the pores and internal blockage of the pores, where
some are more reversible than others [213]. The fouling condition of the membrane
can be measured by the permeate flux of the membrane. The permeate flux can be
defined as:

Permeate volume

= ©)

Membrane areaxtime
And has the unit L m? h, and indicate the flow through the membrane over time.
Thereby will a decrease in the flux indicate the gradually forming of filter cake and
fouling [214].

MF membranes was used to concentrate and purify exopolysaccharides from the red
algae Porphyridium cruentum by Balti et al. 2018 [215], where several cross-flow
velocities were investigated and the yielded permeate fluxes corresponded with
ascending cross-flow velocities. In 1975, Knuckels et al. presented removal of a green
pigment from Alfalfa juice, which was successfully carried out by membrane
filtration. Also off-flavors and different small molecules was removed by the UF
membrane applied in the study [216]. UF dead-end filtration was applied by Juang et
al. 2012 [217], to fermentation broths containing the bacteria Serratia marcescens and
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the recovery of the compound and pigment prodigiosin was studied. The flux in this
study was measured to be high and therefore an additional filtration was proposed, so
the first filtration was carried out with 80% recovery and thereafter a secondary
filtration should be initiated. The recovery of surfactin from fermentation broths has
also been investigated several times where UF membranes have been utilized to
remove and recover the compound [218,219]. NF has been applied to separate amino
acids from fermentation broths, such as the study of Li et al 2003 [220], where L-
glutamin was separated even though the experiments showed that the separation was
highly depended on the pH of the fermentation broth. Separation trains of UF and NF
membranes are widely used for fermentation broth as well. In the study of Lee et al.
2017 [221], an UF membrane step is utilized to remove microbials where after a NF
step is followed to remove glucose from the fermentation broth. After the filtration
steps an ion exchange membrane and evaporation is used to purify the lactic acid to
99.5%. A membrane filtration combination has also been utilized in the study of
Zagklis et al 2015 [222], where phenolic compounds found in grape marc, which is
the solid waste bi-products produced in wine production, is being purified. The results
showed that the combination of UF and NF membranes could be utilized for this
purpose. Similar progression method was used in the study of Conidi etal. 2015 [223],
where the media was wastewater from artichoke preparation, which was driven
through UF membrane step and the permeate of this was submitted to a NF step
producing a highly concentrated fraction which contained high amounts of the desired
phenol compounds. Zhu et al. 2017 [224], presented a multi stage recovery process of
pigments from seeweed. Where prior to the membrane filtration step, the plant was
exposed to an ultrasonic extraction step. The following UF step resulted in the
pigments being retained from the membrane which possessed of 5 kDA MWCO,
whereas the 10 kDA MWCO UF membrane permeated the pigments. The versatile
use of membrane filtration is therefore seen as a viable solution for largescale
separation of quinones produced by fungi that can be scaled, combined, and specially
designed for the individual specific compounds.

1.10. Electrochemical assessment of naturally occurring quinones

To investigate if the extracted quinones can be utilized in an actual RFB setup, several
assessments need to be performed. These include, among others, electrochemical
reduction potential assessment and electrochemical stability over time and cycles. The
main method to study and visualize electron transfer processes such as redox reactions
is voltammetry. Voltammetry is a broad group of different techniques used for
studying current and voltage in electrochemistry. Cyclic voltammetry is widely used
for reversible systems as redox couples because, as the name implies, it is performing
voltammetry in cycles. Normally a linear sweep potential is applied to the electrodes
and when the desired potential is reached the sweep is reversed and the potential is
returned to the initial value [225]. The electrochemical cell is constituted as a three-
electrode electrolysis cell, Figure 18A, which consist of a working electrode (WE), a
counter electrode (CE), and a reference electrode (RE) which ensures that the currents
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and potentials which are measured are constant and measurable. The linear sweep is
then initiated by applying an excitation potential, often seen as a triangular wave form,
to the WE which is referenced to the RE. This enables the current which flows
between the WE and CE to be measured [225,226]. The result of a CV analysis is a
voltammogram. In Figure 18B the resulting voltammogram of the CV analysis of a
crude extract containing Phenicin is visualized. The analysis was performed in 1M
KOH with a carbon rod electrode and Ag/AgCl RE and only one cycle is visualized.
It is seen that the analysis has been cycled between -1.0 and 0.5 V and the resultant
current have been plotted accordingly. At -0.4V the oxidization of Phenicin is
occurring leading to the anodic peak, Eps, of which the amount of molecules
surrounding the electrode has been oxidized. Because of the only mass transport to
the electrode occurs as diffusion when using a rod electrode, it is only the surrounding
molecules which react. If additional mass transport is desired, a rotating disc electrode
can be applied [225,227]. The fully oxidized Phenicin molecule is illustrated in the
right side of Figure 18B, and when the potential reach 0.5V the sweep is reversed.
Around -0.3V a decreasing peak is seen, indicating the reduction of Phenicin, leading
to the cathodic peak, Eyc, where the surrounding Phenicin on the surface of the
electrode is fully reduced. The potential is decreasing until the -1.0 V where the cycle
is repeated several times to investigate potential irreversibilities, which would
visualize as a decreasing peak in either the anodic or cathodic peak or an increased
separation of the peaks. Often an irreversible reaction is mentioned as a slow occurring
electron transfer, which will drag out the separation of the peaks in the
voltammogram, and the peaks will also often seem less steep than for a fully reversible
redox couple [228].

A B
Electrolysis cell E’=-0.3633
0.005

Phenicin

Cathode - Anode -
Working electrode Counter electrode

0.000 -

Current (A)

-0.005

Potentiostat

-1.0 -0.5 0.0 0.5
Potential applied (V vs SHE)

Figure 18 - Electrochemical characterization using cyclic voltammetry, A) voltammetry cell
set up, [240], B) Voltammogram of the quinone Phenicin, indications of oxidization and
reduction peaks and peak heights, as well as the reduction potential has been highlighted.

The potentials found in the analysis can be described using the Nernst equation;
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2.3RT
nF

E=E"+

+log( Q) (10)

Or at 25°C or 298K

0.059

E=E%+ *log( Q) (11)

n

Where E° is the standard reduction potential of the investigated redox active
compounds, 7 is the number of electrons involved in the reaction, and Q describes the
relationship between the concentrations of the redox couple. If the expression of Q
equals 1 and the two species is equal in concentrations, a rapid increase can be seen
in the voltammogram indicating either the oxidization or reduction of the species
[225-227].

To illustrate the use of the formula, the following has been made to account for the
redox reaction visualized in Figure 18B, where n is assumed to be two.

E = Eg + 0.059 " lOg ( [Phenicinox]) (12)

henicingy/Phenicingeq 2 [Phenicingeq]

The two peaks for the anodic peak, Ey. and cathodic peak Ey., is used for calculating
the redox potential of the species, and is found as an average of the two peaks, and
when the peaks are equal in height the reaction is determined to be reversible [227];

Epa +Epc
2

E° = (13)
When measuring the current, a RE is used and to unify reported data, a conversion is
often needed. Often the RE used is Ag/AgCl as this is inert in most cases. The
Ag/AgCl RE can be converted to SHE by adding 0.197V, which corresponds to the
difference between the two.

Additional information can be determined from a voltammogram, which is the
diffusion coefficient. For this, the current peaks Iya and Iy are utilized, and these are
for a reversible reaction proportional with the concentration of the species and the
square root of the scan rate, and can be derived as following at 25°C or 298K [228];

Lye = (2.69 * 108)n3/2 ACD/?p1/? (14)
Where 7 is the number of electrons in the half-cell reaction, 4 is the surface area of
the electrode in m?, C describes the concentration in mol/L, D is the diffusion constant

in m%/s and v is the scan rate measured in V/s [227,228].

The CV analysis has bene widely utilized for determination of redox potentials of
quinones. The study of Lin et al. 2015, [49], investigate the 2,6-
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dihydroxyanthraquinone (2,6-DHAQ), together with the metal cyano complex redox
couple Fe(CN)¢*/Fe'l(CN)s*, and determines redox potential and thereby cell
potential for the RFB electrolyte couples. Similar methologies are used in the studies
of Huskinson et al. 2014 [45], and Kwabi et al. 2018 [63], to mention some examples,
where synthetic quinones are investigated in both acidic and alkaline pH.

Figure 19 - Initial flow cell cycle test set up. A) Flow cell, B) Peristaltic pump, C) Catholyte
tank, submerged in water, and covered for light protection. D) Anolyte tank, also submerged
but not screened off in this picture.

The next step in the assessment of the quinone compounds potential in an RFB set up,
Figure 19, is stability test in an actual RFB cell. The electrolyte tanks have been
submerged in water in sealed compartments, which is then purged with nitrogen for
10 mins to ensure oxygen control during the experiment. Usually a cycle test is
performed to evaluate the cell potential, capacity, the fading ratios, and efficiencies
of the electrolytes. In Figure 20 such a test is visualized for a preliminary experiment
of the compound phenicin, where a crude extract was submitted to a cycle test of 20
cycles. The charge/discharge cycles are illustrated in Figure 20A, where the voltage
is seen to be cycled between 0.6 V and 1.6 V as the cut off voltages, similar to the
study of Lin et al. 2015, [49]. The results will be explained later in the thesis.
However, it can be seen that the time for charge/discharge is decreasing which
indicates a capacity drop. Figure 20B, indicates the capacity vs voltage plot which
illustrates the decreasing capacity per cycle.
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Figure 20 - Redox flow battery test of crude extract of Phenicin, preliminary results; A) cycle
test including 20 cycles, B) voltage vs capacity plot of the 20 cycles.

Secondly, various other parameters indicating RFB performance are often presented,
which includes current efficiency or columbic efficiency (CE) which is a measure of
ratio between the discharging and charging charges retrieved during discharge/charge.
The current efficiency can be described as;

Jed1qat
R

CE (15)

Where Iq is the discharge current and I is the charging current. Usually, a stable RFB
will possess CE of 90-99% and when the CE is lower than 90% it could indicate
crossover through the membrane between the two compartments and the CE increases
corresponding to the current density used in the experiment [229,230]. The CE can
also be written as following, which is more commonly used when performing
experiments;

Discharge capacit
CE = =287 4 100% (16)
Charge capacity

The voltage efficiency (VE) are likewise used as a parameter to assess the
performance of an RFB cell. The VE is associated with the current density, ionic
conductivity of the membrane used, and the electrodes, as well as the electrolytes mass
transport and the flowrate. The VE is described as;

Avarage discharge voltage

VE = *100% (17)

Avarage charge voltage
The energy efficiency (EE) is also a parameter commonly used, which indicates the
product between the CE and VE and explains the capability of the RFB to store energy

and is viewed as one of the most important parameters in battery testing. If the current
is increased, the EE usually decreases [231,232].

EE = CE +VE (18)
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The energy density is a measure of how much energy a battery can store in a certain
amount of electrolyte. The Energy density for RFBs is usually lower than the
parameter for e.g. Lithium ion batteries [233]. The Energy density can be explained
as;

ED = E_.; * Capacity (19)

Cell testing is the predominant way of reporting new chemistries performance in an
RFB setup, and thereby their potential as new electrolyte. Because of this, several
studies are presenting data for cell cycling and performance of quinones in RFBs, such
as Lin et al. 2015, [49] which presented the 2,6-DHAQ versus K4Fe(CN)s alkaline
flow battery possessing a cell potential of 1.18V vs SHE, showing a power density of
0.4 W cm?, and EE of 84% and CE of 99% over 100 cycles. Huskinson et al. 2014
[45] presented the AQDS vs HBr acidic flow battery with a cell potential of 0.85V vs
SHE, and a capacity retention of 99% or 0.1-0.2% capacity fading per day. The power
density was determined to be 0.6 W cm2 which is higher than the one presented in the
alkaline media, however the CE in this study was 95%. Kwabi et al. 2018 [63]
presented a flow battery containing 2,6-DBEAQ and K4+Fe(CN)s in alkaline solution.
The battery possessed a cell potential of 1.04 V vs SHE, a capacity fading ratio of
0.001% per cycle or less than 0.01% per day, the energy density was listed to be 12
WH/L at pH 14, and the CE was found to be 99%. Khatace et al. 2018, [234] showed
results from a flow battery containing ADQS and HBr as well, with a capacity loss of
0.026 per cycle and a power density of 0.4 W cm™ as well, also in this study the CE
was determined to be 99%. Wedege et al 2016, [235] presented a study on AQDS as
well but coupled with K4Fe(CN)s showing a cell potential of 0.74 vs SHE, and a
capacity of 275 Ah, and possessing an EE of 75% and CE of 99%. In 2019 Sun and
coworkers, [61], presented a flow battery which consisted of DMBQ and K4+Fe(CN)s
which had a cell potential of 1.2 V vs SHE. The peak power density was shown to be
182.6 mW cm? for their setup, and EE was found to be between 73-80% and the
capacity determined to be 86.7% of the theoretical capacity of 192.4 C, they present
a CE of >98% for 200 cycles. In 2020 Yang and coworkers, [69], presented a mixed
symmetric flow battery cell consisting of iron sulfate and AQDS in acidic solution.
The cell potential was determined to be 0.62 V vs SHE. The capacity fading ratio was
shown to be 7.6 *10° % per cycle or 1.2¥10%% per hour. The CE was shown as
99.63% for their experiments. It is clear to see that flow batteries possessing lower
CEs than 95% is barely relevant for further investigations, as the competitors are
already beyond this. The capacity fading ratios are also good indicators for the
electrolytes, if the capacity fading is high, it is not likely that the system of electrolytes
is fitting for larger scale applications.
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Chapter 2. Summary of results and

discussions from papers

This section will consist of a summary of the results and discussions from the three
primary research papers and the preliminary results of electrochemical
characterization of the quinones phenicin and bostrycoidin;

e Simulation of electrochemical properties of natural occurring quinones
(Paper 1, published in Scientific Reports)

e  Production and Selectivity of Key Fusarubins from Fusarium solani due to
Media Composition (Paper 2, published in Toxins)

e Membrane based separation and purification of fusarubins from Fusarium
solani (Paper 3, published in Separation and Purification Technology)

e Initial findings that founded the manuscript; “The fungal battery: A redox
flow battery containing the biosynthesised negolyte phoenicin” (Paper 4, in
draft)

e Preliminary assessment results of the quinone Bostrycoidin (Unpublished
results)
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2.1. Simulation of electrochemical properties of natural occurring
quinones

The redox potential of quinones can be directly linked to the microbial activity of the
organisms of which produces the specific compound [152,156]. In addition to this, the
field of quinones of synthetic and artificial origin has been investigated in great detail
for the optimal structure to use in a RFB system, where computational methods have
been used extensively to screen for potential candidates [45,58,79,83,235]. However,
no study until now have been concerned about the quinones of which occur naturally
and potentially can be produced in a cheaper and more sustainable way compared to
synthetically manufactured quinones which origin comes from by products from the
crude oil business. The main purpose of this paper is therefore to try and answer the
research question “Which of the already known naturally occurring quinones is the
best suited for use in a redox flow battery, and where are they to be found, and which
parameters are used to determine this?” This study serves therefore as a broad
screening of naturally occurring quinones, with respect to the microbial activity or
redox potential and the solubility of the compounds, and can be utilized as guide in
the biotechnology industry and in further research and development of electrolytes for
RFB systems. The study methology was adapted from the studies of Huskinson et al.
2014 [45], and Er et al. 2015 [79], and further visualized in Figure 21. The 990
different quinones originate from various sources and we have divided them into three
groups where 221 are produced by bacteria, 358 are produced by fungi, and 425 are
contained in the group named other which includes organisms such as yeast, algae,
and plants etc. It was found that the predominance of the quinones was located within
the boundaries of redox potentials of -0.4 V and 0.7 V vs SHE, where the extreme
boundaries was concluded to be -1.382 V and 1.485 V vs SHE. The distribution
yielded a slight skew towards the left [236].
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Figure 21 - Work flow of the simulation and screening study of naturally occurring quinones.
The database was compiled by 990 different quinones found in Antibase, which all was exposed
to the computational methodology of calculating E® and AGgolve, based on the calibration curve
presented previously [236].
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Secondly, the quinones were divided into BQs, which contained 276 different
compounds, NQs, which consisted of 209 quinones, AQ which was composing the
largest group of 411 compounds, and then a group which contained quinones with 4
or more rings that concluded the smallest group of 94 compounds. The distribution of
E° based on the number of rings in the quinone revealed that the BQs was with a
median of 0.4970 V vs SHE the most positive group, followed by the 4 or more rings
structures, which possessed the largest distribution however a median of 0.3040 V vs
SHE. The NQs yielded a mean value of 0.2340 V and a median of 0.2870 V vs SHE.
The group showing the lowest distribution was the AQs, concluding a mean of 0.0024
V and a media of 0.0119 V vs SHE. Similar tendencies were seen when solubility
descriptor AGiolve was plotted versus the E°, which confirm the hypothesis of higher
aromaticity thus lower reduction potential. Only marginal variations were found in
the solubilities of the quinones based on aromatic rings and size of the compounds,
and indications of dependency of occurrence of polar side chain groups was seen
[236].

To investigate and illustrate the distribution of the quinones based on the three major

groups Figure 22 was composed. In Figure 22A the distribution of quinones with
bacterial origin is visualized. The most positive E° is seen to be present in this group
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however, the distribution of the E is limited to the central boundaries, with only a few
extreme values, which could be potential candidates as electrolytes in an RFB system.
The distribution of quinones with origins from fungi is illustrated in Figure 22B, and
it is seen that majority of the extreme values of E? is to be found in the realm of fungi.
This groups exhibit therefore the largest potential of new candidates for use in an RFB
system. the last group, other is illustrated in Figure 22C, and shows no sign of extreme
E° values, and is therefore of limited interest for potential candidates of electrolytes
for use in an RFB [236].
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Figure 22 — Distribution of naturally occurring quinones divided into the three major groups of
origin; A) Bacteria, B) Fungi, C) Other, which contains organisms as yeast, algae and plants
etc. [236].

In the paper, [236], the seven quinones possessing the most positive redox potentials
were presented and concluded that all of these quinones was produced by fungi, where
Fusarium spp. and Penicillium spp. was dominant, Table 4. Tridentoquinone was
found to possess the most positive redox potential of 1.485 V vs SHE, however the
compound showed a relatively low solubility as the AGsove value was high, which
could be attributed to the long carbon chain of which the compound included with
limited number of polar sidechain groups. The positive quinones, with respect to the
redox potential, all included a low number of electron donating groups (EDGs), such
as -OH, which in the literature have been the explained as a resulting low redox
potential. Indicating that our findings correspond with the published results in
literature [79]. When comparing the most positive quinones to the most negative, it
was found that the positive compounds were smaller and showed less aromaticity,
hence less aromaticity leading to higher redox potentials [236].
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Table 4. Properties of the seven quinones with most positive potentials’, [236].

EO
Name V vs SHE AGgory Source Structure
. . [F] Suillus
Tridentoquinone 1.485 -38.10 . ]
tridentinus
(F]
Stemphyperylenol 1.338 -75.20 Stemphylium
botryosum
(F]
Penicillium
Citrinin hydrate 1.170 -60.82 spp.
Aspergillus
spp.
o OH
Fusarnaphthoquinon F] Fusarium o cHy
praed L35 3295 HHFwan ne”
eA spp. o
o o OH
5-
. [F] Fusarium
Hydroxydihydrofusa 1.126 -52.50
. spp.
rubin B
5-Hydroxy-3-
Y . Y [F] Fusarium
methoxydihydrofusa 1.028 -51.20
spp.
rubin D PP
(F]
7-epi-Sclerotiorin 1.001 -55.08 Penicillium
hirayamae

! [F]-fungi, * indicates the point of reduction of the reactant.
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The quinones which yielded the most negative redox potentials are illustrated in Table
5. The list also contains quinones produced by bacteria, compared to the positive list
which only consisted of fungal compounds, however fungal quinones are still
predominant. The quinone Pradimicin M yielded the most negative redox potential of
-1.382 V vs SHE, and showed a relatively high solubility due to a high number of
EDGs, even though the compound possessed high aromaticity. The number of EDGs
is higher in the seven most negative quinones when compared to the most positive
compounds, which confirms the hypothesis that the number of EDGs influence the
redox potential [236]. When considering both the most positive and most negative
quinones it is seen that some of the reduction potentials lays outside the
electrochemical stability window of water, which means that the formations of Oz
occurs if the potential exceeds 1.23 V and the formation of Hz occurs if the potential
is lower than -0.48 V [237]. The potentials shown for both the positive and negative
in this study however, are performed in acidic solutions at pH 0, and the impact of pH
has been shown to decrease the reduction potentials when increasing pH. The
potentials have to be taken into account nevertheless when considering using the
compounds as electrolytes as the quinones are highly reactive against oxygen, so if
the formation of Oz occurs, this could lead to loss of capacity of the battery.

Table 5 — Properties of the seven quinones with the most negative potentials®, [236].

EO
Name AGggpy, Source Structure
V vs SHE

(B]

Pradimicin M -1.382 -74.94 Actinomadura

hibisca
. [F] Stemphylium
Stemphyltoxin I -1.298 -40.15
botryosum

(B]

Granaticin B -1.144 -72.42 Streptomyces

spiroverticillatus

2 [F]-fungi, [B]-bacteria, * indicates the point of reduction of the reactant.
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-1.094

-1.008

-1.001

-0.976

-37.34

-41.94

-33.43

-36.40

[F] Stemphylium

Alternaria spp.

[F] Stemphylium

[F] Alternaria
spp.

botryosum.

[F] Fusarium

martii

botryosum

HC

o

OH

The results obtained in this study are meant as the foundation for exploring the future
possibilities of finding and using potential electrolyte candidates for use in flow
batteries. The majority of the organisms possessing the most positive and negative
reduction potentials found in the study were the fungi Fusarium spp. and Penicillium
spp. In the future works, it will be in these species we will focus our work in finding
and optimizing production of the electrolytes.
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2.2. Production and Selectivity of Key Fusarubins from Fusarium
solani due to Media Composition

Fusarium species is notorious for producing several types of secondary metabolites
and hereunder pigment and quinones [144,170]. Quinones produced by Fusarium spp.
were also included in both the positive and negative lists presented in Paper 1, [236],
hence it was relevant to investigate this further. A previous published paper from our
group, [196], investigated the regulatory effects and produced a mutant of Fusarium
solani, OE::fsr6 of which have an overexpressed transcription factor that initiate the
internal regulator fs76 gene, which regulates the PKS3 gene cluster, that is responsible
for producing fusarubins in Fusarium spp. The PKS3 have been assigned to produce
different compounds depending on the growth parameters and organism, which
corresponds to the fact that fusarubins are produced as secondary metabolites. The
aim of the study was then to investigate the optimal growth parameters with regards
to media composition and more specific carbohydrate type, nitrogen source, and
carbohydrate and nitrogen levels, to produce four desired compounds; fusarubin,
javanicin, bostrycoidin, and anhydrofusarubin. The selectivity of the media
composition was also considered as an important factor as the purification steps in the
following production steps would become less demanding [198]. Initially, four
different carbohydrates (maltose, glucose, sucrose and glycerol) and two different
sources of nitrogen (ammonium tartrate and sodium nitrate) were investigated.
Chromatograms of individual samples, Figure 23, showed a significant difference in
production and selectivity of the four quinones. The standard concentrations in the
figure were for comparison reasons 53 mg/L for fusarubin (red), 39 mg/L for both
javanicin (orange) and bostrycoidin (purple) and 19 mg/L for anhydrofusarubin (red-
brown). In Figure 23A samples containing ammonium tartrate are illustrated and it is
seen that the ammonium tartrate favors production of bostrycoidin (purple) over the
three other compounds in three of the media compositions containing maltose, glucose
and sucrose. The glycerol media did not yield any significant amount of quinones.
The media containing maltose did also show promising selectivity with the high
production of bostrycoidin, with mean concentrations of 116 mg/L and corresponding
low production levels of the other three compounds. The media composed with
sucrose showed the highest mean concentration of bostrycoidin of 214 mg/L however
indicating poor selectivity. Figure 23B illustrates the chromatogram of the media
containing sodium nitrate. The glycerol media did not yield any quinones in this case
either. The three resulting media showed no or minor levels of production of
bostrycoidin, which indicates that the production is depended on free ammonia to
initiate the production of the aza-anthraquinone. Sucrose showed production of all
three compounds in high levels compared to the other media compositions, with
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indications of favorizing fusarubin production of mean sample concentration of 132
mg/L [198].

Maltose

Figure 23 — The carbohydrate and nitrogen source effects on the production of the four
fusarubins; (A) Chromatograms of samples with media containing ammonium tartrate,
fusarubin (red), javanicin (orange), bostrycoidin (purple) and anhydrofusarubin (red-brown) are
indicated on the standard and by the dotted lines. (B) Chromatograms of samples with media
which was composed with sodium nitrate as nitrogen source. Fusarubin (red), Javanicin
(orange), bostrycoidin (purple) and anhydrofusarubin (red-brown) is indicated by the dotted
lines and color [198].

The investigation of sucrose media with the application of full factorial design is
presented in Figure 24. The levels chosen for the sucrose were 50 g/L, 100 g/L and
150 g/L, and the levels for ammonium tartrate were 4.6 g/L, 6.9 g/L and 9.2 g/L, and
for sodium nitrate the following levels were chosen; 3 g/L, 4.5 g/L and 6 g/L. Several
variations were observed due to fermentation in liquid media. This was however
expected, as the variations often are larger when using liquid fermentation compared
to solid fermentation. In Figure 24A the full factorial design of media compositions
containing sucrose and ammonium tartrate is illustrated. Fusarubin was produced in
low concentrations in the low concentration combinations, yet yielding 47 mg/L with
the combination of 50 g/L and 9.2 g/L. The highest production was however found
with the combination of 100 g/L sucrose and the low level 4.6 g/l ammonium tartrate
where the average concentration was found to be 287 mg/L. Indications of productions
patterns of decreasing yields when increasing levels of ammonium tartrate was
concluded. Javanicin was produced in highest average concentrations of 77 mg/L in
the media composed of 100 g/L sucrose and 6.9 g/l ammonium tartrate. The
production of bostrycoidin was overall high and stable, however patterns of
decreasing production when increasing sucrose and ammonium tartrate levels was
observed. Anhydrofusarubin was showing opposite tendencies as the lowest
combination of 50 g/L and 4.6 g/L yielded the highest yields, which could indicate
the conversion between compounds, as fusarubin showed opposite patterns. When
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investigating the media containing sodium nitrate, Figure 24B, the production seemed
to favor fusarubin when a low concentration of sucrose and a high level of sodium
nitrate was chosen, yielding the highest average concentration of 130 mg/L. Javanicin
was produced in smaller yields, where the highest was 33 mg/L when the combination
of high sucrose and medium level sodium nitrate was used. Bostrycoidin was not
found in the samples in higher concentrations than 2 mg/L. Anhydrofusarubin was
favored when low level of sucrose and sodium nitrate was utilized [198].
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Figure 24 — Mean concentrations and standard error of mean, n = 4, of the combinations of
different levels of sucrose and A) ammonium tartrate or B) Sodium nitrate [198].

The following response surface design, expanding the levels of the experiment by
using the Box-Wilson central composite design, showed that as high as 400 mg/L
fusarubin could be reached if the level of sucrose was increased to 180 g/L and a
corresponding low level of ammonium tartar was utilized. Highest yields of
bostrycoidin was found by lowering the sucrose level as well as the ammonium
tartrate level. The linear trend of fusarubin production increase with the combinations
of low sucrose and high level of sodium nitrate was also observed in these results,
where the highest yield found was 150 mg/L.

The media most selectively producing bostrycoidin was found to be containing
maltose as carbohydrate. By extending the growth period from seven to nine days, or
from 168h to 216h, it was possible to let the fungi decompose the total amount of
sucrose in the media yielding higher average concentrations of bostrycoidin of 305
mg/L, with no indication of stagnation and still performing more than acceptable
selectivity. The fungal growth, indicated by the pellet weight, however did seem to
stagnate in the end of the experiment which corresponds with the lack of newly added
sucrose. Future experiments could extent the fermentation time further to determine
whether an optimum in production can be found further out the timeline. Findings of
this study enlightens the possibility of producing the desired electrolytes in the native
host, however optimized and fermented in optimized media can enhance the
production even further. The quantification method developed in this study will also
be used in future studies as a guide for reaching the desired concentrations for the
quinones. For future large-scale production, a safer and more environmentally
friendly approach is needed when extraction is considered.
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2.3. Membrane based separation and purification of fusarubins from
Fusarium solani

To extend to possibility of using naturally produced quinones in a potential RFB
setup, it is important to enhance the production of the pure compounds to a larger
scale. However, in Paper 2 [198], an extraction procedure was utilized where the ratio
of chloroform used was 1:1 with the volume of fermentation broth. This is not
environmentally sustainable and if safety risks and economic perspectives are
considered, an additional approach needs to be found. In this paper, we investigate the
use of membrane filtration to separate the four fusarubins of interest, Figure 25B. The
media composition which favors the production of bostrycoidin was chosen [238].
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Figure 25 — A) flowchart of the initial MF experiment, B) structural formulas for the four,
Fusarubin (red), Javanicin (orange), Bostrycoidin (purple) and Anhydrofusarubin (red-brown),
C) Chromatogram of the samples of the initial MF experiment. D) Flowchart of the separation
train, including the pigmentation along the separation steps [238].
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The composition of the initial sample is illustrated in Figure 25C. It is seen that the
primary constituent of the sample is bostrycoidin (purple), but also fusarubin (red),
javanicin (orange) and anhydrofusarubin (red-brown). The MF filtration process is
seen to retain almost all of the bostrycoidin, javanicin, and anhydrofusarubin, whereas
fusarubin is permeated and seen primarily in the permeate. The full separation train
and corresponding volumes and pressures is illustrated for each membrane step in
Figure 25D. Additionally the colour difference of the samples is seen, indicating the
separation of the pigments along the separation train. Starting with a dark red-brown
colour in the initial sample, yielding an even darker retentate and significant lighter
permeate of the MF step. This continues for the UF and NF, where most of the
remaining pigments are filtered off to the retentate. The last remaining is retained by
the RO membrane permeating no pigments at all. The same tendencies were shown
when the concentrations were analyzed, where the initial sample contained the
following absolute mass’; 576.3 mg of bostrycoidin, 31.3 mg fusarubin, 21.9 mg of
anhydrofusarubin and 9.6 mg of javanicin, which was present in the 4 L fermentation
broth initially. Resulting the MF step operated at 50% recovery, leaving 2 L in the
retentate and 2 L in the permeate, the masses were found to be; 537.1 mg if
bostrycoidin in the retentate and 10.8 mg in the permeate which corresponds to a
rejection of 97.5%, this additionally corresponds to 95% of the relative mass separated
by the MF membrane. Fusarubin was only present in the permeate and presenting a
mass of 24.2 mg. Both javanicin and anhydrofusarubin were concentrated in the
retentate to 10.1 mg and 27.6 mg respectively. The UF step, yielded little to no
separation of the compounds, as all compounds were found in both permeate and
retentate. The low concentrations of the remaining compounds are making the
analysis challenging, however the NF step is retaining the majority of the remaining
compounds so little to no compounds were found in the permeate. The RO step then
concentrates the remaining compounds yielding no pigments in the permeate. The flux
of the individual membranes was also investigated and showed a decreasing flux over
time for all membranes. The MF membrane showed an initial flux of 25 L/(m*h)
which over the time of 200 mins decreased to 20 L/(m*h). The UF step presented
initially a flux of 13 L/(m?h), but decreased rather rapidly to 10 L/(m?h) and hereafter
more slowly to 7.5 L/(m?h). The NF membrane started at 11.5 L/(m?h) and decreased
to 5.0 L/(m*h), whereas for the RO experiment the flux changed very little, due to the
small amount of compounds present, only showing a decrease from 7.0 L/(m?h) to 6.0
L/(m?h) [238].

Three different MF membranes was additionally investigated as the MF step showed
good separation of bostrycoidin compared to the other steps. Similar tendencies were
shown for each of the three membranes, Figure 26A-C. Retaining the majority of
bostrycoidin from 70.4 mg in the initial sample to 67.0 mg in the retentate shown in
Figure 26A, VO.1 membrane. From 63.1 mg in the initial sample of the MFO0I
membrane to 65.4 mg in the retentate, Figure 26B, and from 63.0 mg in the initial
sample to 65.8 mg in the retentate, concluding rejections of 98.0%, 97.8 and 98.2 %
respectively. Simultaneously, all of fusarubin from the initial samples were permeated
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and were found in the permeate, for all three membranes. Anhydrofusarubin and
javanicin was also retained by the MF membranes. Some irregularities were seen in
the mass balances, where some compounds were found in larger concentrations in e.g.
the retentate or permeate. This could however be explained by changes in pH during
the experiment, because both fusarubin and anhydrofusarubin have been described as
conversion products of other compounds under alkaline and acidic concentrations
respectively. When bostrycoidin is found in higher concentrations it can solely be
explained by variation in the data, which lays in the standard deviation of the dataset.
The permeate flux for all three membrane is visualized in Figure 26D, and is showing
a decreasing flux for all three membranes. The steepest decrease is seen by the MFO1
membranes followed by the MV020 membrane and the slowest decrease in flux is
seen by the VO.1 membrane, also indicated by the longer experimental time which
also corresponds to a lower initial flux of this membrane [238].
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Figure 26 — Average absolute masses of the three investigated MF membranes; A) VO.1
membrane, B) MFO1l membrane, C) MV020 membrane. D) Permeate flux for all three
membranes [238].

A long term, large volume (8.1 L feed), and high concentration experiment was
initiated using the VO.1 membrane. The 8.1 L was composed of the resulting retentate
from prior experiments, yielding high concentrations of bostrycoidin and no trace of
fusarubin. The results showed that only 28.9% of the relative mass was retained in the
retentate and only 2.1% was found in the permeate. Similar tendencies were seen for
the other two compounds, javanicin and anhydrofusarubin. The coloration of both the
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permeate and retentate however appeared similar to prior experiment, even though the
retentate seemed thicker and somehow showing higher concentration of cell material
and other larger compounds, such as proteins. The extraction procedure of the samples
also showed some challenges in recovery of the desired pigments. This was seen as
not all of the pigmentation was transported from the aqueous retentate phase to the
organic phase, and several back extractions would be needed for a complete
extraction. The flux of this experiment showed an initial value of 24.8 L/(m?h) similar
to what was seen before, and a decrease over four hours to a relatively stable permeate
flux of 12 L/(m?h). The flux behavior was expected as the experiment was conducted
using highly concentrated mixtures containing also larger particles which easily can
conduct fouling of the membrane. The experiment concludes in that it is reasonable
to expect that the separation and concentration of bostrycoidin is possible, but only
one extraction is not enough to extract all of the containing bostrycoidin, concluding
that several back extractions are necessary [238].

Based only on the molecular size and the polar sidechain groups of the four molecules
it was to some extend surprising that bostrycoidin could be separated to such great
extent, nonetheless very positive for the future upscaling of production of this
compound. We did however find that the polarity of the compound could cause this
separation due to the amine group in the molecule, which could interact with the
membrane and create a greater repulsion of the compound compared to the other three
compounds. Together with a fouling layer of biological matter such as cell
components could also enhance the retainment of bostrycoidin. The findings in the
study however shows a great potential in using membrane separation technology in
the upscale production of naturally occurring quinones, where the initial extraction
procedure is not meeting the criteria for safe and environmentally friendly handling
for larger volumes. This together with learnings from the previous paper 2, concludes
the second and third research question.
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2.4. Initial findings that founded the manuscript; “The fungal battery:
A redox flow battery containing the biosynthesised negolyte
phoenicin”

The compound phenicin, or phoenicin which is also used as a synonym, is produced
in vast amounts in the fungi Penicilium manginii and Penicilium astrosanguineum
with only small to non-measurable concentrations of other secondary metabolites,
making it a potential initial candidate to investigate. The computational screening
yielded a redox potential of 0.216 V vs SHE, at pH 0. The fungal strain of P. manginii
was acquired through the collaboration between AAU and the Institute of
Biotechnology and Biomedicine, Department of Bioengineering at DTU. The fungi
were grown first for five days on PDA plates in darkness at 25 degrees and plugs were
taken from the plates into liquid PDB media, which were fermented for 14 days in
complete darkness with no stirring, at 25 degrees Celsius. After this, I applied the
extraction procedure which I developed to extract fusarubins, of which I expected an
acceptable yield as the compounds share some common properties and functional
groups. The purity of the crude extraction procedure was established to be around
75%, determined using HPLC-DAD at 495 nm, which could be optimized
considerably in future experiments using e.g. preparative HPLC. A crude extract with
no concentration determination was initially exposed to cyclic voltammetry to
investigate the potential use of the quinone as electrolyte. The result of the experiment
is visualized in Figure 27. The experimentally determined redox potential is seen to
be -0.3633 V vs SHE at pH 14. This combined with the KsFe(CN)s with a redox
potential of 0.5 V vs SHE could potentially compete with already published
electrolyte couples. This leads to a cell potential of 0.86 V vs SHE, which corresponds
with the findings in paper 4.
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Figure 27 - Cyclic voltammetry analysis of phenicin, including the molecular structure.

The next step was to perform a simple cycle test to investigate the performance of the
cell and electrolytes, to elucidate whether this combination of electrolyte should be
pursued further. The experiment was set up in the testing facility established by myself
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with the help of colleagues from Aarhus university. The result of the preliminary cycle
test is illustrated in Figure 28. The experiment contained 20 cycles, ranging from cut
off voltages 0.6 V to 1.6 V for the comparison possibilities, similar to the study of Lin
et al. 2015, [49]. The cycles wideness is decreasing over the 20 cycles, indicating a
more rapid time to charge and discharge, which could be explained as unwanted side
effects due to the crude extract or exposure of oxygen to the electrolytes and cell. The
capacity is furthermore decreasing, which is visualized in Figure 28B where voltage
is presented against the capacity, and the line furthest to the right or possessing the
highest capacity indicate the first cycle. At every cycle there, a decrease in capacity
corresponding to the decrease in charge/discharge time is seen. The capacity can be
explained as the stability of the system, and the decrease in capacity can also be
because of destability of the compound. To conclude this, additional experiments are
needed. In Paper 4 a capacity fading rate of 0.35% per cycle is showed, which is
compatible when considering DHBQ that showed 0.32% per cycle when combined
with the K4Fe(CN)s [58]. This however is a higher rate than other systems.

The experiment was performed outside glovebox with no oxygen control of which
seen in the perspective should most definitively have been conducted as this could
explain the rapid decrease in the capacity along the fact that it was a crude product
with purity of 75% only. However, the results showed potential for future
investigation of the compound Phenicin as electrolyte. The further investigations were
performed by a second PhD student, where I helped and supervised in the lab work
and scope of the paper accordingly.
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Figure 28 - Redox flow battery test of crude extract of Phenicin, preliminary results; A) cycle
test including 20 cycles, B) voltage vs capacity plot of the 20 cycles.

As described, the scientific contributions described here made the basis for and
formed the foundation for the paper “A redox flow battery based on the fungal
produced anolyte phoenicin” which is in draft. And was together with supervision,
training and knowledge sharing some of the contributions made to this paper. Whereas
the paper is not a main component in this thesis, I have contributed more to it and of
greater relevance than being a side project.
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2.5. Preliminary assessment results of the fungal quinone Bostrycoidin

The assessment of bostrycoidin was based on extracted fermentation broth which has
been filtered through a MF step, with recovery of 90%, as described in Paper 3 [238].
The resulting retentate was exposed to the extraction procedure explained in detail in
Paper 2 [198], where chloroform was used as main solvent together with methanol as
co-solvent. The extraction procedure was performed 4 times on the aqueous phase, as
this appeared pigmented still after the first couple of extractions. This can be attributed
to the high concentration of bostrycoidin and other larger particles such as proteins
and cells. The quantification of the samples, Figure 29, showed a sample containing
purity of 96% being bostrycoidin, based on the area found in the chromatogram at
495nm. The extracted bostrycoidin was dried to complete dryness and weighed, which
yielded 10.95 g of = 95% pure bostrycoidin. This can be concluded to be very
acceptable of an initial volume of 8.1L, indicating the concentration in the
fermentation broth exceeded 1.35 g/L if all bostrycoidin was extracted from the
pooled retentates of the fermentation broths.
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Figure 29 - HPLC-DAD analysis of the extracted bostrycoidin, yielding relatively high purity
of 96% at 495nm.

Bostrycoidin was in paper 1 [236], simulated to possess a redox potential of -0.192 V
vs SHE, so not the extreme end of the negative redox couples. However, it is a very
interesting compound as it can be produced as shown relatively easy in larger
quantities. Additionally, aza-aromatic compounds have been shown to increase the
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stability and decrease the capacity fading ratios when assessed for use in RFB [13,80].
To investigate the redox potential 7.1 mg was dissolved in 25 ml 1 M KOH, to yield
a concentration of 1mM of bostrycoidin in 1 M KOH. The resulting voltammogram
is illustrated in Figure 30A. The reduction potential, E°, was determined to be -0.58
V vs SHE. This number cannot however be directly compared to the simulated value
as this was simulated in an acidic pH of 0, being a two electron and two proton redox
reaction. When performing the experiment, the pH, as a result of the 1M KOH, is very
alkaline of 14. To investigate the redox reaction, a conversion was prepared, Figure
30B. In the literature, the decrease has been described as -59mv equal to
approximately 2H*. However, this differentiates for each molecule and can also be
only one proton, equivalent to -30mv, a combination of the two or even zero protons
yielding a flat progression. In Figure 30B three theoretical lines have been illustrated,
and the best fit is seen with only one H* progression, ending at -0.61 V. This however,
needs to be determined experimentally as well, because the progression might as well
start with a two-proton reaction when the solution is acidic, changing to a one-proton
reaction around neutral pH and ending in a zero-proton reaction after pH 8-9. These
experiments have not been performed yet due to the time limitation of the PhD project.
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Figure 30 - Electrochemical assessment of bostrycoidin; A) Cyclic voltammetry analysis,
voltammogram of 1mM bostrycoidin. B) Conversion of predicted redox potential of 0.19 V vs
SHE at pH = 0, to pH = 14, using theoretical approach as described in [57,59], prior to future
experimental findings.

The next steps of the assessment of bostrycoidin will include cell cycle testing and
comparisons with other types of quinone RFB set ups. But so far, the reduction
potential seems to be of good competition when comparing this to other already
published RFB electrolytes, exceeding the reduction potential of Phenicin, presented
in Paper 4. The cell cycling experiment have not been performed due to time
restrictions in the PhD project, and challenges with some laboratory equipment. The
initial findings presented here and for phenicin concludes the fourth research question.
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Chapter 3. Conclusions and perspectives

The world energy production and usage are increasing, and where fossil fuels in the
past were the main source of energy, renewable energy sources now showing an
increase in attention. Present renewable energy sources are however in the need of a
reliable source of energy storage to be effective for larger grid applications. The
Redox flow battery systems are a valid option for this solution as the scalability and
flexibility of the battery enables possibilities of designing individual batteries for
specific purposes. The electrolytes used in RFBs have until now been focused
primarily on metal ions such as vanadium and organic redox couples synthesized from
waste product from the fossil fuel energy production. This does not however
correspond to the sustainable aspect of storing energy produced by renewable energy
sources. The main objective of this study was to investigate and elucidate the
possibility of finding and using naturally produced quinones as electrolytes in an RFB
system.

The initial point of investigation was to develop a database containing all known
naturally occurring quinones. The database was formed from the commercially
available database Antibase, and 990 different quinone compounds was found and
compiled in the local database. The computational models used in this study were
based on already published and validated studies from Huskinson et al. 2014 [45], and
Er et al. 2016 [79], where the model presented in Paper 1 [236], out-performed the
models of the two studies mentioned above in terms of better fit to the experimental
values used in the calibration model. It was shown that the realm of fungi possesses
the largest variety of the simulated redox potential, yielding the seven most negative
redox potentials and five of the seven most positive redox potentials. The distribution
of the simulated quinones varied from -1.4 V to 1.5 V vs SHE. This could create
challenges with regards to the stability of the aqueous solvent, when exceeding the
stability window hereof. The pH however could solve this to some extend as the most
positive quinones reduction potentials will be more negative when more alkaline
solutions are used for extended solubility. The correlation of EDGs and redox
potential was shown as the higher amount of EDGs, the lower redox potential, and a
high redox potential was observed when a low number of EDGs was present in the
compounds. It was also showed that the presence of EDGs yield higher solubility
descriptors, which indicate the increased polarity affects this more than e.g. molar
mass or number of aromatic rings. The database created in this study containing the
computationally simulated redox potentials and solubilities of the quinones, have been
for the resulting part of this study and will be for future studies used as a guiding tool
to look for potential new electrolytes for use in RFB technology.

Based on the computational screening it was found that the species of Fusarium

yielded large varieties of quinones compounds with potential usage in RFB systems.
A mutant strain of the fungi Fusarium solani was developed in an earlier published
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study, [196], where the overexpression of the transcription factor of the gene fsr6
showed an increase of the production of fusarubins. In paper 2, [198], the production
of four of these fusarubin compounds was investigated with the purpose of developing
a possible way of producing one of the compounds selectively in favor and in higher
concentrations compared to the other compounds. Initially, a method of quantification
was developed by extraction of purification of the pure substances using preparative
HPLC-DAD with controlling the purity on NMR. The calibration curves were
prepared on a HPLC-DAD afterwards. The investigation of the optimal media
composition was initiated with four different carbohydrates (maltose, glucose, sucrose
and glycerol), and two types of nitrogen source (ammonium tartrate and sodium
nitrate). A full factorial design was applied with the concentration of 4.6, 6.9 and 9.2
g/L for the carbohydrates where ammonium tartrate was the nitrogen source and 3,
4.5 and 6 g/L carbohydrates where sodium nitrate was the nitrogen source. It was
shown that sucrose produced the largest variety of the four compounds with largest
potential of adjusting the selectivity. However, maltose was shown to yield the highest
selectivity that favored the quinone bostrycoidin. In general, it was concluded that
with the nitrogen source being ammonium tartrate the production of bostrycoidin was
high, and little to none was produced by organisms grown in media where the nitrogen
source was sodium nitrate, indicating the importance of free ammonium in the media
for the biosynthesis of bostrycoidin to take place. The optimal media composition to
favor fusarubin production was established to be 50 g/L of sucrose combined with 6
g/L sodium nitrate. For javanicin the media composition was 150 g/L sucrose and 6
g/L sodium nitrate. For anhydrofusarubin it was found that the media composed of 50
g/L sucrose and 3 g/L of sodium nitrate was producing highest yields. The theoretical
response surface designs validated these conclusions. The production of bostrycoidin
was investigated further by extending the fermentation time from seven to nine days,
measuring the sugar concentration and pellet weight from the sample. This elucidated
that by extending the fermentation time from seven to nine days, an increase in the
production of bostrycoidin to above 300 mg/L was found. Yielding still high
selectivity in the media composed with 50 g/L maltose and 4.6 g/L of ammonium
tartrate.

Using the media composition which favored the production of bostrycoidin, an
upscale study was initiated. Because of the liquid-liquid extraction method used in
prior experiments and studies was using large amounts of chloroform as solvent, it
was crucial for the future production upscale possibilities to investigate if separation
and purification could be achieved in a sufficient scale using different techniques.
Membrane filtration is seen as a potential solution for this, and a full separation train
was investigated using MF, UF, NF and RO membranes. It was showed that
Bostrycoidin was rejected by MF membranes, and could then be concentrated in the
retentate from the MF step. The retentate was exposed of the same LLE extraction
procedure and purity was found to be 94.1% of bostrycoidin, which is concluded to
be acceptable. Three different MF membranes was investigated and did not show any
difference in rejection of bostrycoidin, which make little to no difference in changing
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the membranes with regards of the yield of pure bostrycoidin. The three other
fusarubins were also present in the samples, however in very small concentrations
compared to bostrycoidin. The method presented offers thereby a safer and more
environmentally friendly approach for large scale purification of bostrycoidin,
enhancing the future potential of using this compound as an electrolyte in a RFB
system.

The preliminary results of the investigation of Phenicin showed a relevant potential
to continue the further investigation of this compound. Along with the relatively
simple production method, extraction procedure, and how the compound behaved
electrochemically, it can be concluded that the further investigations carried out by
another PhD student and presented in Paper 4, is viable when compared to other
similar studies. Paper 4 shows a capacity fading rate of 0.35% per cycle, which is
somewhat higher than other similar systems, but yet compatible when considering
DHBQ that showed 0.32% per cycle when combined with the K4Fe(CN)s [58].
However, there are still elements where the compound shows limitations. The
contributions from my side have helped in a significant way to develop the test setup,
protocols, and test the compound. Which can be implemented and used by future
researchers as well as students.

To investigate if bostrycoidin possessed any potential as a candidate of usage as
electrolyte, the resulting retentates was pooled together and concentrated even further
by MF, resulting in a recovery of 90%, or a reduction of volume of 90% going from
8.1 L to 0.81 L. The 0.81L was exposed of the LLE protocol, extended with several
back extractions to extract as much as possible. This yielded 10.95 g bostrycoidin with
a purity of 96% analyzed at 495 nm. The electrochemical test of the compound was
resulted in a redox potential of -0.58 V vs SHE, which is considered valid for use in
an RFB system, when compared to other quinone compounds and electrolytes. Simple
regression analysis of the simulated redox potential of 0.19 V vs SHE at pH 0 to the
measured value indicated a one proton two electron reaction, however this is
something future experiments will enlighten. Furthermore, additional cyclic
voltammetry is needed to establish the stability over time and electron transfer
coefficients. Secondly, full cell cycling test is needed to conclude in more detail if
the compound bostrycoidin will be a relevant candidate as electrolyte in an RFB
system. Even though the preliminary results indicate possible potential.

I am confident that the future will hold a solution to the storage of energy from
renewables, so that the use of these energy sources can be extended even further. I do
believe that not only one solution is viable for this to work, but I do see redox flow
batteries as a potential candidate to store energy for larger scale applications. If the
future flow batteries are containing naturally occurring quinones is hard to answer. 1
do believe that the potential of these quinones are of just as great potential as
synthetically produced quinones. Why shouldn’t nature already have optimized the
solubility and stability of the compound? It’s just up to us to find that compound and
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utilize it. The learnings provided to me during this PhD have enabled me to gain
experience in many different fields and this project illustrates the wideness of
technical knowledge are needed to develop and explore a new type of energy storage.
The results obtained during this project will be used in future research projects and I
am confident that within a time frame of 5-10 years the first large scale RFB
containing fungal quinones will be published. This project has barely scratched the
surface to an area of research where much more is found every day and new
compounds are still to be investigated to find the optimal combination, for even
eventually creating a quinone- quinone RFB. Based on the literature, I find the
naturally occurring quinones just as valid a candidate for future RFB electrolytes than
other published combinations of aqueous soluble electrolytes. The one thing that is
often discussed is the stability of the quinones and I think that this will be the main
challenges for the natural quinones as well. When no oxygen control was performed
in the initial experiments of phenicin, the capacity fade was rather large compared to
the optimized experiments where the results were compatible with other published
electrolytes as presented in paper 4. In this study, I have been limited to only consider
quinones as electrolytes, for good reason as otherwise everything would have been
even broader. However, additional redox active could be considered. TEMPO and
derivatives have been showing promising results in regards to stability, and would
also be interesting to investigate further if similar compounds could be produced
naturally. As for vanadium flow batteries, I think that this is still going to be there for
the futures years to come, as these possess good stability and if the prices can be held
at arelatively low and steady level this will also help. The fact that crossover does not
impact the stability is something which is very valuable because this is causing a lot
of challenges around the battery labs of the world where quinones are investigated.
The possibility of using a natural quinone which holds multiple redox states could
also be a potential way to focus future research projects. The production optimization
goes however hand in hand with the individual desired compound. The findings and
protocols from this project can be used as starting points and guides to investigate and
optimize the parameters for future projects. As mentioned, I feel confident in that the
research performed during this PhD have been laying the foundation for hopefully
many new researchers and their projects.
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Quinones are produced in organisms and are utilized as electron transfer agents, pigments and

in defence mechanisms. Furthermore, naturally occurring quinones can also be cytotoxins with
antibacterial properties. These properties can be linked to their redox properties. Recent studies
have also shown that quinones can be utilized in flow battery technology, though naturally occurring
quinones have not yet been investigated. Here, we have analyzed the properties of 990 different
quinones of various biological sources through a computation approach to determine their standard
reduction potentials and aqueous solubility. The screening was performed using the PBE functional
and the 6-31G** basis set, providing a distribution of reduction potentials of the naturally occurring
quinones varying from - 1.4V to 1.5V vs. the standard hydrogen electrode. The solvation energy for
each quinone, which indicates the solubility in aqueous solution, was calculated at the same level.

A large distribution of solubilities was obtained, containing both molecules that show tendencies

of good solubilities and molecules that do not. The solubilities are dependent on the nature of the
side groups and the size of the molecules. Our study shows that the group containing the quinones
of fungal origin, which is also the largest of the groups considered, has the largest antimicrobial

and electrochemical potential, when considering the distribution of reduction potentials for the
compounds.

Quinones are organic molecules found in nature in a variety of different types with different properties based on
chemical and aromatic ring structure, side-chain groups, etc. Quinones in nature fall into the category of sec-
ondary metabolites, and are found in flowering plants, fungi, bacteria, algae and in some amounts in animals?.
Common to all of them is the aromatic di-one or di-ketone system, which can be placed both in para or ortho
positions. Quinones are often described as derivatives from oxidization of hydroquinones or polyphenols®*.
Naturally occurring quinones include aromatic ring structures ranging from the common 1-ring structures
named benzoquinones (BQ), 2-ring structures named naphtoquinones (NQ) and 3-ring structures named anth-
raquinones (AQ) as well as more complex polyquinones'~*. In most eukaryote cells plastoquinone and ubiquinone
conduct electron transport in the oxygenic photosynthesis and the aerobic respiratory chain, respectively >°7.
The function of quinones in living organisms is primarily due to their ability to undergo reversible 2e~ redox
reactions that through complex reaction mechanisms protect the cells against free radicals and other potential
harmful oxidants.

Quinones have during the past two decades been investigated in detail in plants, due to their medicinal
properties in e.g. rhubarb (Rheum spp.>*'?). The plant itself has been used in Chinese medicine since the Han
dynasty®. It has also been shown that the AQs of rhubarb can inhibit bacterial growth, treat cancer, and inhibit
protein misfolding and aggregation, which can be useful in the treatment of diabetes*'°. When challenged by
microorganisms, rhubarb uses the secondary metabolites as a defence mechanism and it has been shown that
the production of quinones increases when the plant is exposed to elicitor-active chemicals'. The compounds
found in rhubarb can also be utilized as dyes and pigments as numerous quinones naturally absorb light in the
visible range of the electromagnetic spectrum due to the presence of conjugated double bonds in the structure.
The pigments and dyes can furthermore act as antibacterial agents when used as treatment of woolen thread*.

Department of Chemistry and Bioscience, Section of Chemical Engineering, Aalborg University, Niels Bohrs Vej
8, 6700 Esbjerg, Denmark. 2School of Chemistry, University of St. Andrews, North Haugh, St. Andrews, Fife KY16
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These antimicrobial properties have been linked to the plant’s redox biochemistry, and consequently to the
quinones, as they often acts as electron transfer agents'"'>.

The occurrence of quinones in bacteria is also well known and widely described. In phototrophic bacteria the
quinones perform different functions as electron transfer agents in respiratory and photosynthetic processes.
Menaquinones and ubiquinones are constituents of bacterial plasma membranes and represent an important
role in electron transfer and possibly also in phosphorylation®®7. It is well known that fungi produce a plethora
of secondary metabolites with a variety of functions, used in survival and communication in natural habitats.
Among the most famous antibacterial agents found in fungi is penicillin, found in the Penicillium and Aspergillus
species!®. Some of the secondary metabolites from fungi contain quinone structures in different variations™!7-%’.
The complex mechanism of cytotoxic properties of the quinone metabolites can be attributed to the interaction
with the mitochondrial nicotinamide adenine dinucleotide (NAD) and NAD phosphate (NADP) dependent
flavin enzymes, where the quinone undergoes a reduction, and hereby produces semiquinone radicals. These
can react with oxygen and hereby create superoxides which, together with the semiquinone radicals, can damage
DNA, RNA and other macromolecules?’~*. Furthermore, the oxidative stress can induce apoptosis, which has
been observed in several organisms and cancer cells***, Similarly to plants, the defence mechanism in fungi can
therefore also be attributed to the redox behavior of these compounds. However, due to versatile structure and
characteristics of biologically produced quinones, the cytotoxic mechanism for each quinone is far from fully
determined. An example of determined cytotoxic properties can be seen in the Fusarium species, that produces,
among others, the quinone aurofusarin. This compound has shown inhibitory effects towards different types of
bacteria including Lactobacillus and Bifidobacterium®. Understanding the redox behavior of quinones is a key
component in understanding how these compounds work antimicrobially, for example in dyes of various sorts,
thereby expanding our knowledge of the biochemistry of organisms, especially with respect to the medical use of
quinones. The reduction potential can be directly linked to the microbial properties of the quinone structure?*.
The solubility of the compounds is also an important property to take into account, as a quinone with a higher
solubility can travel easier around cells, through cell walls etc., and can be utilized to a larger extent than a com-
pound with a lower solubility. Due to the redox properties of quinones, the use of quinones as electrolytes in
flow batteries has in recent years become an area of interest, where quinones have shown potential as substitutes
for metals such as vanadium?®®~**. In this field of research the focus has so far been on synthetically prepared
quinones, and changing sidechain groups for improvement of reduction potentials and solubility has been the
main emphasis®*~**. The naturally orccuring quinones however present the same kind of redox activity. This paper
is thereby also a screening for the extent of reduction potentials found in natural occurring quinones and their
solubility in aqueous solutions for potential uses in flow battery technology. Previous reports have determined
the electrochemical potential of artificial or chemically synthesized quinones through various computational
methods??”**-%7_In this paper, we have used a similar approach on 990 natural occurring quinones, primarily
derived from bacteria and fungi.

Results and discussion

Distribution of E° of naturally occurring quinones. In order to predict the redox potentials (E°) of
known quinones of biological origin, we followed the pipeline outlined in Fig. 1. The dataset consisted of qui-
nones from various sources, including 221 quinones from bacteria, 358 derived from fungi and 425 from “other”
sources such as yeast, algae and plants. All was analyzed using density functional theory (DFT). Some of the
quinones (e.g. herbarin, which is produced both in yeast®, and in fungi®) are produced in several different
sources and are included twice, thereby making the sum of the above listed numbers exceed 990 (Supplementary
Table 1). The distribution of the predicted E° of the naturally occurring quinones is visualized in Fig. 2A. The
histogram shows that the majority of the predicted E° falls between — 0.4 V versus SHE and 0.7 V versus SHE,
with slight indication towards a normal distribution of the potentials. The predicted values stretch from the most
negative value at — 1.382 V versus SHE to the most positive value at 1.485 V versus SHE. The skewness of the
distribution, — 0.6179, indicates that the distribution is slightly skewed towards the left (Supplemental Fig. 1).
Dividing the quinones in groups according to the number of rings, shows that single-ring compounds (BQs) are
located primarily around a median value of 0.4970 V versus SHE, although two compounds are placed at the
positive extreme (Fig. 2B). The NQs (209 structures) display a wider distribution at both ends compared to the
BQs, with a median value of 0.2870 V versus SHE and a mean value of 0.2340 V versus SHE. The largest group of
quinone structures contains 411 different AQ structures. The mean and median of the AQs are 0.0024 V versus
SHE and 0.0119 V versus SHE, respectively, the lowest of the four groups. The BQs, 276 structures, have the most
positive mean value of 0.4788 V versus SHE. The structures with four or more rings form the smallest group,
with 94 members. These have the largest diversity in potentials, with both positive and negative values. The mean
is at the positive side of the diagram, 0.1803 V versus SHE, and the median is 0.3040 V versus SHE.

Closer examination of the analysed quinones shows that the seven quinones with the most positive poten-
tials are all produced from various species of fungi, mostly from the species Penicillium and Fusarium (Table 1).
With a value of 1.485 V versus SHE, the compound with the most positive redox potential is tridentoquinone,
amolecule produced by Suillus tridentinus*. Tridentoquinone is a benzoquinone, and the solubility descriptor
indicates that it has a rather low relative solubility in water, which could be due to the large carbon chain in the
compound, including several methyl groups, and double bonds. In general the seven most positive quinones
show low numbers of electron donating groups (EDGs), such as ~OH. These groups have been described as
lowering the reduction potential when present*, and they show a similar tendency in this study. The positive
list also includes compounds that are smaller than the negative compounds, displaying less aromacity leading
to higher reduction potentials.
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Figure 1. Flow diagram of the computational procedure employed in the study.
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Figure 2. (A) histogram of distribution of predicted redox potentials. (B) distribution of redox potentials based
on the number of aromatic rings within the compounds.

‘Whereas the quinones with the most positive potentials predominately originated from fungi and are rela-
tively small and simple compounds, the quinones with the most negative potentials are larger and more complex
quinone structures (Table 2). The compound with the most negative redox potential (- 1.382 V vs. SHE) is
pradimicin M, which is produced in a mutant of the bacterium Actinomadura hibisca. The compound contains
five rings and is therefore within the group of > 4 ring structures. The results shows that, even though the com-
pounds are larger than the quinones with predicted positive potentials, they have higher solubility descriptors,
which can be linked to the presence of seven EDGs leading to an enhancement of the polarity of the compound.
The number of EDGs present in the seven most negative compounds is significantly higher than in the com-
pounds presenting positive reduction potentials, in agreement with findings in similar studies™. It is furthermore
interesting that the structures of stemphyltoxin, altertoxin I, altertoxin IT and stemphyltoxin IV are so similar;
they only differ in the placement of the side chain groups. The structure of stemphyperylenol (Table 1), which
has a positive potential, is also similar to the negative-potential compounds discussed above; however, the
aromatic rings in this compound are placed opposite each other, and the compound contains a larger number
of polar side chain groups. This may explain the large difference in reduction potential. The compound 7-epi-
sclerotiorin (Table 1) , which has a simulated reduction potential of 1.001 V versus SHE, contains no EDGs,

SCIENTIFICREPORTS|  (2020)10:13571 | https://doi.org/10.1038/s41598-020-70522-z

Page 3 of 10



Paper 1

www.nature.com/scientificreports/

Name

o

V versus SHE AGsory Source Structure

Tridentoquinone 1.485 -38.10 [F] Suillus tridentinus
Stemphyperylenol 1.338 -75.20 [F] Stemphylium botryosum
Citrinin hydrate 1.170 -60.82 (] Pe"',""”/”m SPP-
Aspergillus spp.
o o
uAE/O o

Fusarnaphthoquinone A 1.135 -32.95 [F] Fusarium spp. °

o o ou
5-Hydroxydihydrofusarubin B 1.126 -52.50 [F] Fusarium sp.
5-Hydroxy-3- N
methoxydihydrofusarubin D 1.028 51.20 [F] Fusarium sp.
7-epi-Sclerotiorin 1.001 -55.08 [F) Penicillium hirayamae

Table 1. Properties of the seven quinones with the most negative potentials. [F]-fungi, [B]-bacteria, * indicates
the point of reduction of the reactant.

but a —Cl group which tends to make the reduction potential positive according to the study of Er et al.*, in
agreement with findings in this manuscript. The full list of quinones and their predicted potentials is provided
in the supporting information.

Distribution of E® according to biological origin.  To get an overview of the electrochemical properties
of the quinones according to their biological origin we divided the dataset into three groups: bacteria, fungi and
others (plants, algea, animals etc.; Fig. 3 and Supplementary Fig. 2). The majority of the reduction potentials of
the bacterial quinones is located in the middle of the histogram (Fig. 3A and Supplemental Fig. 3). The reduction
potentials of the fungal quinones are more widely distributed compared to those in the other two groups (Fig. 3B
and Supplemental Fig. 4). Thus, the fungi-produced compounds constitute the most varied group. The reduction
potentials of the collective group of “other” quinones is centered around the middle values of the histogram with
no extreme values (Fig. 3C and Supplemental Fig. 5).
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=)
Name V versus SHE DGy, Source Structure
Pradimicin M -1.382 -74.94 [B] Actinomadura hibisca
Stemphyltoxin | -1.298 -40.15 [F] Stemphylium botryosum
Granaticin B -1.144 -72.42 [8] Streptomyces
spiroverticillatus
Altertoxin | -1.094 -37.34 [F] Alternaria spp.
Altertoxin Il -1.008 -41.94 [F) Stemphylium botryosum
Alternaria spp.
3-O-methyldihydrofusarubin A -1.001 -33.43 [F] Fusarium martii
Stemphyltoxin IV -0.976 -36.40 [F] Stemphylium botryosum

Table 2. Properties of the seven quinones with the most negative potentials [F]-fungi, [B]-bacteria, * indicates
the point of reduction of the reactant.

Correlation of solubility and electrochemical potential. The calculated solubility of the quinones
ranges between 0-100 kJ/mol, with only a few compounds outside this range (Fig. 4A). A breakdown of the
AGg,, descriptors according to the number of rings in the quinones shows only marginal differences (Fig. 4B).
The > 4 group has the largest mean value of — 54.1543 kJ/mol and median of - 53.2041 kJ/mol, whereas the three
other groups do not show any significant differences in solubility. This disagrees with the expectation that larger
organic molecules have a lower solubility due to their larger non-polar surface. Apparently, the solubility of the
quinones studied here is more dependent on the polar side chain groups than on their number of rings.
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Figure 5. Distribution of quinones based on predicted reduction potential and solubility. (A) BQs highlighted
with red, (B) NQs highlighted with green, (C) AQs illustrated with purple, (D) >4 rings is visualized with blue.
The black marked points correspond to the values for the other quinone groups.

A breakdown into the BQs, NQs, AQs and > 4 ring groups categories of the distribution of the solubility as a
function of the redox potentials is shown in Fig. 5. The solubilities of the BQs tend to be at the positive side of
the distribution, whereas the solubilities of the NQs are more centrally located (Fig. 5A,B). The solubilities of
the AQs are more distributed towards the negative side compared to the BQs and NQs, which indicates a higher
solubility of these compounds (Fig. 5C). The distribution of the BQs, NQs and AQs appears to indicate that
the more rings the compound contains the lower is the redox potential, which corresponds to the correlation
between higher aromacity and lower reduction potential, discussed above. However, the E° values of the >4 ring
structure group are much more varied than those of the BQs, NQs and AQs, which is likely due to the larger
variety in overall chemical structure within this group. These compounds have on average a slightly more nega-
tive descriptor of solubility, indicating that they have a slightly higher solubility compared to the other groups
of quinones (Fig. 5D).

The size of the compounds is usually a significant indicator for the solubility, as larger compounds tend to be
less soluble than smaller compounds. In Fig. 6, molecular weight (MW) is presented versus reduction potential
and solubility descriptor A G,y respectively. The largest compound found in the database, ubiquinone Q12, has
a MW of 999.58 g/mol, , and shows a reduction potential of 0.59 V and a AGj,, of — 40.36 kJ/mol. The AGqop,
and E° of this compound are not placed at the extreme ends of the dataset, but placed more positive in both of
the parameters. There is not a clear correlation between MW and reduction potential (Fig. 6A); however, the
largest distribution of reduction potentials is observed to occur for compounds with smaller MW. Furthermore,
a weak tendency towards larger compounds having a more negative A G}, can be observed, which corresponds
to the general hypothesis; however, the plot shows two slightly correlating tendencies, one which is going vertical,
meaning no cooralation (Fig. 6B). The second correlation indicates that the higher MW, the lower the AGgpy is.
The correlation is not significant, and thus, it cannot be concluded that the molecular weight directly influences
the E® or AGion, the occurrence of polar groups appears to have a larger impact on the E° or AGyyy than the
MW of the compounds.

Experimental

A flow diagram of the workflow used in the project is presented in Fig. 1. The reaction of the naturally occurring
quinones to hydroquinones was treated as a single step: a rapid, two-electron and two-proton transfer as previ-
ously described?*?”**-*’, The naturally occurring quinones that have been isolated as hydroquinones were initially
prepared into oxidized versions, and only two of the hydroxyl or ketone groups were used for the simulation. If
a compound presented several redox sites, only one of these was taken into account. The redox site used for the
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Figure 6. (A) Molecular weight versus predicted reduction potential distribution. (B) Molecular weight versus
G, distribution.

simulation has been marked with a * in Tables 1 and 2. The quinones that have been changed from the isolated
form are marked with either a (1) or (2), according to the number of sites that have been changed prior to simula-
tion, in the complete list of simulated naturally occurring quinones (Supplemental Table 1). The reaction scheme
applied in the screening used the thermodynamic cycle shown in Supplemental Fig. 6.

Database creation. A local database was compiled from AntiBase 2012*!. The quinones were obtained
through multiple searches in AntiBase which contains 41,000 recorded compounds. An initial search identified
compounds containing “quinone” as structure name tag, which yielded 767 hits. A search of specific quinones
was also conducted; this yielded approximately 40 hits. Lastly, a search for “quinones” in the “properties” search
field was conducted; this search yielded 425 quinone structures. A proportion of the compounds appeared in
more than one of the searches; these compounds were noted and removed so they only appear once in the data-
base. This resulted in a database containing 990 different quinone structures originating from various sources
i.e. fungi, bacteria, plants and animals.

Development of the calibration model. To calculate the electrochemical properties of the 990 identi-
fied quinones we developed a method based on earlier published research on the screening of quinones?®**+42,
which also employed DFT. All DFT calculations in the current project were carried out using the Gaussian
09 software®. First, results obtained by the Perdew-Burke-Ernzerhof (PBE*') Results obtained with the GGA
(generalized gradient approximation) functional PBE and the more computationally demanding meta-hybrid
M06-2X functional®, both coupled with the split-valence 6-31G** basis set, were compared. To calibrate the
model, six basic quinones were chosen as representatives of BQs, NQs and AQs. The calibration model employed
experimental redox potentials (EQXP) of these compounds and the change of enthalpies of formation (AH/) of
the quinone redox reaction calculated using the two different functionals*®*’. A line was fitted though the data
points using least-squares fitting (Supplemental Fig. 7). The calibration model is based on the modified Nernst
equation:

E'=—(uF)"'AH; +b (1)

where 7 is the number of electrons transferred (2), F is the Faraday constant and b is the y-axis intercept obtained
from the calibration model.

The PBE functional yielded slightly better correlation, R* = 0.9827 (Supplemental Fig. 7A), compared to the
more computationally expensive M06-2X functional with R? of 0.9767 (Supplemental Fig. 7B). Therefore, the
PBE/6-31G** data is applied to Eq. 1 to obtain the calibration model used in this work (Eq. 2).

E® = —0.4629AH; + 0.0572 )

This equation enabled us to correlate the calculated change in gas-phase enthalpy of formation (AHy) at 0 K
to the experimental redox potential for the reaction Q/QH,.

Computational workflow. The structures in our database were converted from 2D structures into 3D
structures using the Avogadro software*®, visualized with GaussView*, and Gaussian input files were then cre-
ated for both the reduced and oxidized form of the quinone. The calibration model (Eq. 2) was used to calculate
the reduction potentials based on the computed energies, using the PBE/6-31G** functional/basis set combina-
tion. For solubility prediction in aqueous media, we used AGq,y, as a descriptor calculated using PBE/6-31G**,
for the oxidized forms of the quinones, as these are assumed to have a lower solubility compared to their reduced
forms. The AGg,y, was calculated as the difference between the total Gibbs energy of the oxidized quinone in
aqueous solution (AGyy), calculated using the Polarizable Continuum Model (PCM) implicit solvation model,
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using the integral equatlon formalism variant (IEFPCM), with water as the solvent, using the dielectric constant

of water (e=78.3553)

*1, and the total Gibbs energy of the oxidized quinone in gaseous phase (AGggs). This

infers that the more negative the value of AGj,y,, the higher the solubility of the quinone.
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Abstract: Natural products display a large structural variation and different uses within a broad
spectrum of industries. In this study, we investigate the influence of carbohydrates and nitrogen
sources on the production and selectivity of production of four different polyketides produced by
Fusarium solani, fusarubin, javanicin, bostrycoidin and anhydrofusarubin. We introduce four different
carbohydrates and two types of nitrogen sources. Hereafter, a full factorial design was applied using
combinations of three levels of sucrose and three levels of the two types of nitrogen. Each combination
displayed different selectivity and production yields for all the compounds of interest. Response
surface design was utilized to investigate possible maximum yields for the surrounding combinations
of media. It was also shown that the maximum yields were not always the ones illustrating high
selectivity, which is an important factor for making purification steps easier. We visualized the production
over time for one of the media types, illustrating high yields and selectivity.

Keywords: Fusarium; secondary metabolites; polyketides; mycotoxins; pigments; quinones; fusaru-
bins; PKS3; natural products

Key Contribution: High production yields and selectivity for interesting pigments, which possess
several different useful properties.

1. Introduction

Fungi produce a plethora of different polyketides, some of which have beneficial
pharmaceutical properties, including anti-tumor (e.g., aspergiolide A [1]), immunosup-
pressants (cyclosporin [2]), cholesterol lowering (e.g., lovastatin [3,4]) and antibacterial
(e.g., penicillin [5]). Other compounds have mycotoxin effects on raw feed for livestock,
crops and also humans [6-8] and are potent carcinogens (e.g., aflatoxin [6] and fumon-
isins [9]) or estrogenic (e.g., zearalenone [10], fusarin C [11] and fusarielins [12]).

In fungi, pigmentation could also primarily be attributed to polyketides [13]. The genus
Fusarium is collectively able to produce the three polyketide pigments aurofusarin, bikaverin
and fusarubins (incl. bostrycoidin, javanicin, Figure 1). Most Fusarium species use au-
rofusarin and bikaverin as mycelial pigmentation and fusarubins in perithecia [14,15]
However, in F. solani and closely related species, fusarubins are produced during mycelial
growth, while a yet unidentified pigment is produced during sexual development in
perithecia. The fusarubin gene cluster, PKS3 (also described as fsr and pgl), is found in
all genome sequenced Fusaria, and is a non-reducing iterative type I PKS [16], which has
been assigned earlier to produce 8-O-methylfusarubin in F. fujikuroi [14] and also the aza-
anthraquinone bostrycoidin in F. graminearum. Bostrycoidin and fusarubin are believed to
be synthesized from the same precursor, by the formation of a C14 heptaketide-aldehyde
as the common intermediate [17,18]. Both fusarubin, bostrycoidin and many of the other
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intermediates in the biosynthetic pathway have proved to possess biological activity, in-
cluding antimicrobial and antitubercular properties [19], antifungal activity [15], anticancer
properties [20] as well as prominent activity toward Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa and Bacillus megaterium. They also display potential cytotoxic
properties toward human leukemia cells [21,22].

I o OH o oH OH 0 o OH
o o o o
— e A - X
OH
o ° N o
o OH o OH OH o o OH

Fusarubin

Javanicin Bostrycoidin Anhydrofusarubin

Figure 1. Structures of the four selected polyketide pigments produced by PKS3 in Fusarium solani.

The cytotoxic and antimicrobial effect can be explained by the stimulation of cellular
respiration and membrane NADH oxidation of bacteria [23,24]. The cytotoxic mechanism of
naphthoquinones has also been described by Medentsev et al. [25,26] and Futuro et al. [27],
where the flavoprotein-catalyzed redox cycle of the naphthoquinone creates a cascade of
free radicals and superoxide molecules and other biochemical processes, which can damage
DNA or RNA. The redox activity of natural occurring quinones was recently determined
in silico, and several members of the fusarubin class were among the most reactive [28].

The fungal polyketides and secondary metabolites are often produced together with
many different compounds. Therefore, it can prove challenging to produce pure com-
pounds for use in the industry. The heterologous expression of genes in, e.g., yeast
or bacteria is often used to produce fungal compounds in a different organism [29,30].
Pedersen et al. showed a heterologous expression of core genes in F. solani for a high-
concentration production of pigments in Saccharomyces cerevisiae [31]. The yield of the
compound bostrycoidin was not higher than 2.2 mg/L, which is low when compared to
the metabolite extracted from the fungi, e.g., 21 mg/L by Kurobane et al. [32]. They have
also shown production levels of 189 mg/L of fusarubin and 45 mg/L of the metabolite
javanicin. Because the quinones and polyketides in general are produced as secondary
metabolites depending on regulation factors, such as pH, carbohydrates, etc., it will be
possible to alter the production portfolio of the fungi depending on the growth conditions
and media composition. This has previously been demonstrated in a study by Serensen
et al., where the influence of both a different yeast extract [33] and carbohydrates [34]
has been shown to influence the production of secondary metabolites. Medentsev and
Akimenko discovered the influence of pH on the production of pigments in fungi, where
both high and low pH provided inhibitory effects on the growth rate of the fungi. It was
also shown that the nature of the pigments produced was different [25].

The aim of this study is to investigate the influence of medium composition on the
production of the polyketides, fusarubin, javanicin, anhydrofusarubin and bostrycoidin by
the fungus F. solani.

2. Results and Discussion

As the Fusarium solani species complex is responsible for producing several com-
pounds from the fusarubin biosynthetic pathway, it is interesting to investigate whether
it is possible to enhance the production of these valuable compounds and if to produce
compounds more selectively by varying their main substances and their concentrations
in the growth medium. We started by investigating the effect of four different types of
carbohydrates (maltose, glucose, sucrose and glycerol) and two different types of nitrogen
sources (ammonium tartrate and sodium nitrate) on pigment production. The resulting
chromatograms revealed a significant difference in the peak heights and number of peaks,
depending on the carbohydrate type and nitrogen source (Figure 2). Fusarubin was only pro-
duced in small amounts in the samples including ammonium tartrate, except when using
glucose as the carbohydrate source. The opposite behavior was observed for bostrycoidin,
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which was abundant when the fungus was grown in media containing ammonium tartrate,
and when cultivated in media containing glycerol, where no compounds were produced in
any significance. In a similar way, bostrycoidin was almost absent when the fungus grew in
media containing sodium nitrate. Javanicin was produced in all different media, besides the
glycerol media, with the highest peaks originating from the media with a combination of
sucrose and ammonium tartrate. The media type containing glycerol showed no indication
of producing fusarubins besides small quantities of bostrycoidin, when combined with
ammonium tartrate. The media did not seem to favor the growth of the fungi, with no
visible mycelium formation.

Fusarubin
Javanicin
Bostrycoidin

Anhydrofusarubin

Maliose

Glscerol 1 Glseerol

Figure 2. The effect of carbon and nitrogen sources on the production of PKS3-derived polyketides. All media contained
50 g/L carbohydrate and have been cultivated for seven days. (A) Chromatograms from samples where the media
contained ammonium tartrate, fusarubin (red), javanicin (orange), bostrycoidin (purple) and anhydrofusarubin (red-brown)
are indicated on the standard and by the dotted lines. (B) Chromatograms from samples where the media contained sodium
nitrate. Fusarubin (red), Javanicin (orange), bostrycoidin (purple) and anhydrofusarubin (red-brown) is indicated by the
dotted lines and color. Standard concentrations for both (A,B) are 53 mg/L for fusarubin, 39 mg/L for javanicin and

bostrycoidin, and 19 mg/L for anhydrofusarubin.

We decided to use the same mass of carbohydrates, neglecting the fact that the car-
bohydrates used in this study do not have the same molar mass, and hence the molarity
will be higher for carbohydrates with a lower molar mass. However, this did not influence
our study, as the two selected disaccharides, sucrose and maltose, stimulated a higher
production of the pigments on both sodium nitrate and ammonium tartrate (Figure 3 and
Tables S1-S3). The optimal medium for bostrycoidin production was maltose combined
with ammonium tartrate, yielding a mean concentration of 116 mg/L (Figure 3A), but the
media types containing sucrose and glycose produced a mean concentration of 214 mg/L
and 127 mg/L, respectively, though showing less selectivity, whereas the maltose media
was chosen to be optimal for the production of bostrycoidin. Glycerol resulted in the
lowest bostrycoidin concentrations of all media containing ammonium tartrate, no higher
than 0.89 mg/L. The sucrose and ammonium tartrate combination was most favorable
for anhydrofusarubin production, yielding 113 mg/L in average. This medium, however,
did not produce much fusarubin. In the glycerol medium, fusarubin was produced with a
mean concentration of 77 mg/L, and javanicin and anhydrofusarubin yielded 20 mg/L
and 25 mg/L, respectively. In the medium containing sodium nitrate (Figure 3B), the pro-
duction clearly favored fusarubin, with a yield of 56 mg/L in maltose medium, 37 mg/L
in glucose medium and a mean concentration of 132 mg/L in the sucrose medium. Su-
crose also yielded the highest production of javanicin (19 mg/L) and anhydrofusarubin
(36 mg/L) in media with nitrate as the source of nitrogen. Bostrycoidin was produced only
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in minor quantities on glucose (1.2 mg/L) and on maltose (1.7 mg/L). No compounds were
detectable in the glycerol medium. Except for fusarubin, the mean concentrations in the
medium containing sodium nitrate were lower than the mean concentrations seen in the
medium composed with ammonium tartrate.

200

150

100

50|

B Fusarubin B B Fusarubin

@ Javanicin Javanicin
B Bostrycoidin B Bostrycoidin

B Anhydrofusarubin W Anhydrofusarubin

o - -

Maltose Glucose Succrose Glycerol Maltose Glucose Sucrose Glycerol

Figure 3. Mean concentrations (1 = 4) of the four compounds of interest. Error bars indicate the standard error of mean in
the media containing different carbohydrates and a nitrogen source. Cultivation period was seven days. (A) Ammonium

tartrate, (B) Sodium nitrate.

The media containing sucrose was selected for further investigation, due to the variety
of the difference in produced compounds and the high overall concentrations. We omitted
maltose media despite the high production of bostrycoidin, because they already showed
selectivity and high production yields.

To optimize production on sucrose, we used a full factorial design of the experiments
including three factors: carbohydrate concentration, nitrogen concentration and nitrogen
source. The carbohydrate concentrations were 50 g/L, 100 g/L and 150 g/L and the con-
centration of nitrogen varied from 4.6 g/to0 6.9 g/L and 9.2 g/L for the media containing
ammonium tartrate. The second nitrogen source, sodium nitrate, had the following con-
centration levels: 3 g/L, 4.5 g/L and 6 g/L. As expected, the variation of concentration of
the four target compounds was quite significant, indicating the possibility of tailoring a
medium for the production of specific compounds. Due to fermentation in liquid media,
we expected to see variations in the yields from experiment to experiment, larger than those
of the experiments performed with fermentation in solid phases [35-38]. The variations
and deviations between experiments when comparing the first experiment, illustrated in
Figure 3A,B, and the second experiment, visualized in Figure 4A,B, are seen as natural
variations in growth patterns due to, e.g., global regulation factors. The average values
including the SD and SEM of the two experiments overlap and, therefore, cannot be de-
termined as significant. Fusarubin was produced in low concentrations (Figure 4A) in
the media composed of 50 g/L sucrose and ammonium tartrate, with an increase from
2.5mg/L at an ammonium tartrate concentration of 4.6 g/L to 47 mg/L with an ammo-
nium tartrate concentration of 9.2 g/L. However, the data showed that increasing sucrose
and decreasing ammonium tartrate improved fusarubin production. Here, the 100 g/L
sucrose and 4.6 g/L ammonium tartrate combination resulted in the highest production,
of 287 mg/L, which was substantially higher than the previously described productions of
fusarubin [32]. Furthermore, the effect plots showed that sucrose was the most important
factor combined with the nitrogen concentration (Figures 51-56). The remaining combina-
tions of sucrose and ammonium tartrate decreased fusarubin production when ammonium
tartrate levels were increased. Different tendencies were seen in the production of javanicin,
even though the concentration levels were lower than for fusarubin. It was seen that a
sucrose concentration of 100 g/L and an ammonium tartrate concentration of 6.9 g/L
yielded the highest average concentration, of 77 mg/L. The production of bostrycoidin
was overall stable, and high yields were observed in all of the samples. However, a slight
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decrease was seen with increasing sucrose and ammonium tartrate levels, as the lowest
levels yielded the highest production. Anhydrofusarubin showed opposite tendencies
of fusarubin, as it was seen that the 50 g/L and 4.6 g/L combination yielded the highest
concentrations. This could indicate a correlation between the compounds, as a conversion
might happen from one compound to the other. This has, however, not been investigated
further. Figure 4B shows the average concentrations of the compounds in the sucrose
media containing sodium nitrate. Here, fusarubin production displayed a different pattern
than ammonium tartrate. There were indications that the production was slightly favored
by a lower concentration of sucrose and a high nitrate concentration, with the production
reaching 130 mg/L.

Javanicin production was optimal at the highest level of sucrose and the medium level
of sodium nitrate, yielding 33 mg/ L. It was noticeable that bostrycoidin was produced in
significantly low levels compared to the first media containing ammonium tartrate, with a
maximum average value of 2 mg/L. This was due to the need of a free ammonium to
undergo the nonenzymatic oxidization producing bostrycoidin, as described by Kurobane
etal. in 1980 [32]. Anhydrofusarubin was also produced in the highest quantities in the
medium with the lowest level of sucrose and sodium nitrate. The data for individual
compounds are presented in Figure S7 in the Supplementary Material.
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Figure 4. The effect of sucrose and nitrogen source concentrations on polyketide production. Average polyketide/product
concentrations and standard error of mean (1 = 4); cultivation period was seven days. (A) Media containing ammonium
tartrate and (B) Media composed with sodium nitrate.

To further investigate the observed tendencies, a response surface design was prepared
using the Box-Wilson central composite design, and can be seen in Figures 5 and 6. Once
again, fusarubin (Figure 5A) showed the highest production in a combination of high
sucrose (180 g/L) and low ammonium tartrate, yielding up to 400 mg/L. Interestingly,
the plot indicated that the optimum had not been found within these values. Javanicin
(Figure 5B) displayed a hilltop shape, which indicated the presence of an optimum at
100 g/L of sucrose and 7-8 g/L of ammonium tartrate. For bostrycoidin (Figure 5C) and
anhydrofusarubin (Figure 5D), the highest yields were achieved by lowering the sucrose
and ammonium tartrate levels.

As observed in the previous experiments, fusarubin followed a linear trend of in-
creasing yields under low sucrose and high nitrate (Figure 6A). However, the response
surface plot also indicated that the optimal combination was not found within the tested
values, even though a yield of 150 mg/L was achieved. The response surface of javanicin
production (Figure 6B) suggested the existence of two distinct combinations of conditions
for optimal production: for the first, a combination of high sucrose concentration and
low sodium nitrate concentration; for the second, a low level of sucrose combined with a
high concentration of sodium nitrate. This supports the hypothesis of javanicin being a
co-metabolite and not a conversion compound like fusarubin or anhydrofusarubin.
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Figure 6. Response surface models and contour plots for predicted and measured concentrations of media composed of
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sucrose and sodium nitrate. Cultivation time was seven days for the fungi used for measurements. (A) Fusarubin,
(B) Javanicin, (C) Bostrycoidin and (D) Anhydrofusarubin.

increased beyond the levels applied in our study.

In the response surface model, as measured previously, bostrycoidin (Figure 6C)
production was low when nitrate was used as nitrogen source. The plot indicated that
the maximum production was achieved with a combination of 100 g/L sucrose and 5 g/L
sodium nitrate. Anhydrofusarubin tended to be produced in the highest quantities when
composing the medium of low sucrose and sodium nitrate levels (Figure 6D). Furthermore,
we observed an indication of a second optimum if sucrose and sodium nitrate were

To investigate the isolated production of bostrycoidin, we chose to analyze the pro-
duction levels at different time points during growth. For that, we used maltose medium
with 50 g/L maltose and 4.6 g/L ammonium tartrate, as this illustrated high yields and
good selectivity for bostrycoidin compared to the seven other combinations of the me-
dia found in the first part of the study in presence of ammonium tartrate. We decided
to investigate bostrycoidin production, as this compound was produced in the overall
highest concentrations throughout the whole study. The cultivation time was extended
to 9 days (216 h) instead of the initial 7 days (168 h) which were used in previous exper-
iments, based on earlier studies by Kurobane et al. [32], in order to investigate whether
the production had reached a maximum or additional production could be achieved.
The production of bostrycoidin was detected after 60 h with an average concentration
of 3.2 mg/L (Figure 7A). The production slowly increased until 120 h, where the aver-
age yield was 33 mg/L. The average measured yields hereafter increased rapidly to the
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end of the experiments, reaching 305 mg/L, with no indication of declining production.
The experiment was terminated at 216 h (9 days), when all maltose had been consumed
in the medium (Figure 7B). The pellet weight also indicated that the fungi did not grow
significantly between 192 h and 216 h, as the curve flattened out. The other three quinones
were not present in high levels, as the highest average values measured were 28 mg/L of
fusarubin at 96 h, 6.7 mg/L javanicin at 216 h and 43 mg/L of anhydrofusarubin at 216 h.
The pigmentation of the media at every sampling time is illustrated in Figure S8 in the
Supplementary Materials.

60 150
B @ Maltose conc. /L
¥ Pelle weight Img/mil
* Anhydrofusarubin
40 4100
2
3 z
X
20 REY
oly—" — — — %
B S S e P I e 4
R R T RGO S

Figure 7. Production of pigments over time in bostrycoidin-favoring media conditions. (A) Average concentrations and

standard deviation (1 = 4) of the four quinones/polyketides produced over time, ranging from 0-216 h. (B) Carbohydrate

consumption over time illustrated as circles referring to the left y-axis, and the mean dry weight of the cells (1 = 4) in the
samples referring to the right y-axis.

3. Conclusions

In this study, we present, how the production of fusarubin, javanicin, bostrycoidin
and anhydrofusarubin in F. solani constitutively expressing the responsible gene cluster
varies when grown on four different carbohydrates and two different nitrogen sources.
It was shown that the media composed of maltose and ammonium tartrate yielded large
amounts of bostrycoidin, with little to none of the other compounds. The sucrose medium
was investigated further, as this medium produced all of the four compounds in different
concentrations. A full factorial experimental design was initialized to investigate the
effect of the different factors on the production of the compounds. It was concluded that
the highest production of fusarubin was seen using the media containing ammonium
tartrate, but the selectivity was not optimal, as bostrycoidin was also produced in large
quantities. The optimal medium for producing fusarubin was established to be 50 g/L
sucrose combined with 6 g/L sodium nitrate. For javanicin, the optimal medium was
150 g/L sucrose and 6 g/L of sodium nitrate. For anhydrofusarubin, the medium composed
of 50 g/L of sucrose and 3 g/L of sodium nitrate indicated the highest yields when
combining yields. These tendencies were validated by the response surface design models
where indications of even higher theoretical yields could be seen. However, those media
combinations remain to be tested. Because we used a constitutive promotor, we have
assumed that the transcripts would be on similar levels in all cells, and then the difference
in the production between the media could be assigned to the growth pattern of the fungi
or the availability of substrates, such as acetyl-CoA and malonyl-CoA. Future experiments
targeting this availability would enlighten this. The project also investigated maltose media
and the production of bostrycoidin over a timeframe of 9 days. This led us to conclude that
it was possible to exceed 300 mg/L of bostrycoidin for this medium type as well, with a
high level of selectivity yielding little to no production of the three other compounds.
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4. Materials and Methods
4.1. Fungal Strain and Macroconidia Isolation

Fusarium solani 77-13-4 OE::fsr6 G418R (Nielsen et al., 2019 [39]) was maintained on a
PDA containing 100 pg/mL geneticin G418 at 28 °C. For inducing sporulation, a 100 mL
CMC medium (15 g/L carboxymethylcellulose sodium salt, 1g/L NH4NO3, 1 g/L KH,PO,,
0.5 g/L MgSO,4-7H,0, 1 g/L bacto yeast extract) was inoculated with 5-10 agar squares
from a week-old plate and incubated at 20 °C and 100 rpm for five days. The spores were
harvested by pouring the culture through a sterile plastic syringe packed with glass wool
removing agar and mycelium. The medium was removed by centrifugation at 10,000x g
4 °C for 15 min, discarding the supernatant. The spores were washed twice in 50 mL
ice-cold sterile ultrapure water, followed by a final resuspension in 1 mL 10% glycerol,
and stored at —80 °C.

4.2. Effect of Varying Carbon and Nitrogen Sources on Pigment Production

All media were initially based on Kurobane et al. [32] and modified following the base
recipe according to our experiments. In the study investigating different carbohydrates,
the OE::fsr6 F. solani strain was inoculated in media composed of: 50 g/L carbohydrate (mal-
tose monohydrate (Merk KGaA, Darmstadt, Germany), glucose (Sigma-Aldrich, St. Louis,
MO, USA), glycerol (Honeywell, Germany) or sucrose (MP biomedicals, Eschwege, Ger-
many)), 4.6 g/L of ammonium tartrate (Acros organics, New Jersey, USA) or 3 g/L sodium
nitrate (VWR, Herlev, Denmark), 1 g/L potassium dihydrogen phosphate (KH,POy) (Merk
KGaA, Darmstadt, Germany), 0.5 g/L magnesium sulfate heptahydrate (MgSO,-7H,0)
(VWR, Herlev, Denmark), 0.01 g/L ferrous sulfate heptahydrate (FeSO4-7H,0) (Fluka,
Sigma-Aldrich, St. Louis, MO, USA), 0.01 g/L sodium chloride (NaCl) (VWR, Herlev,
Denmark) and 0.01 g/L calcium chloride (CaCly) (Merk KGaA, Darmstadt, Germany),
and 1 mL of the trace metal solution which contains 1.0 g ZnSO4-7H,0 (Merk KGaA,
Darmstadt, Germany) and 0.5 g CuSOy4-5H,0 (Acros organics, New Jersey, USA) in 100 mL
MQ H,O. MQ H;0 was produced by Synergy system UV (Millipore SAS, Molsheim,
France). The pH was adjusted to 5.6 & 0.2 for all media. OE::fsr6 was inoculated containing
10,000 spores per 50 mL medium and incubated at 25 °C at 100 rpm for seven days, com-
posing quadruplicates of all samples. The conditions correspond to a combination of the
methods from Kurobane et al. [32] and Westphal et al. [40].

4.3. Production of Pigments in Response to Varying Concentrations of Sucrose

In the study, investigating different levels of carbohydrate and nitrogen source, the liquid
media contained 50 g/1,100 g/L and 150 g/L of sucrose (MP biomedicals, Eschwege,
Germany), and 4.6 g/L, 6.9 g/L and 9.2 g/L of ammonium tartrate (Acros organics, NJ,
USA) or 3 g/L, 4.5 g/L and 6 g/1 of sodium nitrate (VWR, Herlev, Denmark), and the
rest of the media were composed as the base recipe. In all media, 250 mL were prepared
using MQ H,O and autoclaved for 15 min at 121 °C after mixing. A capacity of 50 mL
was then decanted into four Erlenmeyer flasks inoculated with 10,000 spores of OE::fsr6
and incubated at 25 °C at 100 rpm for seven days, constituting the quadruplicates of all
experiments. The pH was adjusted to 5.6 + 0.2 for all media.

4.4. Production of Bostrycoidin over Time

The media chosen to monitor bostrycoidin production over time contained 50 g/L
maltose monohydrate (Merk KGaA, Darmstadt, Germany) and 4.6 g/L ammonium tartrate
(Acros organics, New Jersey, USA). The rest of the medium was composed as the base
recipe. The experiment was conducted with quadruplicates, where the 50,000 spores of the
OE::fsr6 strain were inoculated in 1000 mL Erlenmeyer flasks containing a 250 mL medium.
The strain was cultivated at 25 °C at 100 rpm for 9 days.

Samples of 5 mL for pigment concentration determination, including 1 mL for carbo-
hydrate concentration determination, were taken out after inoculation at 0 h, 24 h, 48 h
and thereafter with 12 h intervals until 96 h. Later, the intervals were again of 24 h until
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216 h or 9 days. The 12 h intervals were chosen because prior experiments had found the
pigmentation starting phase to be around 48 h-96 h. The 5 mL samples were centrifuged at
5000x g for 5 min. The supernatant was extracted using LLE as described below. The pellet
was weighed in wet weight and dried in an oven for 12 h at 105 °C, and then weighed
again to determine the dry weight of the filaments in the sample. The 1 mL sample was
filtered through 0.45 pum syringe filters (Frisenette, Knebel, Denmark), directly into 2 mL
HPLC vials, and analyzed using HPLC-RID (Perkin Elmer Series 200, Perkin Elmer, MA,
USA), coupled with a Perkin Elmer series 200 pump, Perkin Elmer series 200 autosampler,
Perkin Elmer series 200a Refractive index detector, and a column oven. Injected volumes of
10 uL were analyzed at 85 °C, using an isocratic flow of 0.6 mL/min, of MQ H,O, through
a Bio-Rad Aminex HPX-87P column (300 x 7.8 mm, Bio-Rad laboratories, USA).

4.5. Liquid-Liquid Extraction and HPLC-DAD Analysis of Secondary Metabolites from
Liquid Media

The extraction procedure used in this study was initially based on Westphal et al.’s (2018)
study on the production of aurofusarin [40], but the method was modified for the com-
pounds and fungi extracted in this study. The growth media were filtrated through
Miracloth (Millipore EMD, Billerica MA, USA). A sample size of a 10 mL medium was
taken out for extraction and acidified by adding 0.7 mL 5 M HCI and shaken in 50 mL
centrifuge tubes. Ten milliliters of chloroform (Sharlau, Sharlab S.L, Spain) were added
to the media and shaken, and thereafter two phases were observed in the liquid and the
color would primarily be in the water phase. We then added 6.7 mL methanol (VWR,
Herlev, Denmark) and 6.7 mL 10 w/v % NaCl in MQ H,O solution to the mixture, which
was shaken energetically. After the phases were separated, the majority of the color was
observed in the organic phase. Most of the water was carefully decanted. Additionally,
6.7 mL methanol (VWR, Herlev, Denmark) and 6.7 mL 10 w/v % NaCl in MQ H,O solution
were added to drive the last impurities to the water phase and all the pigment to the organic
phase. The mixture was swirled and shaken calmly, and the phases were allowed to settle.
The organic phase was collected by removing the water phase by pipetting. The organic
phase was transferred to glass test tubes, and the chloroform was evaporated at 40 °C
under N gas until complete dryness. The dried metabolites were resuspended in 2 mL
methanol (VWR, Herlev, Denmark) and set for 10 min in an ultrasonic bath to ensure that
all possible metabolites were dissolved. The dissolved metabolites were filtered through
0.22 pm syringe filters (Frisenette, Knebel, Denmark), directly into 2 mL HPLC vials.

Extracts were analyzed using HPLC-DAD on an Agilent 1260 infinity Il HPLC system
(Agilent, Santa Clara, USA), equipped with a 1260 vial sampler, a 1260 Quat. pump
inclusive column oven set to 40 °C with a C6-phenyl column (Kinetex®2.6 um, 100 f\,
150 x 3 mm, Phenomenex, Torrance, CA, USA) and together with a guard column (UHPLC
phenyl, 2.1mm ID column, Phenomenex, Torrance, CA, USA), 1260 DAD-HS measuring
wavelengths at 280 nm, 310 nm and 495 nm, chosen—based on UV spectra yielded by pure
compounds of fusarubin, javanicin and bostrycoidin, obtained by preparative HPLC and
verified by NMR as described by Nielsen et al., 2019 [40]—and a 1260 RID unit.

The 0.5 mL/min gradient initiated at 80% solvent A (MQ H,0O) and 20% solvent B
(Acetonitrile, Hypersolve, VWR, Herlev, Denmark) added 50uL /L Trifluoroacetic acid (TFA
Chromsolv, Sigma-Aldrich, St. Louis, MO, USA). The gradient increased linearly to 100%
solvent B over 20 min, held for 5 min and then went back to the initial start composition, at
80% solvent A and 20% solvent B over a 5-min period, followed by 4 min post run.

4.6. Calibration and Standards for the Pigments

In order to be able to quantify the four target pigments, they were initially isolated
from the extracts derived from OE::fsr6. This was performed by preparative HPLC (Thermo
Scientific Ultimate 3000; Dionex Ultimate 3000 pump; Dionex Ultimate 3000 autosampler)
coupled to a diode array detector (Dionex Ultimate 3000 DAD) and fraction collector
(Dionex Ultimate 3000 fraction collector). The samples were fractionated using a C-18
column (Thermo Scientific, Hypersil Gold, 250 x 21.2 mm, 5 pm), injecting 0.5 mL per

Page 9 of 12



Toxins 2021, 13, 376

Paper 2

100f 12

References

run, and applying a linear flow gradient of 10 mL/min. The gradient initiated at 80%
solvent A (MQ H,0) and 20% solvent B (Acetonitrile, Hypersolve, VWR, Herlev, Denmark),
both supplemented with 50 uL/L Trifluoroacetic acid (TFA Chromsolv, Sigma-Aldrich,
St. Louis, MO, USA). The gradient increased linearly to 100% solvent B over 10 min,
held for 5 min and then went back to the initial start composition, at 80% solvent A and
20% solvent B over a 3 min period. This gradient was continued for 5 min. The DAD
was set to collect chromatograms at wavelengths 230 nm, 280 nm, 310 nm and 495 nm.
The fraction collector (Dionex Ultimate 3000 fraction collector) was set to collect peaks in
the chromatogram at 310 nm, with a peak start/end threshold of 10.00 mAu and peak
slopes at +0.500 mAu/s. The collected samples were analyzed using HPLC-DAD (Agilent
1260 infinity I HPLC system, Agilent, Santa Clara, USA), with the method and system
described earlier, verifying the compounds fusarubin, javanicin, bostrycoidin and anhy-
drofusarubin. The fractions were dried at 40 °C under N, gas until complete dryness and
dry weight were noted. Stock solutions were made by resuspending samples in methanol
(VWR, Herlev, Denmark), of which all concentrations were 5 g/L pigments, and then using
previously determined compositions of the fractions to compose standard calibration solu-
tions for fusarubin, javanicin, bostrycoidin and anhydrofusarubin. All calibration curves
can be seen in Figure S9.

4.7. Statistical Analysis

All statistical analyses were performed using R studio (version 1.2.5033, Rstudio Inc.)
and GraphPad prism 9 version 9.0.0 for macOS (GraphPad Software, San Diego, CA, USA).
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the media composed of three different levels of sucrose and three levels of ammonium tartrate.
Table S3: Average yields of the media composed of three different levels of sucrose and three levels
of sodium nitrate.
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ARTICLE INFO ABSTRACT

Keywords: The use of fugal secondary metabolites is extensive throughout several industries, and the compounds are often
Fusarium . extracted using loads of harmful organic solvents. The issues with several different and also similar products
Secondary metabolites produced by the same biosyntethic pathways are challenging the downstream separation and purification,
Polyketides ially wh li duction for the ind Th in objecti £ thi d . . h
Punification especially when scaling up production for the industry. The main objective of this study was to investigate the
Mycotoxins separation, concentration and purification possibilities of four different valuable fungal pigments produced by
Pigments Fusarium solani. We present a full membrane based filtration train to elucidate which membrane type can be

useful in the separation and concentration of the ds. This visualized the ibility if using micro-
filtration to concentrate bostrycoidin and also to separate fusarubin from the rest of the pigments. Also, a
comparison study between three types of microfiltration membranes is presented, showing little to none dif-
ference in the investigated membranes. Lastly, a high concentration- high recovery filtration study is presented,
concentrating bostrycoidin in an even higher concentration. It is shown in this paper, that it is possible to use

membrane filtration to separate, concentrate and purify the fusarubins investigated.

1. Introduction

Natural products, such as secondary metabolites, represent a large
variated collection of chemical compounds, that can be attributed to a
wide display of biological activities [1,2]. A subdivision of natural
products is called polyketides, which accommodate large structural di-
versity and have been investigated extensively for many years, due to
their bioactivity and industrial applicability in the pharmaceutical in-
dustry, agriculture and food industry [3-5]. In recent years, other fields
have shown interest in polyketides such as electrolyte production for
energy storage [6-8]. Filamentous fungi have been attributed to the
production of many different polyketides with several specific uses such
as antibacterial properties like penicillium [9], carcinogenic toxicity like
aflatoxin [10], fusarielins [11] and lovastatin which is used for lowering
cholesterol [12,13]. Some of these polyketides are also produced as
pigments, which has shown great potential for additional value in pro-
duction in biorefineries [14-16], but also as a natural alternative for
syntactically produced pigments which show limitations [17]. Fusarium
species have long been studied for the vast amount of secondary

* Corresponding author.

metabolite production [18-20], which also includes several quinone-
like pigments depending on subspecies [21-23]. The PKS3; fsr1 gene
cluster is present in all genome sequenced Fusaria and has been assigned
to the production of the pigments 8-methylfusarubin in F.fujikoroi [24],
and bostrycoidin in F.graminearum [25]. Both compounds, however,
share the same precursor in their biosynthetic pathway, and the com-
mon intermediate is believed to be a C14 heptaketide-aldehyde [23,26].
A common pigment also found is fusarubin, which can be produced from
dihydrofusarubin by a spontaneous nonenzymatic oxidization step
occuring under alkaline conditions [18,27]. The compound anhy-
drofusarubin has been shown to be produced by a nonenzymatic dehy-
droxylation under acidic conditions [28].

Fungal secondary metabolites, polyketides and pigments are pro-
duced by the fungi as supplementary products to a variety of different
compounds, which from a production perspective makes the purification
difficult. Conventionally, large amounts of organic solvents as chloro-
form, acetone, methanol and hexane are being used for the extraction of
secondary metabolites and pigments [29-32]. For industrial-scale ap-
plications, the use of large amounts of low selectivity organics extraction
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solvents is often used which both present economic, safety and envi-
ronmental challenges. Membrane filtration offers competitive,
economical [33], less time and energy consuming down steam pro-
cessing steps for upscale production in biotechnological industries [34].
Pressure-driven membranes have been used for separation and extrac-
tion of natural products such as vitamin C [35,36], and pigments
(betaxanthines [37] and betacyanines [38]). Benzylpenicillin or peni-
cillin G is also produced using membrane filtration of the fermentation
broth a part of the downstream process [39,40] as is the production of
lactic acid [41-43]. Pressure-driven membrane filtration has also been
used for concentration of compounds at large-scale productions, which
is presenting a mature technology possessing multiple uses [44]. Mem-
branes are often characterized by the molecular weight cut-off, MWCO,
which is determined by the molecule weight where the compound is
rejected by 90% [45].

Conventionally, microfiltration (MF) is used to remove organic
matter and large impurities, recover larger macromolecules such as
carbohydrates and proteins, and is often used as a pretreatment step
[45]. Ultrafiltration (UF) has been used to recover specific compounds,
such as insulin and other valuable compounds [34,39], whereas nano-
filtration (NF), has been used for recovery of specific low molecular
weight molecules e.g. polyphenols [34,46], NF is also widely used in
water softening, desalination and wastewater treatment, but also for
separation of amino acids from fermentation broths, e.g. L-glutamine
[47]. NF has shown high separation of small charged molecules due to
selectivity in the membranes, which has made NF an important advance
in the industry [48]. The reverse osmosis membranes (RO), are used to
remove ionic compounds. The two standard operation modes for
membrane filtration are used widely, dead-end filtration and cross-flow
filtration. At cross-flow mode, the fluid flows in parallel with the
membrane surface, and permeates through due to pressure difference,
this way reducing the filter cake formation significantly when compared
with the dead-end mode where the fluid flows directly through the
membrane, hence the flux can be increased for a longer period of time
[45,49]. Membranes are often used as a downstream process in
connection with other types of extraction, such as solvent extraction and
the use of polymeric resins [50,51], thereby making it possible to
combine membrane filtration with earlier published production
methods for fungal pigments [32].

The aim of the study was to evaluate the potential of integrating
cross-flow membrane filtration systems as a part of the extraction and
purification of pigments produced by Fusarium solani. Stepwise filtration
in the sequence MF-UF-NF-RO were used to study the fractionation of
the compounds and different polymeric membrane materials were used
in order to study the influence of the membrane material properties on
the performance of the process with respect to specific compound
rejection and permeation flux.

2. Materials and methods
2.1. Secondary metabolite production and properties

For the production of the compounds in this paper, we used the
Fusarium solani mutant 77-13-4 OE::fsr6 G418®% (Nielsen et al 2019
[521).

The production of secondary metabolites or pigments was based on
earlier published studies [32], which elucidated the optimized media
composition to selectively produce chosen quinone pigments. In this
study, we applied the media composition that favored the production of
bostrycoidin. Three other pigments were produced in parallel and still
present in the media, however in low concentrations levels when
compared to bostrycoidin. The amount of media was scaled up to pro-
duce 4.0 L and 4.5 L fermentation broth, for the first and second
experimental run, respectively, the pH was adjusted to 5.5 + 2 and the
fungi incubated for 7 days. For the third experiment, we used the
combined retentates of experiments 1 and 2, to lower the waste of
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valuable products and media components, and to achieve as a high
concentration of the desired products as possible. Data for the four
different pigments are listed in Table 1.

The water solubility of the molecules is not listed in the literature,
however, earlier published data [6], give an indication of the relative
aqueous solubility by the solubility descriptor, AGg|y, Where the more
negative the value, the higher the solubility. Estimated pK, values have
been computed by the program Marvin sketch [53], and the numbers
refer to the specific functional group on the molecule as indicated in
Fig. 2B. The hydrophobicity/hydrophilicity of the pigments is also
presented in Table 1 based on the octanol/water partition coefficient,
Log Kow-

2.2. Membrane properties

In the first part of this study, we investigated four commercially
available flat sheet membranes, Table 2; the MF membrane, Synder V0.1
(Sterlitech), the UF membrane, Synder MQ (Sterlitech), the NF mem-
brane, Alfa Laval NFO9HF (Alfa Laval) and the RO membrane, Dow
Filmtech XLE (Sterlitech). The pure water flux was measured prior to
every experiment, however, it was not possible to measure the pure
water flux for the MF membranes. The rest of the data was reported by
the manufacturers.

The pure water flux was determined using the cross-flow filtration
set up, measured over a time of 5 mins where Milli-Q water was filtered
through the membrane and monitoring the mass of permeate. For the
second experiment, two additional MF membranes, as presented in
lable 3, were compared together with the MF membrane used in
experiment one. The second MF membrane was a Trisep MFO1 (Sterli-
tech) and the third was Microdyn Nadir MV020 (Sterlitech). The main
difference between V0.1 and MFO1 is the polymer used in the mem-
brane, where V0.1 is polyvinylidene fluoride (PVDF) and MFO1 is pol-
yethersulfone (PES). MV020 is also made from PVDF, but a larger
declared pore size, and a slightly different pH stability window.

For the third part of the study, The V0.1 membrane was chosen to
investigate long term filtration.

2.3. Membrane filtration

The cross-flow filtration set-up, FT17-50 unit, Armfield (UK), illus-
trated in Fig. 1, was used in all experiments. The system is controlled by
a computer and all data is logged. For each experiment, a membrane disc
of 90 mm in diameter (effective surface area 63.6 cm2) was used. Prior to
each experiment, all membranes were flushed for two minutes in Milli-Q
water to ensure the protection film was removed. At each experiment,
Milli-Q water was used to establish pure water flux. The system tem-
perature was controlled by a cooler element and was stabilized at 22 °C.
The system was thoroughly flushed with Milli-Q water and 70% ethanol
after each experiment.

The first experiment was conducted as a filtration train (MF-UF-NF-

Table 1

. Data for the pigments investigated in this study. The pk, values I-III refers to
Fig. 2B, where the related functional group is indicated. Pka values are estimated
using Marvin sketch [53], at 25C°.

MW AGary Pl pK Il pK,  Log
Jiid Kow
% [kJ/mol]
mol] 61
Fusarubin 306.27 —-51,82 8.14 9.94 12.20 1.4
[54]
Javanicin 290.27 —35,60 8.42 10.35 - 2 [55]
Bostrycoidin 285.26 —29,26 8.61 10.56 2.63 2.6
[56]
Anhydrofusarubin 288.26 —45,48 7.94 9.69 - 2.4

(571
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Table 2
. Data for the membranes used in the first part of the study as obtained from the
material data sheets.

Flat sheet MF UF NF RO
membrane o ervo1 Synder MQ  Alfa Laval Dow
NF99HF Filmtech,
XLE
Typical Industrial/Dairy  Industrial Dairy, pharma/  Brackish
feed biotech, Water
beverage
Type “Intermediate”, Protein, Concentration ~ Extra-low
Fat/microbial Beverage and energy
removal, protein  clarification purification
fractionation
PH range 1-11 1-10 3-10 2-11
Pure water - 21+2 17 £1 8+1
Flux Lo
*hly/
bar
MWCO/ 0.1 pm 50.000 Da 300 Da ~ 100 Da
Pore size
Polymer PVDF* PES** PET***

* PVDE: Polyvinylidene fluoride ; ** PES:

; **** PA-TFC: Poly

thin film composite

Table 3
. Data for the additional two MF membranes, for the second part of the study as
obtained from the material datasheets.

Flat sheet Trisep, MFO1
membrane Microdyn Nadir, MV020
Typical feed ~ Dairy/Process Environment, paint, paper,
metal, chemical, pharma/
biotech
Type Food & Dairy, Concentration of High stability against
‘macromolecules and large organic  oxidizing agent
solutes
pH range 1-12 2-11
Pore size 0.1 ym 0.2 ym
Polymer PES PVDF

RO), where all individual cross-flow batch filtrations was conducted
with 50% recovery, which indicates that 50% feed volume goes to both
the permeate and the retentate respectively. The minimum volume of
feed in the vessel for the pumps to operate was approximately 250 mL.
The initial feed volume was 4.0 L, where 2.0 L passed through the MF at
2 bar transmembrane pressure (TMP), leaving 2.0 L as the retentate. The
2.0 L permeate was used for the next batch filtration with the UF
membrane at 4 bar TMP, yielding 1.0 L retentate and 1.0 L permeate.
The 1.0 L permeate was used for the NF batch filtration, which was run
at 10 bar TMP resulting in 500 mL retentate and 500 mL permeate. This
permeate was used for the RO membrane filtration, which was con-
ducted at 10 bar TMP. 10 mL samples was taken from the feed vessel for
further extraction and analysis at each step, starting from the initial feed
sample. The experiment was performed three times (triplicate). A flow
chart of the experiment is seen in Fig. 2D.

The second part of experiments with the three different MF mem-
branes was conducted in a similar fashion to the first experiment, and all
batch filtrations were performed at 2 bar TMP. However, the initial feed
volume was adjusted to the minimum needed 500 mL to save fermen-
tation broth. 50% recovery was used in this experiment as well. Samples
of 10 mL were taken at each step. The experiment was performed in
triplicate, using a fresh membrane coupon every time. A scheme of the
experiment is found in supplementary information Figure S1.

The purpose of the third experiment was to investigate how the
process behaved during a high concentration high recovery experiment.
All the retentates from the completed MF batch filtrations were collected
and mixed into a highly concentrated feed solution. Triplicate samples of

Separation and Purification Technology 278 (2022) 119576

10 mL were taken from the feed, the retentate and the permeate. The
experiment was conducted with a permeate recovery of 90%. The feed
volume was 8.1 L, 7.3 L was filtered through the MF1 membrane as
permeate, and 800 mL was maintained as retentate. The experiment was
performed at 2 bar TMP. A scheme of the experiment is found in sup-
plementary information Figure S2.

The permeate flux was logged by a computer and was calculated
using Eq. (1).

Vp
J=r 1
AXxt @™
where, Vp is the volume of permeated water, A is active membrane
surface area and t is the time of filtration.
The apparent rejection of the fusarubins was caluculated using Eq.
2.

Cr

7%(61‘7*5’?) x100 2

Rejection% = | 1

Where, Cp is the concentration of permeated compound, Cr is the feed
concentration and Cy is the concentration in the retentate.
The relative mass percentage is described using Eq.3

ms

Relativemass% = — x100 3

e
where my is the mass in the sample, either permeate or retentate, and my
is the mass in the feed solution.

2.4. Extraction and analysis

All samples taken out during experiments were extracted using lig-
uid-liquid extraction procedure and analyzed, for concentration levels
of fusaruibin, javanicin, anhydrofusarubin and Bostrycoidin, using
HPLC-DAD system as described in our previously published paper [32].

3. Results and discussion

In Fig. 2A the initial MF scheme of filtration is illustrated. In order to
investigate whether it was possible to concentrate and separate the four
quinone pigments produced by F.solani, Fig. 2B, we used the optimized
media found in our previously published work, [32]. We used the media
optimized to favor the production of bostrycoidin. Fig. 2C shows the
chromatograms of the MF feed, retentate and permeate samples illus-
trating the change in composition of the four different quinones indi-
cated by colour. It is seen that there is a clear visual separation of the
compounds, where fusarubin passed through the MF membrane to a
much greater extent than the other compounds. Bostrycoidin remained
primarily in the retentate and got concentrated. A number of unidenti-
fied peaks is also seen in the chromatograms, these peaks can be
attributed to different other compounds, which is produced by the same
biosynthetic pathway. The peaks have not been included in the cali-
brations and are therefore not quantified. In Fig. 2D the full separation
train is illustrated as a scheme. The significant colour change throughout
the separation is visualized, from the initial sample to the dark
concentrated retentate and light orange permeate from the MF mem-
brane. The NF membrane almost removes all of the pigments from the
solution, leaving only little to be retained in the RO retentate, perme-
ating no pigments at all.

Analysis of the initial fermentation broth sample show indeed that as
intended, bostrycoidin was present in the highest concentration (144.1
mg/L), fusarubin and anhydrofusarubin followed with 5.2 and 5.5 mg/L
respectively, and javanicin was present in the lowest concentration (2.4
mg/L on average). All specific concentrations for all experiments can be
seen in the supplementary information Table S1-3 and visualized in
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Feed vessel
(jacketed)

Buffer container

Filter asssembly

Cooler unit

[ S——
' Permeate container

Mass balance

Fig. 1. Overview of the cross-flow membrane set up used in this study. Fluid runs from the buffer container, via the pump, PU2, to the feed vessel. This is adjusted by
the LH and LL floater indicators, when the feed level is low PU1 will stop and PU2 will go until the LH indicates that the level is high, this ensure the feed vessel to be
filled up continuously. Feed runs through the filter assembly via the pump, PU1, and down to the permeate container, which is placed on a mass balance. The feed
vessel is jacked and connected to a cooler for ensuring a constant temperature, which is measured at T1.

supplementary information Figure S3-S4. The absolute masses in the 4 L
of feed, Fig. 3A, corresponds to 576.3 mg of bostrycoidin, 31,3 mg of
fusarubin, 21.9 mg of anhydrofusarubin and 9.6 mg og javanicin. After
MF, operated at 50% recovery, bostrycoidin gets concentrated to 537.1
mg in the retentate, and only 10.8 mg in the permeate, which corre-
sponds to an average rejection of 97.5%. Fusarubin is not present in the
retentate and shows an absolute mass of 24.2 mg in the permeate.
Anhydrofusarubin and javanicin were both concentrated in the retentate
to 27.6 and 10.1 mg respectively, showing average rejection percentages
of 91.4% and 52.4%.

The MF membrane with a pore size of 0.1 ym was capable of removal
of the targeted pigment, bostrycoidin, with a molecular weight of
285.26 Da significantly higher than expected based on size exclusion
mechanism where the species are rejected by a membrane with respect
to molecular size and membrane pore size. This is because the solution
contains other suspended cells as well as proteins and organic cell matter
which might cause fouling on the membrane surface and resulting in the
pore blocking effect [58-60]. Using a visual inspection, the formation of
a foulant layer could also be observed after the filtration on the surface
of V0.1 membrane as presented in Figure S10. Moreover, the permeate
flux data of the V0.1 membrane in Fig. 3B demonstrates a flux decline
within 200 min of the filtration test. The average permeate flux declined
20% from the initial value of 25 L/(m2h) to 20 L/(m2h). The initial
permeate flux value of the MF test per se also suggests that fouling has
occurred since the permeate flux for MF membranes is known to be
notably higher than 25 L/(m2h). On the other hand, Adsorption also
plays a minor role in the high rejection value of bostrycoidin. As pre-
sented in Table 1 by Log Kow, bostrycoidin is a hydrophobic molecule
(Log Kow > 2) and it is well known in the literature that hydrophobic
species tend to adsorb more on the membrane surface resulting in an
enhanced rejection performance [61-63]. Using a mass balance for

bostrycoidin over the MF step, nearly 3% of bostrycoidin was adsorbed
onto the V0.1 membrane (See supplementary information Table S4).

The UF step seemed to have little separation effect on the remaining
compounds, as all compounds were found in both retentate and
permeate. The data from the NF filtration clearly showed that the NF
membrane retained the majority of the remaining compounds, concen-
trating fusarubin to 13.6 mg, javanicin to 1.1 mg, bostrycoidin to 2.9 mg
and anhydrofusarubin to 0.5 mg, where little to none, were to be found
in the permeate. The XLE RO membrane filtered out the last small
amounts and left no pigment in the permeate.

These tendencies become clearer when investigating the relative
mass in percentage. The initial feed mass is set as being 100%. For
fusarubin 100.2% is to be found in the permeate from MF, and at the UF
step, 56.5% is found in the permeate and 63.1% is to be found in the
retentate. The NF membrane retains afterwards 45.9% and permeates
4.3%. Similar tendencies are seen for javanicin. For bostrycoidin it is
seen that 95.1% is retained by the MF membrane, leaving 1.9% to
permeate, which corresponds to the rejection of 97.5%. This tendency is
also seen for anhydrofusarubin. For some of the molecules, it is seen that
over 100% can be achieved in the relative mass %, this can be explained
by the change in pH throughout the experiment, starting out acidic,
making bostrycoidin ionic at the -N, making the permeate more alkaline,
oxidizing additional compounds to fusarubin when exposed to air, as
explained by Kurobane and Vining [18,27], which also corresponds to
anhydrofusarubin is to be found in the acidic retentate. These com-
pounds are however in very low concentration and the variation can also
be explained by this. Statistical anlysis verified the explained tendincies,
however no significance in means was found in the filtration steps for
javanicin due to very low concentrations. For fusarubin the statistical
analysis showed a significant difference in the NF step where fusarubin
was retained. The anaylsis yielded a significance in difference of
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Fig. 2. A) Scheme for the initial MF experiment. B) structural formulas for the four quinones of interest, colours represent the peaks in the chromatogram, numbers
on the molecules, refer to the Pka values listed in Table 1. C) chromatogram of the filtration steps, showing clear separation and the magnitude of the different
molecules in the media. D) scheme for the full separation train, which also shows the colour difference between the filtration steps.
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Fig. 3. Experimental data for the separation train, A) Absolute mass, indicate the amount of each pigment is filtrated at which filtration step. B) permeate flux data.

bostrycoidin at the MF step, correspoinding with previously explained
tendencies. Due to large variation of the data, some of the tendencies is
not found as significant when analyzed, as for anhydrofusarubin, how-
ever the statictical analysis can be challenging when conversion prod-
ucts is present and concentrations a low in the sample matrix. Statistical
results can be seen in Figure S5. Fig. 3B illustrates the average permeate
flux for the individual filtration steps. The MF step starts at 25 L/( (mzh)
and increases to 26.5, whereafter it decreases over 200 min to 20 L/

(m?h) as a result of fouling as described earlier. The experiment using UF
membrane have an initial value of 13, which fast decreases to 10 and
after this it slowly decays to 7.5 L/(mzh)A The NF membrane shows
starting values of 11.5, decreasing to 5.0 L/(m?h) over the experiment.
The RO membrane also shows a decrease from 7.0 to 6.0 L/(m?h) over
the experiment. These tendencies were expected, as there might be
fouling occurring on the membrane surface. The decrease was not
something we consider crucial as the feed volumes filtered were
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relatively large, going from starting volume at 4.0 L, to 250 mL. Specific
data for the relative mass% can be found in the supplementary infor-
mation for all experiments in Table 54-S6 and Figure S6-S8.

Because it was possible to retain bostrycoidin in the MF retentate, it
was interesting to investigate different types of MF Membranes. We saw
similar patterns with the three investigated MF membranes, where
fusarubin was permeated through the membrane completely yielding
nothing in the retentate and small concentrations in the permeate.
Javanicin was found in both permeate and retentate of all membranes,
yielding rejection percentages of 55.9%, 52.9% and 57.7% for the three
membranes respectively. Bostrycoidin was concentrated from 70.4, 63.1
and 63.0 mg in the three feed solutions, Fig. 4A, V0.1 membrane,
Fig. 4B, MF01 and Fig. 4C, MV020, respectively to 67.0, 65.4 and 65.8
mg in the retentate, concluding in 98.0% , 97.8% and 98.2% rejection
for the three membrane types respectively. The same tendencies were
observed for anhydrofusarubin, which initially had an absolute mass of
2.6, 2.5 and 3.1 mg, whereas in the retentate 2.5, 2.4 and 2.9 mg was
found, which adds up to 91.6%, 90.6% and 92.5% of rejection for the
three membrane types respectively. When investigating the relative
masses it is seen that fusarubin is being oxidized in all cases, exceeding
100% in the permeate, leaving nothing in the retentate, this again
indicate that aeration throughtout the filtration experiments leads to
formation of fusarubin from oxidation and conversion of “not identified
compounds” from the solution. Javanicin, showing 26.5%, 28.7%, and
26.4% in the permeates for the three membranes respectively, and
69.9%, 71.6% and 74.8% were found in the retentates for each mem-
brane. Bostrycoidin was found as 1.4%, 1.7% and 1.4% in the permeate
and 95.1%, 105.0%, and 104.1% for V0.1, MFO1 and MV020 respec-
tively for the retentate. The reason for the slightly higher amount of
bostrycoidin in the MFO1 and MV020 experiments, can be explained by
the higher deviation in the datasets due to irregularities in samples. The
tendencies was varified by the statistical analysis, where no significance
besides what has been stated earlier was found in the multible com-
parisons carried out in the study. The results of the statistical anlysis can
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be seen in Figure S9. Visually, the permeate was significant more
transparent than the retentate, which can be seen in Figure S10. In
Fig. 4D the average permeate flux for the three membranes is visualized,
all showing a significantly decreasing curve. The initial flux of the V0.1
membrane was 25.3 which decreased to 18 corresponding to the MF flux
in Fig. 3B. The initial flux of the MFO1 membrane was slightly higher at
28, and decreased to 19.6 over the 21 mins, being the fastest of the three
membranes. The MV020 membrane showed the highest initial flux
measured at 29.3 L/(m?h) which corresponded to the higher pore size
but also showed the fastest decline to 19 L/(m?h) over the time of 22
min. This rapid flux decline for all three MF membranes over nearly 20
min of filtration is attributed to the fouling as a result of the presence of
other species in the solution e.g. proteins and cellular parts, as discussed
previously. It was not possible to determine any significant difference in
the filtration behavior of the three analyzed membranes when
comparing them to each other.

To investigate long term, high concentration, high permeate recov-
ery, the retentates from previous experiments were combined to a
starting feed volume of 8.1L and used for MF filtration with the V0.1
membrane and operated with a permeate recovery of 90%. In the initial
samples, there was no trace of fusarubin, as this was filtered off by
previous experiments. Therefore, data on fusarubin is not present in
Fig. 5A. We found javanicin in the initial sample to be 90.4 mg and after
filtration 17.9 mg was in the permeate or 19.8% of the relative mass. In
the retentate, the absolute mass was 34.3 mg or 38.0% of the relative
mass. Bostrycoidin was found in the initial sample with an average ab-
solute mass of 2744.7 mg and only 55.4 mg was found in the permeate,
leaving 744.6 mg in the retentate. This however only corresponded to
28.9% of the relative mass. A possible explanation is related to the
subsequent liquid-liquid extraction used for the chemical analysis. Due
to the high amount of cell tissue and fatty acids present in the highly
concentrated retentate as well as the pigments it was harder to perform
the extraction as utilized before, leaving some of the pigments still in the
media after extraction. Furthermore, the pattern was the same for all the
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Fig. 5. Large volume separation experiment, A) absolute mass, B) permeate flux data, which has been smoothened.

quinones, in the study, and thereby it is thought to be plausible. Another
hypothesis was tested, as the samples could have overloaded the column
of the HPLC system, but even when samples were diluted a thousand
times, similar results were obtained. So even though the relative mass
percentage did not add up to 100% it is still plausible that near to 100%
of the desired pigments, was concentrated in the retentate. With the
exception of javanicin, as this compound was present in both permeate
and retentate.

‘When comparing with results from experiments 1 and 2, the amount
of bostrycoidin in relative percentage matched, it can therefore be
assumed that almost all the bostrycoidin should be present in the
retentate. For this to be concluded, a new extraction method should be
investigated or additional filtration steps could be relevant. The average
permeate flux of the experiment, Fig. 5B, is illustrating an initial value of
24.8 L/(m2h) similar to values obtained before. After four hours of
steady decrease, the average permeate flux stabilize around 12 L/(m2h),
where the flux is maintained until the end of the experiment after 22.5 h.
This behavior was expected, as dealing with heavily concentrated feed
the membrane will over time be fouled with particles, whereas the
pattern of the flux will stabilize and a steady-state of the filtration will
occur.

achieved in a less harmful, more environmentally friendly way for
larger-scale applications when compared to previously used methods.
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Abstract: Through stepwise recreation of the biosynthetic gene cluster containing PKS3 from Fusarium
solani, it was possible to produce the core scaffold compound of bostrycoidin, a red aza-anthraquinone
pigment in Saccharomyces cerevisiae. This was achieved through sequential transformation associated
recombination (TAR) cloning of FoPPT, fsr1, fsr2, and fsr3 into the pESC-vector system, utilizing the
inducible bidirectional galactose promoter for heterologous expression in S. cerevisiae. The production
of the core metabolite bostrycoidin was investigated through triplicate growth cultures for 1-4 days,
where the maximum titer of bostrycoidin was achieved after 2 days of induction, yielding 2.2 mg/L.

Keywords: polyketides; yeast; heterologous expression; Fusarium; pigments; fungi; bostrycoidin

1. Introduction

Within the realm of natural product chemistry, a specific group of compounds known as
polyketides has been vigorously studied for many years because of their structural diversity, bioactivity,
and industrial applicability. A few examples such as the cholesterol lowering compound lovastatin,
anti-cancer compound cytochalasin E, and the antibiotic tetracyclines display only a fraction of the
diverse beneficial properties of polyketides [1-3]. Other properties often associated with polyketides
are anti-bacterial and anti-fungal activity, pigmentation, and possibly even electrolytic capacity in
batteries [4]. In nature, these compounds are a result of the complex secondary metabolism of plants,
fungi, and bacteria, expressing not only polyketides, but a plethora of other bioactive molecules.
This renders purification of a single compound from natural sources laborious and difficult because
crude extracts comprise a cocktail of metabolites.

In order to obtain high-titers of purified polyketides, a popular strategy is to engineer heterologous
expression hosts that display a minimalistic secondary metabolite profile, while being well suited
for large-scale fermentation [5]. An example of such a host is Saccharomyces cerevisiae, with a highly
developed molecular toolbox [6], a simplistic metabolism [7], and a generally regarded as safe (GRAS)
status organism suited for fermentation [8]. Model polyketides 6-methylsalisylic acid (6-MSA) and
triacetic acid lactone (TAL) have been heterologously expressed in S. cerevisiae with titers of 1.6-1.7 g/L,

Int. ]. Mol. Sci. 2020, 21, 7601; doi:10.3390/ijms21207601 www.mdpi.com/journal/ijms
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which further emphasizes the potential for production of polyketides in this host [9,10]. In order to
obtain these levels of production, the primary metabolism of S. cerevisiae was optimized for higher flux
towards the acetyl- and malonyl-Coenzyme A (CoA) pathways, rendering a higher concentration of
precursor molecules for polyketide assembly. More complex polyketides of multiple ring-structures
such as the pigment compounds bikaverin and rubrofusarin from the Fusarium species complex have
also been expressed in S. cerevisiae, although lower titers of production were obtained, 3.65 mg/L and
1.1 mg/L, respectively, owing to the structural complexity of these polyketides [11,12].

In this study, we target the core genes of the fusarubin biosynthetic gene cluster in F. solani.
The gene cluster is found in all genome sequenced Fusaria [13] and has previously been assigned to
the production of 8-O-methylfusarubin in F. fujikuroi [14] and the aza-anthraquinone bostrycoidin in
F. graminearum [15]. Besides the polyketide synthase (PKS) FSR1 (PKS3, PGL1), two enzymes were
needed to yield the end products in these species—the O-methyltransferase FSR2 and the FAD-binding
monooxygenase FSR3. For effective heterologous expression of polyketidesin S. cerevisiae, it is necessary
to co-express a 4'-phosphopantetheinyl transferase (PPTase) along with the tailoring enzymes as the acyl
carrier protein (ACP)-domain of the polyketide synthase requires additional phosphopantetheinylation
to drive the iterative enzymatic process of elongating the ketide-backbone. Therefore, a PPTase native
to F. verticillioides was also introduced into the expression strains.

PKS3 has previously been heterologously expressed in Escherichia coli, which resulted in production
of 6-O-demethylfusarubinaldehyde [16]. This compound is also predicted to be the entry molecule in
the biosynthetic pathways in F. fujikuroi and F. graminearum. The production of fusarubins appears to
be more enigmatic in the F. solani species complex, where more than 50 related compounds have been
isolated, with fusarubin, javanicin, and bostrycoidin as the most prominent [17] (Figure 1).

OH OH O

OO i
HO

6-O-demethylfusarubinaldehyde Fusarubin

~No o
OH
~o [
OH

8-O-Methylfusarubin Marticin Bostrycoidin
o OH © ~No o
SN N
(e
H 7 ~o ~
H

H
Rubropunctamine Tolypocladin Scorpinone

Figure 1. Structures of prominent fusarubins isolated from members of the Fusarium solani species
complex as well as the structurally similar rubropunctamine from Monascus spp. [18], tolypocladin
from Tolypocladium inflatum [19], and scorpinone from Amorosia littoralis [20].

Furthermore, the PKS3 gene cluster of Fusarium solani sp. exhibits a significant diversity from other
members of the Fusarium genus [21], as it comprises the seven core genes (fsr1-7) with 17 additional
genes, including some genes with potential tailoring capacity, which could explain the higher diversity
of fusarubins produced by Fusarium solani (Figure 2a). In this study, transcription of the genes was
controlled by the inducible Gall/10 promotor, leveling the transcription rate dissimilar to natural flux
in wild-type transcription.
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Figure 2. (a) Overview of the fusarubin gene clusters in F. solani, F. fujikuroi, and F. graminearum, where
the seven conserved genes have been highlighted. The additional genes were tentatively identified
using protein prediction software InterPro and NCBI's Conserved Domain Database (CDD) [22,23].
(b) Similarity matrices (% identity) of the amino acid sequences of the three core enzymes based on
clustalW alignments.

The aim of study was to determine whether the three core genes contribute to the metabolic
diversification through heterologous expression in S. cerevisiae.

2. Results and Discussion

2.1. Comparison of the PKS3 Gene Clusters

In F. fujikuroi, the end product in the pathway is predicted to be 8-O-methylfusarubin, which has
an additional methyl group compared with fusarubin produced by F. solani as one of the main products
As this difference is most likely mediated by FSR2, we performed an alignment analysis of the three
core enzymes (Figure 2b). The alignment showed that the FSR3 is the most conserved among the three
analyzed enzymes in F. solani, F. fujikuroi, and F. graminearum, with sequence identity ranging from 81 to
84% on amino acid level. FSR2 on the other hand displayed the largest variation, where F. graminearum
displayed only 60 and 63% sequence identity to the orthologues in F. solani and F. fujikuroi, respectively

2.2. Heterologous Expression of the Three Fusarubin Core Genes

In order to determine the contributions of the three core genes to the biosynthetic pathway, we
generated the four combinations (S. cerevisiae BY4743::FoPPT+fsr1), (S. cerevisiae BYA743::FoPPT+fsr1+2),
(S. cerevisine BY4743::FuPPT+fsr1+3), and (S. cerevisine BY4743::FvPPT+fsr1+2+3), from here on referred
to as Sc:ifsrl, Scifsr1+2, Scifsr1+3, and Sc:ifsr1+2+3, respectively. For each combination, a representative
transformant was grown in conditions inducing the Gal1/10 promotor system for two days, alongside a
wild type S. cerevisiae. Changes in color were visible after one day (left) and evident already after two
(right) (Figure 3a).
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Figure 3. (a) Growth cultures after 24 h and 48 h, containing, from left to right, Sc:WT, Sc::fsr1,
Scuifsr1+2, Scifsr1+3, and Sc:fsr1+2+3. (b) Total ion chromatograms (TIC, black) and extracted
ion chromatogram (EIC; colored, intervals listed below) of the yeast cultures. The selected mass

spectra of compounds mentioned in the text have been included and the following compounds are
indicated: (1) 6-O-demethylfusarubinaldehyde, (2) javanicin, (3) bostrycoidin, and (4) anhydrofusarubin.
(c) Results from triplicate growth cultures grown for 1-4 days, showing the production of bostrycoidin

alongside the cell concentration.
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The subsequent metabolite analyses showed that three new peaks emerged with fsr1 as the sole
member of the gene cluster, when compared with the spectrum of Sc::WT. One of these peaks matched the
expected spectrum for 6-O-demethylfusarubinaldehyde (C14H;205, [M+H]" exp: 261.0757; [M+H]* gps:
261.0760), which is the expected release product of FSR1. Another compound identified in Sc::fsr1 was
tentatively assigned to C15H14O5 ([M+H] exp: 275.0914; [M+H]" ops: 275.0916). So far, attempts to
isolate and identify this compound have not been successful in the present or previous studies [24].
The hypothetical next step towards bostrycoidin is a spontaneous ammonium incorporation, resulting
in 6-O-demethyl-5-deoxybostrycoidin anthrone (C14H11N;O3; [M+H]"exp: 256.0604) [15,25]. However,
this compound was not detected in the extracts of any of the strains. Instead, another peak was
observed in Sc::fsr1 with a suggested chemical formula of C14HgN; Oy ([M+H]*expz 256.0604; [M+H]* gps:
256.0599), which could be an oxidized form of 6-O-demethyl-5-deoxybostrycoidin anthrone. The latter
two tentatively assigned compounds were also observed when fsr1 was expressed with either fsr2 or
fsr3. However, we were not able to determine other pathway intermediates.

Co-expression of fsr1-3 resulted in the production of javanicin, anhydrofusarubin, and bostrycoidin,
with the latter as the dominating peak. The highest titer of bostrycoidin was achieved after 2 days
of induction, reaching 2.2 mg/L (Figure 3c), very similar in titer level when compared with other
complex polyketide expression studies in S. cerevisiae [11,12]. An explanation for the slight decrease
in bostrycoidin concentration after 3 and 4 days could be the accumulation of bostrycoidin within
the cell pellet due to limited solubility of bostrycoidin in the media. It was evident that the cell
pellet of the cultures from day 3 and 4 was significantly larger and more dark red than that of
cultures from day 1 and 2, indicating an intercellular accumulation (Figure S1). The observation of
6-O-demethylfusarubinaldehyde in Sc::fsr1 confirms its identity as the PKS release product [14,15].
The following biosynthetic pathway can then branch out in two main directions, ending in bostrycoidin
on one side and javanicin and anhydrofusarubin on the other side. The ability of Sc::fsr1+2+3 to
produce bostrycoidin suggests that ammonia is incorporated by a conserved fungal enzyme or,
more likely, non-enzymatically as proposed previously [15,25]. Given the structural similarities of
tolypocladin [19], scorpinone [20], and bostrycoidin, it seems very likely that the compounds share
similar pathways including the amination step. A similar situation has also been observed in Monascus
spp., where spontaneous amination with NHj3 is observed in the pathways, leading to the red pigment
rubropunctamine and monascorubramine [18].

Anhydrofusarubin is structurally very similar to bostrycoidin, differing in the presence of an oxygen
or nitrogen molecule in the C ring. It thus seems likely that anhydrofusarubin biosynthesis follows
the path of bostrycoidin, where formation of the third ring occurs in one of the early steps (Figure 4).
Whether javanicin is produced directly by FSR2 and FSR3 en route to anhydrofusarubin remains
unknown. Alternatively, it could result from reopening of ring C in anhydrofusarubin. The ability to
catalyze oxygenation and methylation reactions towards anhydrofusarubin and bostrycoidin suggests
that the two enzymes have a promiscuous nature. It is striking that FSR2 from F. solani only adds one
methyl group, while the orthologue from F. fujikuroi performs two. The alignments showed that the
two enzymes are relatively similar (Figure 2b), but more complex comparison studies of their tertiary
structures may shed light on the nature of the catalytic differences.

In our study, we only observed a minor portion of the fusarubins that have been reported in
literature. This leaves the possibility that the remaining compounds are produced spontaneously or
through actions of the enzymes encoded by the additional tailoring genes in the cluster from F. solani.
Furthermore, the promiscuous nature of a 4’-phosphopantetheinyl transferase (PPTase) from Fusarium
verticillioides exhibited adequate function for regenerating the acyl carrier protein (ACP) domain of the
polyketide synthase (fsr1) from the closely related Fusarium solani.
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Figure 4. Suggested biosynthetic pathways leading to bostrycoidin, javanicin, and anhydrofusarubin.
The polyketide synthase FSR1 is responsible for the first step, which results in
6-O-demethylfusarubinaldehyde. Non-enzymatic incorporation of ammonia followed by oxygenation
and o-methylation by FSR3 and FSR2 result in bostrycoidin. The two enzymes can also act independently
on ammonia incorporation, which results in anhydrofusarubin and javanicin.

3. Materials and Methods

3.1. Strains

Yeast cloning and heterologous expression were performed utilizing S. cerevisine BY4743 (genotype:
MATw, his3A1, leu2A0, lys2A0, met15A0, ura3A0) ATCC 201390 and electroporation was performed
on bacterial strain Escherichia coli DH5x. The genome sequenced F. solani FGSC9596 [26] was used as a
donor of DNA for amplification of fsr2.

3.2. Pairwise Alignment

Pairwise comparison of the protein encoded by the cluster genes was performed in CLC
Main Workbench 8.1 using the clustalW algorithm (CLC Bio-Qiagen, Aarhus, Denmark) as
previously described [27]. The sequences of FSR1-3 from F. fujikuroi (FFUJ_03984-86), F. graminearum
(FGSG_09182-84), and F. solani NECHADRAFT_101778-80) were retrieved from GenBank.

3.3. Enzymes, Oligonucleotides, and Plasmids

All enzymes were purchased from Thermo Fisher Scientific (Waltham, MA, USA) and
oligonucleotides were designed using Primer3Plus software [28] and purchased from Eurofins Genomics
(Ebersberg, Germany). The primer table including sequences can be found in Table S1. An overview
of purchased and constructed plasmids can be found in Table 52 along with restriction enzymes used
for digestion.

3.4. Gene Isolation and Synthesis

Coding sequences for fsrl and fsr3 were codon optimized towards expression in yeast and
synthesized (GenScript), while fsr2 was amplified from genomic DNA prepared through DNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) from F. solani and the two exons were fused together to obtain
intron-free CDS of fsr2 using transformation associated recombination (TAR)-cloning. To facilitate
polyketide formation in S. cerevisiae, we co-expressed fsr1 with the Sfp-type phosphopantetheinyl
transferase from F. verticillioides (FVEG_01894).

The four target genes were amplified by PCR using the primers, which contained 25-30 bp
identical sequences to the target insert site of the vector expression system of pESC-URA or pESC-LEU,
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used for auxotrophic selection on uracil (URA) and leucin (LEU) deficient media. The PCR reactions
were performed in a 150 uL volume containing (30 uL High Fidelity buffer, 0.2 mM dNTP-mix, 0.2 mM
forward/reverse Primer, 0.5 units Phusion HSII polymerase (New England Biolabs, Ipswich, MA, USA),
97.5 uL MQ H,O, and 1 ng template DNA), split into 3 X 50 uL PCR-tubes.

3.5. Cloning

Prior to assembly of the expression plasmid, the receiving pESC-URA or pESC-LEU were linearized
by double restriction enzyme digest (2 uL Fast Digest Buffer (Thermo Fisher Scientific, Waltham, MA, USA),
2 puL plasmid miniprep (QIAquick Miniprep kit), 1 uL. FD Enzyme 1 (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), 1 pL FD Enzyme 2 (Thermo Fisher Scientific, Waltham, Massachusetts, USA),
and 14 pL MQ H,O at 37 °C for 15 min). The digested plasmids were separated on 1% w/v agarose gel
and subsequently purified with the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). TAR-cloning
was performed according to the LiAc/PEG3350 protocol [29]. Selection of S. cerevisiae transformants was
conducted using synthetic complete (SC) agar plates, lacking either uracil, leucine, or both [24].

The plasmid from the obtained transformants were recovered through adaptation of the QIAprep
Spin Miniprep Kit (Qiagen, Hilden, Germany) protocol, adding 5 puL. Zymolyase-mix (2 mg/mL
Zymolyase in 0.5 M sorbitol) (MP Biomedicals Germany) to the P1 Buffer step and incubating at 37 °C
for 1 h. The purified plasmids were electroporated into E. coli for proliferation and subsequently
initially validated using Sanger-sequencing (Eurofins, Ebersberg) using the primers listed in Table S1
before full plasmid sequencing was performed using a MinION Flow Cell for nanopore sequencing
(See 3.8 Plasmid verification). The verified plasmids were transformed into S. cerevisiae to obtain
combinations where fsr1 was expressed alone (Sc::fsr1), together with either fsr2 (Sc::fsr1+2) or fsr3
(Sc:ifsr1+3), and all together (Sc::fsr1+2+3), as seen in Figure 5.

pGAL1/10 PGAL1/10 PGAL1/10
fsr3 fsr3

PGAL1/10

fsr1

PESC-LEU::FvPPT+fsr1 | O PESC-URA:fsr2 PESC-URA::fsr3 PESC-URA:fsr2+sr3

14576 bp 7739 bp 8.184bp 9.259 bp

2u 2

Sc.fsr1 Sc.fsr1+2 Sc.fsr1+3 Sc.fsr1+2+3

Blele]e

Figure 5. Final constructs of expression vectors utilizing the URA or LEU auxotrophic selection in S.
cerevisine BY4743, GAL1/10 inducible promotor, bacterial (ori), yeast (2u) origin of replication along with
the bacterial selection marker (ampR). Sc::fsrl contains only the fsrl -gene, the main biosynthetic gene;
a type I non-reducing PKS (NR-PKS) and FoPPT, a 4’-phosphopantetheinyltransferase (PPTase) from
Fusarium verticillioides for successful phosphopantetheinylation of the acyl carrier protein (ACP)-domain
of fsr1. The following strains contain a dual vector system. Sc::fsr1+2 contains both FoPPT, fsr1, and
the fsr2-gene, a O-methyltransferase. Sc::fsr1+3 contains FoPPT, fsrl, and the fsr3-gene encoding a
monooxygenase. Finally, Sc::fsr1+2+3 contains all core biosynthetic genes involved in the synthesis
and tailoring, FoPPT, fsr1, fsr2, and fsr3.
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3.6. Production of Fusarubins Using Galactose Induction

Single colonies of transformants carrying biosynthetic genes were inoculated in 10 mL appropriate
selective drop-out medium containing 2% glucose overnight at 30 °C, 200 rpm. Overnight cultures were
vortexed and cell titers were estimated using a NanoDrop 2000 ¢ (Thermo Fisher Scientific, Waltham,
MA, USA). The cells were transferred into 1000 mL baffled shake flasks containing 250 mL selective
media with 2% raffinose (D(+)-raffinose pentahydrate, Acros organics, China) to an OD600 = 0.2.
The cells were grown for approximately 9-10 h at 30 °C, 200 rpm until an OD600 at 1 was achieved.
The cultures were spiked with 25 mL 40% galactose (D(+)-galactose, VWR chemicals, Belgium) and
maintained at 30 °C and 200 rpm for 1-4 days to induce expression of the fungal biosynthetic genes.

3.7. Chemical Analysis

After cultivation, the cells were pelleted by centrifugation at 5.000 G for five minutes.
Approximately 300 mL of media was decanted into a 1000 mL bluecap flask and extracted as
previously described for aurofusarin in F. graminearum [30]. The dried extracts were dissolved in
2 mL methanol and analyzed on a Hitachi Elite LaChrom HPLC in accordance with the chemical
analysis performed in [24]. The identities of javanicin, anhydrofusarubin, and bostrycoidin were
determined using data from previous experiments where they were isolated and structurally verified
in F. solani [24].

3.8. Plasmid Verification

Library preparation was performed using the Rapid Barcoding Kit SQK-RBK004 (Oxford Nanopore
Technologies, Oxford, UK) according to the manufacturer’s guidelines and subsequently sequenced
using a R.9.4.1 (FLO-MIN106D) MinION Flow Cell (Oxford Nanopore Technologies, Oxford, UK;
Figure 52). The flow cell had previously been used, but was washed according to the manufacturer’s
instructions with the Flow Cell Wash Kit EXP-WSH003 (Oxford Nanopore Technologies, Oxford, UK).
Fast5 files were basecalled and demultiplexed using GPU driven Guppy v3.6.1 (Oxford Nanopore
Technologies, Oxford, UK) with the following model: dna_r9.4.1_450bps_hac.cfg. Filtlong v0.2.0
(https://github.com/rrwick/Filtlong) was used to filtrate the reads to a minimum length of 100 and
minimum quality of 80. Minimap2 v2.17 [31] was used to create overlaps between the reads and
the assemblies were generated by Miniasm v0.3 [32]. The assemblies were first polished with Racon
v1.3.3 [33] and then with two rounds of Medaka v1.0.1 (https://github.com/nanoporetech/medaka);
both with default settings.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/20/
7601/s1.
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