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Abstract

Since the onset of the industrial and chemical revolution, humans have caused
immense damages to the surrounding flora and fauna. Effective methods for
wood protection measures proved to be toxic; fossil fuels contribute to global
warming and pesticides can be detected in the air, water, and soil. It is
abundantly clear that efforts to find eco-friendly products are needed, while
simultaneously providing the necessary incentives for sustainable worldwide
development. Using renewable resources play a critical role in this shift
towards circular economies.

Wood has long been used as a renewable resource in high demand, but its
susceptibility to attack by wood-decaying fungi mean that most European
woods need to be protected against these fungi before outdoor use. We
showed that fractionating turpentine, a pulp and paper mill by-product,
increased antifungal efficacy by concentrating bioactive oxygenated
sesquiterpenes. Based on this result, recombinations of the fractions were
shown to exhibit synergistic effects that enable a more efficient product
utilisation. In addition, this approach enabled putative identifications of
previously unknown Picea abies turpentine constituents present at low levels.

For a carbon-neutral society, production of biofuels using oleaginous yeast to
convert lignocellulosic biomass into fuel has been hailed as a next-generation
source of bioenergy. However, lignocellulose biofuel production by
microorganisms is not straightforward and one challenge is the formation of
microbe-toxic monomers, such as vanillin, during lignin degradation. The
oleaginous yeast Cystobasidium laryngis and other potential oil-producing
yeasts were screened for their viability and vanillin biotransformation
capabilities. To this end, a mass chromatographic peak extraction tool termed
TMATE was developed. Vanillyl alcohol was found to be the main product
following vanillin degradation.

The detrimental health and ecological effects of pesticides highlight the
urgency for alternative crop protection measures, such as biological insect
control and semiochemicals. In this regard, we present an essential step
towards understanding the varied chemical ecology of microbe-insect
interactions. Our methodology and findings provide cues with high
information value that can be used to develop well-informed and potentially
sustainable pest management regimes by, for example, the push-pull
methodology using live yeasts.
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Svensk sammanfattning

I samband med upptakten av den industriella och kemiska revolutionen har
manniskan orsakat oerhord skada pa flora och fauna. Effektiva
traskyddsmetoder visade sig vara toxiska, fossila branslen bidrar till global
uppvarmning och spér av bekdmpningsmedel aterfinns i luft, vatten och jord.
Det har aldrig varit tydligare att utvecklingen av miljovanliga produkter som
samtidigt skapar attraktiva industriella mervdarden dr ndodvéndiga for en
varldsomfattande och hallbar utveckling. I det avseendet har fornybara
resurser huvudrollen i skiftet mot cirkuldra ekonomier.

Manniskan har en lang historia med trd som en férnybar resurs. Dock fordrar
de flesta europeiska trad applicering av trdskyddsmedel for varaktigt
utomhusbruk. Vi har visat att fraktionering av biprodukten terpentin fran
pappers- och massaindustrin 6kar den skyddande effekten genom att
koncentrera terpentinets antivedrot substanser; speciellt bioaktiva
oxygenerade sesquiterpener. Grundat pa dessa resultat demonstrerades att
rekombinering av fraktioner kan verka synergistiskt. Interaktiviteten mellan
fraktioner mojliggor darmed effektivare anvandning av terpentin. I tillagg har
detta tillvagagangssatt resulterat i att nagra, tidigare okénda, substanser med
laga koncentrationer fran Picea abies terpentin identifierats.

Produktion av biobrénslen fran lignocellulosa med hjalp av oljeproducerande
jastsvampar har hyllats som en viktig del i ledet mot ett koldioxidneutralt
samhille. Tyvarr dr denna konvertering icke-trivial pa grund av biomassans
komplexa struktur i samband med att ligninets nedbrytning frigér mikrob-
toxiska lignin-monomerer som exempelvis vanillin. Den oljeinlagrande
jastsvampen Cystobasidium laryngis och andra svampar med formodade
oljeproducerande egenskaper utvarderades for deras formaga att
biotransformera vanillin. Vanillylalkohol visade sig vara den huvudsakliga
produkten. I anknytning till detta arbete utvecklades ett program, kallat
TMATE, for extraktion av sannolika biotransformeringsprodukter.

De hailsovadliga och skadliga effekter bekdmpningsmedel har pa
ekosystemen understryker behovet av alternativa satt att skydda grodor, sa
som biologisk insektskontroll och naturliga @mnen. I detta avseende har vi
presenterat ett forsta steg mot att forsta den varierade kemiska ekologi som
uppstar vid mikrob-insekt-interaktioner. Vara resultat tillhandahaller
signaler for vélinformerade beslut angdende fortsatta experiment kring
hallbar skadedjurshantering.
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1 Introduction

Natural products have historically been used as holistic treatments and it was
not until the 20t century that efforts were made to systematically characterise
and identify bioactive molecules. It is largely accepted that the beginning of
natural product research started approximately 200 years ago with the
isolation of morphine from the opium poppy (Papaver somniferum) by
Friedrich Wilhelm Sertiirner. The following 150 years were characterised by
relentless work to isolate and determine the structure of natural compounds.
Many years after, researchers in the field of functional biology began to
answer questions about the ecological purpose of these isolated products. A
reductionist approach was frequently employed to answer these complex
enquiries. While significant progress continues to be made with a reductionist
approach, one important aspect has perpetually been lost as this approach
overlooks vital multiplexing interactions.

To answer the research questions in this thesis, a systems biology approach
was used. Systems biology concerns the understanding of these multiplexing
interactions as connections between nodes in a network. Nodes can be species,
compounds, or expressed genes, and when taken together, they form an
intricate mesh arisen from evolutionary processes. Since its inception, the
systems biology methodology has enabled us to perform holistic assays that
dive deeper and derive tangible information about these multifaceted
connections. In the already interdisciplinary context of chemical ecology,
systems biology adds yet another dimension by adding data mining strategies,
especially from omics data sets.

Herein, I will focus on environmentally friendly alternatives to wood
protection, yeasts as potential biocontrol agents against Spodoptera littoralis, a
bottom-up approach towards carbon-neutral biofuels and, finally, the
development of a tool for rapid biotransformation-associated product
extraction and its use in chemotyping species. An additional aim of this thesis
is to introduce the reader to metabolomics and some of its applications.
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2 Background

2.1 A metabolomics approach

The term metabolome was first described as a consequence of the deletion or
overexpression of a gene (Oliver et al., 1998), highlighting the fact that it was
coined after scientists developed an understanding for gene deletion or
silencing. The metabolome is considered to be a situation-dependent and
comprehensive collection of low molecular weight compounds responsible
for normal growth. The group of techniques used to reveal and potentially
quantify this set is termed metabolomics (Fiehn, 2002). As the final expression
of conditional gene expression, metabolites and metabolomic analysis
provide a clearer picture between genotype and phenotype, with several
reviews about their coupling having been published (Fiehn, 2002, Mendes,
2002).

The metabolome has a richer diversity than the genome and proteome. With
new entries continuously being added, there are currently 114 006 metabolite
entries with links to 5 702 protein sequences (Wishart et al., 2018). The vast
number of different metabolites and available analytical techniques currently
necessitates a distinction between targeted and untargeted metabolomics. As
the name implies, targeted metabolomics is commonly a quantitative process
performed on a complex sample when the compounds of interest are known.
Contrarily, untargeted metabolomics tries to qualitatively, comprehensively
and, ideally, identify all compounds in the sample matrix. Moreover,
depending on the comprehensiveness of the research question(s) and
applicability of analytical techniques, metabolomics has been divided into
further subsections, such as volatomics used in Paper V. Volatomics is the
complete analysis of volatile metabolites, which are typically analysed by gas
chromatography-mass spectrometry (GC-MS) and considered as secondary
metabolites.

2.2 Secondary metabolites

As primary metabolites are rapidly depleted during cell growth, the majority
of bioactive substances in complex matrices, such as natural products, are
secondary rather than primary. Secondary metabolites are characterised as a
structurally and functionally diverse group of compounds that are thought to
have originated as necessary add-on components for chemical
communication, protection against environmental stresses, improving
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nutrient availability, defence or warfare (Yim et al., 2007). The competitive
and complex microecosystems in which microorganisms live and constantly
adapt to abiotic factors and the presence of other micro- and macro-organisms
have resulted in a multifaceted and species-specific metabolic diversity.

Analysis of genome sequence data suggests that secondary metabolites genes
are located in cryptic clusters and, as long as their specific triggers for
activation remains unknown, these clusters will remain in their inactive states
(Brakhage et al., 2008). Consequently, even extensively studied species grown
with standard protocols may harbour novel pathways that are silently waiting
for the proper trigger (Scherlach and Hertweck, 2009, Brakhage and
Schroeckh, 2011, Baral et al., 2018). Thus, the “silent” genome may be viewed
as a defined but complex reservoir of possible protein/enzyme combinations
that species use as a highly plastic secondary metabolite production line.
While computational strategies for the identification of biosynthetic gene
clusters have had some success in finding compound-producing enzymatic
pathways (van der Lee and Medema, 2016), a joint systems biology effort to
consolidate the available multi-omic information is essential (Nielsen and
Nielsen, 2017). It is thought-provoking that such a mapping and subsequent
consolidated link to resulting compounds may eventually make any other
omic than genomics a thing of the past. However, as the other omics are
needed to accurately establish these links, that event will likely be many years
in the future.

2.3 Wood components as a natural resource

Wood is the most ubiquitous renewable source of biomass. Conifer species,
such as Picea abies, was established in Sweden approximately 3 000 years ago
and account for approximately 40% of the current terrestrial biomass in the
country (Sandstrom, 2018). To meet the increasing energy demand and
environmental goals, efforts have sought to transform this resource into
environmentally friendly materials and products, such as pH-responsive
nanocomposite films (Yang et al., 2019), capacitor electrodes (Andres et al.,
2018) and biosynthetic natural gas (Zhang et al.,, 2015). Furthermore, the
conversion of waste-streams into industrial feedstock is a promising venture
for value-added and efficient use of renewable resources. In this section, a
brief overview of wood degradation and protection of this renewable resource
is provided.
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2.3.1 Wood degradation

Approximately 400 million years ago, trees evolved resilient cell walls
composed of cellulose, hemicellulose, and lignin. When no organism was able
to degrade lignin, organic carbon accumulated and resulted in vast carbon
deposits (Berner, 2004). Nevertheless, as an organic and energy-rich material,
microorganisms eventually evolved the ability to tap into this abundant
resource. It is believed that the first manganese peroxidase arose
approximately 295 million years ago and that the ability of white-rot fungi to
degrade this biopolymer caused a sharp decline in the rate of organic carbon
burial (Floudas et al., 2012).

The primary agents of wood degradation and biopolymer decomposition in
temperate and boreal regions are saproxylic fungi. Depending on their wood-
degrading capabilities they are classified as white, brown, or soft rot (Eriksson
et al., Schmidt, 2006), with saproxylic white-rot and brown-rot fungi being
considered the most capable biodegraders of wood. Brown-rot fungi usually
leave lignin intact or with a slight modification, such as demethylated,
oxidised or only partially digested (Green III and Highley, 1997, Goodell,
2003). White-rot fungi on the other hand, can also degrade lignin.

As a complex biological process, wood degradation is subject to a variety of
temporal, spatial and structural factors (Zabel and Morrell, 1992, Eaton and
Hale, 1993). For degradation to begin, it is crucial that certain threshold levels
are reached before wood-decaying fungi can successfully attack wood. An
approximate 25% moisture content in the wood (Thybring, 2013) and
temperatures between 20-30°C are generally considered essential for
biodegradation to begin (Li et al, 2013). However, some saproxylic
basidiomycetes can degrade wood at relatively high humidity without the
need for liquid water (Brischke et al., 2017). The latter authors considered the
production of water when fungi degrade carbohydrates as a likely
explanation, according to the following relationship: CsHi1005+ 602= 6CO2 +
5H:0. In addition, some fungal species can transport water towards the site
of degradation. Consequently, many wood preservatives act as water
repellents.

Clearly, wood protection measures are needed to prevent biodeterioration.

Knowing how fungi accomplish wood degradation is one way to develop
ideas for inhibiting the process.

15



2.3.1.1 The fungal attack

Decomposition of wood is based on non-enzymatic and enzymatic processes
(Goodell, 2003). It widely accepted that extracellular enzymatic digestion is
preceded by the release of low molecular weight reactive oxygen species as
an initial degradation mechanism. The relatively large size of the enzymes is
regarded as the major obstacle for initial enzymatic degradation of recalcitrant
lignin. Wood-decaying fungi solve this problem by releasing reactive oxygen
species, originating from free radical generation of, for example, fungal
production of hydrogen peroxide (H202), which enters the Fenton reaction
(H202 + Fez* + H* —H20 + Fe3 + OH:) to perform initial modification of the
lignin structure, enabling the enzymes to reach their required substrates
(Green III and Highley, 1997, Suzuki et al., 2006).

Following or simultaneously as the non-enzymatic “pre-treatment” barrage,
wood-decaying fungi produce a diverse and versatile array of extracellular
enzymes to decompose wood biopolymers. Lignocellulosic biomass is
degraded by a multitude of oxidative enzymes that include ligninases,
peroxidases and laccases (EC 1.10.3.2, benzenediol:oxygen oxidoreductase);
hydrolytic enzymes, pectinases, hemicellulases, and cellulases that act in
concert. In general, cellulases include endo-acting (endoglucanases (EGL),
EC3.2.1.4) and exo-acting enzymes (cellobiohydrolases (CBH), EC 3.2.1.91
(Dashtban et al., 2009) while -glucosidases (BGL, EC 3.2.1.8) convert soluble
cellobiose into energy-rich glucose units.

2.3.2 Wood preservatives

Considering the diversity of wood-decaying fungi and their extensive array
of wood-decaying enzymes, the service life and value of wood products
would be shortened without protective measures. One of the most effective
methods for wood protection is chromated copper arsenate (CCA) with
copper being the primary element for controlling fungal decay and arsenic for
the inhibition of copper-tolerant fungi. Minimum retention values of CCA for
effective use in ground contact is 6.4 kg m? and 40 kg m? for in-water
applications (Townsend et al., 2004). In 2002, approximately 300 000 tonnes of
CCA was used (Humphrey David, 2002), but aquatic toxicity and health
concerns prompted restrictions on its use in several countries and application
areas (Mohajerani et al., 2018).
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The disposal of already in-use CCA-treated timber in unlined and lined
landfills is another concern. Leaching can be quite severe and can exceed the
limits set by the United States Environmental Protection Agency. However, it
should be noted that conflicting evidence about arsenic leachability of CCA-
treated wood in Florida landfills has been published (Saxe et al., 2007).

The apparent toxicity and decline of one of the most prevalent wood
protection measures, coupled with the increase in environmental awareness
in the general public, has called for more natural and eco-friendly wood
preservatives.

2.3.2.1 Essential oils

Essential oils have a long history of use by humans. For instance, linseed oil
was probably used as an organic binder in an ancient Egyptian polychrome
wooden sarcophagus 3900-1800 years B.C. (Abdelaal et al., 2014). In the
modern age, the scientific literature is awash with examples of antimicrobial
efficacies by essential oils against a variety of different organisms and even as
potential anti-cancer drugs.

Although essential oils have been investigated as antifungal agents (Mazzanti
et al., 1998, Hammer et al,, 2002, Wang et al., 2005, Salem et al., 2014), the
diversity of terpenoids in essential oils, including approximately 40 000
individual compounds (Muhlemann et al, 2014), have complicated the
elucidation of their respective functionality. In addition, the fact that chemical
profiles of essential oils vary according to time of harvest, plant part used,
geographical and seasonal variations as well as the extraction method used,
further complicates the production of a standard wood preservative with a
controllable effect. For certain constituents, biotechnological production or
organic synthesis may be an adequate and possibly more stable application
than relying on a mixture that vary over time (De Carvalho and Da Fonseca,
2006). However, in a circular economy where by-products are frequently
examined as value-added additions, a holistic and adequate effect may, at
some level, suffice. Furthermore, any potential variation could be lessened by
pooling variegated samples. Nonetheless, the promise of efficacy to
consumers requires rigorous characterisation of each batch and meaningful
tests, e.g. the examination that certain compounds are present above defined
thresholds are needed to ensure that wood preservative performance remains.

17



Constituents, effects, and applicability

Essentials oils are a complex mixture of phenolics and mono-, di-, and tri-
terpenes with various oxygen- and sulphur-containing functional groups.
These compounds are utilised by the tree to protect it against wood-decaying
fungi and repel herbivores and, in particular, oxygenated terpenoids exhibit
antimicrobial and synergistic, antagonistic and additive effects (Delaquis et
al.,, 2002, Yang et al., 2014, Valette et al., 2017).

Phenolic compounds are frequently isolated from essential oils and tested for
biological activity. Phenolic monoterpenes in essential oils, such as carvacrol
and thymol, are highly effective antifungal agents against Saccharomyces
cerevisiae down to 79.8 ppm (Zhang et al., 2012). Voda et al. (2003) tested
different concentrations of phenols, phenol ethers, and aromatic aldehydes in
the concentration range of 0.078 to 20 mmol 1! (approximately 10 ppm — 3000
ppm) with a 2x serial dilution resulting in nine different levels. Thymol, trans-
anethole, cuminaldehyde, and carvacrol were found to be the most effective
compounds against C. puteana and T. versicolor. T. versicolor was more resilient
to phenolic compounds and, although the authors did not look into
degradation products, they suggested that this is due to extracellular laccase
production by T. versicolor. This enzyme would go on and catalyse the
oxidation of the phenolic substances and thereby lessen their toxicity. Voda et
al. (2003) also showed that additional functional groups containing oxygen
increased the minimum inhibitory concentration as they are less resistant to
oxidation by laccases.

The mechanism for phenolic toxicity is based on the inhibition of fungal
enzymes which contain -SH groups in their active site (Celimene et al., 1999,
Cowan, 1999). Furthermore, phenolics can partition in the outer fungal
membrane and have shown to cause membrane damage in Aspergillus flavus
(Lambert et al., 2001). In addition, thymol and eugenol were reported to
inhibit the H* ATPase system, causing intracellular acidification and cell death
(Ahmad et al., 2010).

Many of the developed wood preservatives are water-exclusion based. In
contrast, water-based preservatives are typically leachable from the wood in
real-life applications and, thus, the effect diminishes over time (Obanda et al.,
2008). Due to their lipophilicity, essential oils are typically considered water
repellent wood preservatives that act on the surface where they fill cell lumina
or adsorb to pore surfaces (Hyvonen et al., 2006). As water repellents, they
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naturally reduce the rate of water absorption (Humar and Lesar, 2013) by
limiting access to blocked, or at least partially blocked, capillaries by the
essential oil components (Feist and Forest Products, 1984). This type of water
repellents are useful as they allow the wood to breathe and dry after raining
(Williams et al., 1999), as well as reducing the available moisture content and
consequently slowing or inhibiting fungal growth (Feist and Mraz, 1978, Lesar
and Humar, 2011). Unfortunately only the rate of absorption is lowered and
not completely blocked, as treated wood will ultimately swell to the same
extent as untreated wood (Thybring, 2013).

Another important aspect in application of essential oils as wood
preservatives is penetration depth into the wood. A thin coating may be
damaged by ultraviolet radiation, temperature, oxygen, and wetting-cycles,
providing the fungi entry into unprotected woody areas (Mankowski and
Morrell, 2000, Naumann et al.,, 2012, Segerholm et al.,, 2012) Strategies to
increase the penetration depth by supercritical CO: and water-based
emulsions has shown some promise (Koski, 2008, Li et al., 2010).

2.3.2.2 Antifungals - Azoles and iodopropynyl butyl carbamate (IPBC)

The addition of fungicidal azoles into paints and varnishes are heavily utilised
to increase wood service life against copper-tolerant fungi and some sapstain
fungi (Evans et al.,, 2007). Azoles inhibit the fungal-specific ergosterol
biosynthesis pathway, effectively changing fungal cell membrane structural

integrity.

The interaction between antifungal-substrate-organism is largely unknown.
Covalent bonding with tree components may lock the most active
conformational mode of an antifungal compound and reduce efficacy. This
prompts that the substance bonds with its non-active site while retaining
adequate conformational changes of the active part. It has been suggested that
the moderate lipophilicity of the commonly used triazole, propiconazole
(logP 3.72), instead forms weak bonds with the polar cellulose backbone of
wood structures, thus, enabling sufficient conformational changes for
satisfactory protection (Valcke and Stevens, 1991, Bromilow et al., 1999).

However, weak bonds make leaching of antifungal wood preservatives into
the surrounding environment a problem worth addressing. For instance,
when the penetration depth of IPBC was only 250 um the total amount of the
compound decreased to 30% after three months during normal weathering
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conditions (Volkmer and Schwarze, 2008). This raises the question of its long-
term efficacy. Although the long-term efficacy of this compound is dubious
with topical treatments, the regulated amounts in non-professional use
formulations are considered safe. In contrast, anti-sapstain chemical
treatment using IPBC occurs at lumber mills, which are typically located near
open waters and, therefore, poses a toxicological problem. One study
described that IPBC affected larval weight and length of fathead minnows in
Canada (Pimephales promelas) at the low level of 0.019 mg L (Juergensen et al.,
2000).

Chemical modification

Contrary to the weak bonds observed for triazoles, covalent bonding with the
hydroxyl groups of cellulose and the reagent is generally the goal of chemical
modification. This modification changes the chemical and physical properties
of the wood. For example, acetylation of wood results in a replacement of
hydrophilic hydroxyl groups with hydrophobic acetyl groups, which reduces
the water-binding capacity of the wood and therefore the moisture content
potential. In addition, such a reaction removes one of the key handles for
wood-degrading enzymes that will no longer recognise their substrate.
Furthermore, the interior wood space is more crowded due to the bulky acetyl
groups, making this structural modification able to prevent degradation in a
multitude of ways. Ideally, in situ formulation of the wood-polymer
composite from supplemented unsaturated monomers existing in wood pores
results in wood with stronger mechanical properties and resistance to water
and microbial attack (Hastrup et al., 2005, Habu et al., 2006).

2.3.3 Summary

An abundance of wood preservatives can be found in the literature.
Nevertheless, heavy-metal based (mainly copper) formulations are still one of
the most effective and widespread methods for preventing biodeterioration
by wood-decaying fungi. In an excellent review by Valette et al. (2017), it is
suggested that natural next-generation wood preservatives may use a many-
compounds-many-targets strategy for optimal protective effect (Figure 1, next
page). Compounds surveyed in Paper I and identified in Paper II from the by-
product turpentine fit well into this natural wood preservation scheme.
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Figure 1. Mechanisms of extractive toxicity summarized at the tip of a fungal hyphae. When different
molecules from the same chemical family share the same effect, the name of the chemical family is
mentioned. C.W.: cell wall, Mb.: plasma membrane, Vac.: vacuole, Sptz.: Spitzenkdrper, ROS: reactive
oxygen species, Me: metallic ions, DDDC9G: dihydrodehydrodiconiferyl alcohol 9-O-3-d-glucoside. Reprinted
from Fungal Biology Reviews, Volume 31, Issue 3, Valette et al., Antifungal activities of wood extractives,
pages 113-123, copyright (2017) with permission from Elsevier.

2.4 Species identification

Traditional species identification efforts used morphological characteristics,
pigment production on Czapek yeast extract agar (CYA) and physiological
tests, such as growth or no growth on different sugars, nitrite as the sole
nitrogen source, acid production, extracellular enzyme production, and other
selective media.

21



2.4.1 Genotyping (Paper 1)

Some species features are particularly applicable for species identification,
especially DNA sequence data. Partial genome sequencing by polymerase
chain reaction is the de facto standard for species identification. In addition,
DNA barcoding fragments (Hebert et al., 2003) of 400 to 800 bp can be used as
an anti-fraudulent method to curb mislabelling practices and as forensic crime
scene evidence. It is an identification approach that is perhaps inferior to only
whole genome sequencing and subsequent bioinformatics analysis. Since the
completion of the human genome in 2006, full genome sequencing price has
been reduced by a factor of one million. However, an equivalent boom in
metabolomics, where a comprehensive elucidation of all molecules in one
species in a particular setting can be accomplished, has not yet arrived.

2.4.2 A return to chemotyping (Papers 1V, V)

There is an obvious link between genotype and chemotype. This connection
has been investigated in, for instance, Aspergillus species (Kjeerbelling et al.,
2018). Whereas species genotype plasticity is relatively rigid, pheno- and
chemotypes are more flexible depending on external cues. Thus, gene
expression and, by proxy, metabolite formation, is more easily subject to
environmental pressure than gene mutation. These traits cause metabolite
profiles to be highly species- and environmental-specific (Frisvad et al., 1998,
Larsen et al., 2005). From a strain perspective, Pope et al. (2007) demonstrated
the possibility to differentiate strains according to their chemotype even
though they could not be separated at the genetic level.

Moreover, the synthesis of, for example, secondary metabolites is
phylogenetically conserved (Nielsen and Smedsgaard, 2003). Metabolomic
fingerprinting of the highly diversified Mediterranean Homoscleromorpha
sponges with HPLC-DAD-ELSD-MS were in good agreement with
phylogenetic trees from mitochondrial cytochrome ¢ oxidase DNA barcoding
(IvaniSevic¢ et al., 2011). Interestingly, ancestral species seem to have conferred
secondary metabolite pathways, but biotic and abiotic conditions seem to
have a greater impact on secondary metabolite profiles. This is evidenced by
the presence of analogous metabolites in the different sections of Aspergillus,
which suggests that exometabolite expression may have evolved from
selective pressure rather than inherited from ancestral species (Frisvad and
Larsen, 2015). These properties enable chemotyping through secondary
metabolite profiling, as has also been exploited for fungal chemotyping in the
genus Aspergillus (Samson et al., 2007).
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Most of the work in this field has been performed in Denmark and has focused
mainly on the genus Aspergillus and other mould fungi. As an initial approach
to chemotaxonomy, the thin-layer chromatography (TLC) agar-plug method
was devised by Filtenborg and Frisvad (1980). An agar-plug was placed upon
a TLC plate for a few seconds with subsequent elution of the plate with
specific eluent systems and developers. This methodology may be considered
the first occurrence of fungal chemotaxonomy using metabolites, and was
used for both metabolite extraction and species identification, e.g. (Mills et al.,
1995, Smedsgaard, 1997). Although the technique may not be used today, it
represents a significant breakthrough as it was a simple yet functional idea.
Nevertheless, the techniques employed today are attempting the same
concept of simple/zero sample preparation and fast analysis — albeit with a
much higher resolution and rate of constituent identification.

Species identification using metabolites analysed by chromatographic
methods cannot be considered a novel concept and fungal chemotaxonomy
has existed since before 1990 (Frisvad, 1989). The advent of automated
injection techniques with their low RSDs lend themselves particularly well to
chemotaxonomy. Possibly the most widespread example of chemotaxonomy
being applied with modern instruments is by the same authors in Denmark
(Frisvad, 1989, Frisvad et al., 1998, Frisvad et al., 2007) and more recently in
filamentous fungi (Frisvad et al., 2008). In a relatively recent article regarding
Aspergillus, Penicillium and Talaromyces (that at the time consisted of 344, 354,
and 88 species, respectively) Frisvad (2015) concluded that the group
produced species-specific and chemoconsistent exometabolites. Furthermore,
the identification of metabolites is not a strict requirement of chemotyping.
Rather, the relative profiles between the compounds matter most (Samson et
al., 2007).

A general assumption in any omics technology is that identical genotypes
should ideally produce the same steady-state concentrations of microbial
volatile organic compounds (mVOCs) under stringent conditions
(Weckwerth, 2003). However, metabolic snapshots of a given specimen at a
certain time have been shown to exceed the relative technical standard
deviation compared with the intrinsic biological variability (Roessner et al.,
2000).
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Even though momentary glimpses into the state of an organism and its
average metabolite concentrations may vary, there is a certain robustness to
metabolite-metabolite correlations (Fiehn, 2003). Steady-state correlations are
necessary for robust chemotaxonomy. A plausible cause for such correlations
may originate as a consequence of enzymatic reaction network activity (Steuer
et al., 2003b). However, the interpretation metabolites correlations is not
always straightforward, as seemingly disconnected metabolites may be
correlated due to stochastic variability (Steuer et al., 2003a).

In addition to correlation challenges, yeasts generally display various
metabolomic profiles depending on a number of factors, such as growth
conditions (Thorn et al., 2011), strain (Whitmer and Johnson, 1988) and
growth stage (Caudy et al., 2017). As a consequence, defined media and
replicate averages are commonly employed in an attempt to control the
biological variability. A defined medium brings a replicative dimension.
However, it does so at the expense of limiting the production of novel and
potentially species-specific secondary metabolites requiring a specific
precursor or activator.

2.5 Fungi as a natural resource

Humans have long relied on consumption of both primary and secondary
metabolites from bread, wine, and fermented products. In fact, the first
archaeological finding regarding alcoholic beverages suggests that the
Natufian people produced an beer-like liquid for use in rituals approximately
12 000 to 14 500 years ago (Liu et al., 2018). This discovery predates some
records of agriculture and it has even been speculated that ancient beer
production spurred initial agricultural practices. Naturally, people at the time
were unaware of the ubiquitous existence of the microbes surrounding them.
It was not until the 19" century that Louis Pasteur demonstrated that living
cells were required for fermentation. Nowadays, yeasts are used as chemical
factories to produce a wide variety of substances through their
biotransformation capabilities.

2.5.1 Fungi acting as chemical factories

Bioprocessing offers a sustainable and attractive solution by replacing
traditional chemical production for biofuels, polymers, food, and feed
additives, biodegradable plastics, active pharmaceutical ingredients, and fine
chemicals, such as vanillin (Campbell et al., 2017). As prolific producers of
secondary metabolites, fungi have been subjected to numerous high-
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throughput screening regimes aimed at finding bioactive components and
bioproducts. For instance, oleaginous yeasts have been found to be useful for
renewable biofuel production by lignocellulose metabolism and subsequent
conversion to fatty acids (Patel et al., 2016). These yeasts can accumulate up
to 60 to 70% lipids in terms of their dry cell weight (Thliveros et al., 2014).
However, it should be kept in mind that the current forest biomass production
is insufficient to meet global energy demand and other microbial oil sources
for biofuels, such as algal biofuels, may be required (Rawat et al.,, 2013,
Sundell, 2017).

The production of unwanted biotransformation compounds may strongly
affect product quality and their identification directly reflects commercially
important traits. Undesirable bioproducts include potentially harmful
substances. Thus, substrate conversion needs to be as clean as possible. In
Paper IV, I developed code for extracting relevant biotransformation-
associated products across multiple species and temporal samples points.
This work is important since it supports focused research efforts to select
species/strains for further metabolic engineering or design, and to build, test,
and learn approaches.

Bioprocessing presents a more complex matrix with potential separation
difficulties. Moreover, it cannot currently compete in cost-effectiveness with
fossil fuel-based equivalents due to additional challenges in low yields from
renewable feedstocks. Cell factory development and the preceding research
are costly. Strain selection for production of the antimalarial drug artemisinin
took ten years and an additional five years was necessary for successful
industrial scale-up. The cost was approximately 50 million USD (Galanie et
al,, 2015, Campbell et al., 2017). For faster lead times and economically viable
bioprocessing, an integrated systems biology model and the predictive
strength of in silico models based on real data need to be improved.

2.5.2 Fungi acting as biocontrol agents

With an ever-growing population, agricultural researchers and practitioners
have sought to intensify yields to meet the requirements of increasing global
food and plant resource demands. The use of broad-range pesticides and
plant breeding were developed in the 1970s and have been used to control
insect pests in agriculture (Tilman, 1998, Evenson and Gollin, 2003). However,
current agricultural practices have gradually resulted in entire fields of
monocultures. These monocultures are vulnerable to insect attack and have

25



further increased use of deleterious pesticides (Nicolopoulou-Stamati et al.,
2016). The shift in popular opinion regarding the harmful effects of pesticides
as well as the subsequent interest in organic and sustainable farming has
provided agricultural companies the necessary incentive to look for greener
alternatives (Ricci et al., 2018). Among these, the use of insect-associated
microbes, or agents derived from them, remain a relatively new source for
sustainable pest control (Bailly and Weisskopf, 2017).

Insects perceive the world, in large part, through smell and taste. As such,
they need to be able to interpret a complex chemical language in order to
adapt their behaviour to the environment. Odour detection is mediated by
odorant receptors (ORs), which are tuned to the large amounts of VOCs from
different biological sources, and ionotropic receptors which seem to be tuned
to VOCs of microbial origin (mVOCs). Insects from several orders interact
with yeast on different levels and it has long been known that a variety of fruit
flies and lepidopterans are attracted to volatiles produced during
fermentation (Witzgall et al., 2012, Lucci Freitas et al., 2014). Insects, such as
Drosophila melanogaster and Cydia pomonella, directly feed off yeasts, rather
than fruit (Witzgall et al., 2012). Furthermore, the role of yeasts in insect
attraction towards flowering plants and nectar is a developing field (Lenaerts
et al., 2016, Chappell and Fukami, 2018).

Microbes residing in the rhizosphere and phyllosphere produce a diverse
range of volatile secondary metabolites. These volatiles, with their high
vapour pressure and rather lipophilic character, are capable of short and long-
distance intraspecies signalling. Examples include attraction of vector insects,
as well as the penetration of biological membranes and the resulting
multitude of responses. The effects have been studied in fungi (Effmert et al.,
2012, Schmidt et al., 2016), invertebrates, bacteria (Kai et al., 2009, Garbeva et
al., 2014, Audrain et al., 2015, Schulz-Bohm et al., 2015) and plants (Bailly and
Weisskopf, 2012, Kanchiswamy et al., 2015). The variety of microbes and their
bioactive compounds influence insect behaviour. In fact, non-sentient
organisms respond automatically regardless of the consequences. Thus, the
use of microbes themselves or their volatile compounds as alternatives to
control insect behaviour merits further research.

Even though the importance of yeasts in insect ecology is increasingly clear,

our understanding of the chemistry involved in this communication remains
rudimentary due to the complexity of mVOC production.
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3 Experimental

The aim of this chapter is to briefly present the methods used to arrive at the
main findings in this thesis. Papers I-V contain further detail regarding
specific instrumental parameters, chemical manufacturers, and assay
conditions.

3.1 Fungal species

Saproxylic fungi were used for wood preservative assays and yeasts were
used for conversion of vanillin and to assess Spodoptera littoralis larval
feeding or avoidance. Fungal species were either isolated and sequenced or
purchased from fungal repositories.

3.1.1 Saproxylic fungi

The fungi used for evaluating wood preservative potential were obtained
from the Mid Sweden University Fungal Collection. The collection contains
isolated specimens of wood-decaying fungi with relatively recent additions
of yeasts aimed at biofuel and fish fodder production. Morphological
identifications of fungal species were confirmed by sequencing. The specific
saproxylic fungi used were Antrodia serialis (KC491853.1), A. sinuosa
(KC491849.1), A. xanta (KC491850.1) Coniophora puteana (KC491854.1),
Gloeophyllum sepiarium (KC491852.1), Heterobasidion annosum sensu lato
(KC491851.1), Serpula  himantioides (KC491848.1), and S. lacrymans
(KC491847.1).

Evaluation of wood preservative potential of

turpentine experiments were performed in vitro on

Didmetticaligrowth Hagem agar. Three days after inoculation, the
=&+ e performance of turpentine fractions and recombined
RN fractions were measured as diametrical growth of the

fungi in mm day! (Figure 2).

=

Figure 2. Coniophora puteana growing on Hagem nutrient agar medium
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A microcosm with closer resemblance to natural conditions was set up in glass
soil jars (Figure 3). Treatments applied topically to the wood blocks included
the most effective turpentine fraction discovered after the in vitro assay, an
ether extract (ether 3) from SCA Ortviken (Hedenstrom et al., 2016) and two
commercially available products aimed at topical application (Beckers
impregnation oil and Yunik Cronol). In addition, four commercial substances
commonly used in wood preservative formulations were used as
benchmarking agents.

Figure 3. Topical treatment of wood blocks and inoculation in glass soil jars.

For a paint to be considered for eco-labelling according to the European
Commission article 2014/312/EU, the maximum concentration of IPBC is 110
ppm. In Papers I and 1II, the azoles tebuconazole, benzisothiazolinone and 2-
octyl-4-isothiazolin-3-one, at their molar equivalents with the maximum
concentration of IPBC as the basis of decision.

In addition to the glass soil jars, the same treatments were applied to wood
blocks and placed on-ground at three different sites. Areas suitable for growth
of wood-decay fungi in terms of moisture content and temperature were
selected to speed fungal decay. After leaving the painted wood pieces in direct
ground contact (use class 4, according to EN 335, 2013) for 29 months, they
were oven dried and gently brushed to remove mud, moss, and surface
growing mycelia. Painting the wood pieces, rather than impregnating them
according to, e.g. EN 252, 2015, was performed to accelerate wood decay and
decrease experimental time. The ratio between oven dry weight after
returning the wood blocks and oven dry weight before the field experiment
was used as a measure of biodegradation by wood-decaying fungi or other
organismes.
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In Paper II, where recombinations of fractions were used to assess non-linear
antifungal effects, the effects of recombining vacuum distilled fractions were
approximated as the estimated magnitude of interaction (EMI) by the
following equation:
me — X1yl

e
where 15 is the ratio of the fraction in the mixture and i. is each fraction’s

EMI =

individual effect at 1000 ppm. This approach allows a straightforward
interpretation as the magnitude will be represented by negative and positive
values for synergistic and antagonistic effects, respectively.

3.1.2 Yeasts

For the conversion of vanillin, yeasts were collected from decaying and old
wood on the Faroe Islands. They were subsequently isolated and sequenced
by Jonas Ronnander and Sandra Wright at Gavle University. Even though
some species identities could be confirmed through sequencing, some yeasts
were left as sp, pending further investigation. The following yeasts were
evaluated for their potential to successfully convert vanillin. Cystobasidium
laryngis, Cystofilobasidium infirmominiatum, Goffeauzyma sp., Naganishia sp.,
Holtermanniella sp., Rhodotorula sp., Debaryomyces sp., Nadsonia starkeyi-henricii,
and Candida sake. Some of the isolates were available as multiple strains (Paper
IV). The isolates were maintained on a rich yeast extract peptone dextrose
(YEPD) agar medium. Cells from the agar plates were transferred to the
mineral Lilly-Barnet medium pending inoculation in LiBa medium
supplemented with vanillin (Papers III, IV).

For the attraction or repulsion of cotton leaf worm (S. littoralis) larvae by
yeast volatiles, mainly larval associated yeasts were investigated. S. littoralis
is a polyphagous leaf herbivore, which is a significant pest in North Africa
and the Mediterranean. In Egypt, it is a severe cotton pest but it also feeds
on a variety of crops including maize, tomato, peppers, and other
vegetables. The yeast Cryptococcus nemorosus was isolated from S. littoralis
larvae reared in the laboratory by Peter Witzgall’s group in Alnarp, Sweden.
The Metschnikowiae, which include M. andauensis, M. fructicola, and M.
pulcherrima, were isolated from the guts and larval faeces of caterpillars
feeding on maize, corn earworm Helicoverpa armigera (Lepidoptera,
Noctuidae), and European corn borer Ostrinia nubilalis (Lepidoptera,
Crambidae) (Molnar and Prillinger, 2005). Metschnikowia fructicola was found
in apple and larval faeces of the codling moth Cydia pomonella (Lepidoptera,
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Tortricidae) (Witzgall et al., 2012). Metschnikowia saccharicola and M.
lopburiensis were isolated from foliage in Thailand (Kaewwichian et al.,
2012), and M. hawaiiensis was obtained from fruit flies (Drosophilidae,
Diptera) (Lachance et al., 1990). Volatiles from the model yeast Saccharomyces
cerevisine were also investigated for their effect on larval locomotion.

3.2 Analytical techniques

The diverse physiochemical range and characteristics of metabolites increase
the complexity of metabolomic studies. Partly because of this, analytical
methods have experienced a marked increase in analytical power to
accommodate scientific needs (Dunn and Ellis, 2005). One limitation of
metabolome analysis is the copious numbers of distinct compounds that are
present. In plant metabolomics, an estimated 15000 compounds may be
present within a single plant species and a staggering 200 000 natural
products have been reported (Tulp and Bohlin, 2005). A virtual database
containing up to 13 atoms of C, N, O, Cl and S can generate 977 million valid
structures (Reymond and Awale, 2012). This is an unfathomable number for
such a small atom count. In comparison, the diterpenes found in Paper Il have
the chemical formula C20H32 and consist of 52 atoms.

Hence, due to metabolome diversity, a single analytical platform is not
adequate for a comprehensive metabolite analysis (Goodacre et al., 2004). In
this thesis, an UHPLC-HRMS system was used for all LC-MS work. While LC-
MS can analyse a wide range of compound classes, GC-MS was used for
compounds retrieved from yeast headspace collections (Paper V) and
turpentine fractions (Paper II).

GC-EI-MS uses a harder ionisation type that, unlike the soft electrospray
ionisation primarily used in LC-MS, produces fragment patterns that contain
rich information on substructures and thereby clues for structural elucidation
(McLafferty et al., 1993). Although this discrepancy has largely been mitigated
by the use of collision-induced dissociation in LC-MS/MS systems,
fragmented compounds can be used to query databases for initial compound
identification.
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3.2.1 Identification of unknowns (Papers Il and IlI)

Identification of unknowns has an estimated price-tag of approximately
$15 000 (Bouslimani et al., 2014). If the unknown turns out to be an established
unknown, there will be strong sense of having ventured into a fruitless
endeavour. Furthermore, a methodical assessment of all possible metabolites
would be resource inefficient (Macia-Vicente et al., 2018) and there are
multiple strategies for dereplication and bioactive substance identification
available (Beutler et al., 1990, Cordell, 1999, Yang et al., 2013). For instance,
metabolite databases can be searched for metabolite identification purposes
(Tohge and Fernie, 2009). In this thesis, the NIST 14 and Wiley 9 libraries were
used to putatively identify terpenes (Paper II) and some yeast volatiles (Paper
V). Nuclear magnetic resonance (NMR) was used in the structural elucidation
of vanillyl alcohol (Paper III).

3.3 Chemotyping

With a few differences in their application and sample preparation, secondary
metabolite profiling, chemotaxonomy, volatome profiling (Aliferis et al., 2013,
Miiller et al., 2013), metabolite footprinting (Allen et al., 2003, Hojer-Pedersen
et al., 2008, Mapelli et al., 2008, Chumnanpuen et al., 2014), and metabolite
fingerprinting (Fiehn, 2001, Dettmer et al., 2007, Zacharias et al., 2018) all
relate to the detection of metabolites, volatiles, or non-volatiles. Chemotyping
may be used as a complementary technique in cases where genotyping using
the standard internal transcribed spacer (ITS) region, and further sequencing
of the D1/D2 domain of the large subunit ribosomal RNA (rRNA) gene might
be ambiguous. The idea of volatile headprinting or, more generally,
chemotyping of species, has been previously shown for both yeast and
bacteria (Bean et al., 2012, Miiller et al., 2013).

3.3.1 Headprinting — Volatiles (Paper V)

Rapid yeast isolate identification is essential in screening assays to avoid
redundancy in downstream processes, especially when downstream methods
are labour intensive and time consuming. Metabolic headprinting offers an
attractive solution and can determine how similar two isolates are. Analysing
headspace samples using GC-MS during growth in a minimal medium is a
non-destructive method that ensures intact cells for further assays.
Consequently, headprinting may be suitable for identifications when live
specimens are required further downstream.
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Importantly, for chemotyping purposes, exometabolite production is more
consistent at optimal conditions and, if sampled over time, can reduce
snapshot fluctuations (Larsen et al., 2005). The headspace sampling using
Super Q trap (80/100 mesh; Alltech, Deerfield, IL, USA) adsorbent material in
Paper V can be considered continuous sampling, albeit with a biasing factor
depending on the adsorbent used. In contrast, samples were taken
sequentially as snapshots from the nutrient medium supernatant in Paper IV.

3.3.2 Footprinting — Exometabolites (Paper IV)

Similarly, metabolic footprinting may also be employed as a cell maintaining
strategy, since it examines extracellular matrix mass profiles. The
exometabolome (Thrane et al, 2007) consist of exometabolites, mainly
secondary metabolites, (over)produced organic acids, extracellular enzymes,
and other bioactive components. Because exometabolites are exuded into the
environment either as volatiles or more water-soluble compounds, they
mediate interactive cross-talk with other species at a distance. In addition, the
level of extracellular metabolites is directly affected by any alterations of the
growth medium caused by microbial metabolism. Furthermore, the
extracellular environment influences cellular metabolic status in a feedback
loop, effectively linking intracellular metabolism with exometabolite presence.

Paper IV focus on the discovery and applicability in chemotyping yeasts using
vanillin biodegradation associated products. It can also be considered as part
II of the biofuel experiments. Having found little success with the oleaginous
yeast C. laryngis, we chose to screen more yeasts isolated from dry wood logs.
We then examined the analytical and data analysis pool of results in this
screening study. For this purpose, I initially started using XCMS online (Smith
et al., 2006, Tautenhahn et al., 2008, Benton et al., 2010), a useful web service
that provides out-of-box functionalities for highly automated metabolomics
analyses. However, the time for uploading, queueing, running XCMS, and
finally collating the results across species by manually aligning monoisotopic
masses and retention times, was too time consuming to be functional.
Moreover, the intended usage online was not suited for biotransformation
and screening assays. Thus, the idea to extend the capabilities of XCMS in its
original programming language R (R Core Team, 2019) was formed for on-
computer biotransformation product extraction. This resulted in
TransforMATE (TMATE) as an extension of XCMS. In conjunction with the
adduct collating package CAMERA (Kuhl et al., 2012), TMATE relies heavily
on the LOBSTAHS project (Collins et al., 2016, Collins JR).
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3.3.3 Application and applicability

In screening studies where the aim is to find non-redundant species among
thousands of replicates, the associated costs for genotyping may be too high
and a fast, simple, universal, and adequate approach is needed. For example,
direct infusion ESI-HRMS has been used with metabolic profiling to analyse
exo- and intracellular profiles in several studies (Smedsgaard and Frisvad,
1996, Zahn et al, 2001, Smedsgaard et al., 2004, Larsen et al., 2005,
Chumnanpuen et al., 2014). Using direct injection ESI-MS, Smedsgaard et al.
(2004) correctly classified 70% of 429 isolates of 58 species grown on yeast
extract with supplements (YES) and 46% were correctly classified when
grown on CYA. The differing conditions resulted in a resolving power that
was approximately 1.5x higher when species were grown on YES.
Interestingly, YES increased the number of metabolites, while CYA gave rise
to a higher chemical diversity that should have increased the chemometric
resolution. This observation raises the question regarding the usage of a
complex or defined growth medium.

It has been suggested that the chemotaxonomy using bacterial VOCs should
involve standard chemotaxonomic growth conditions (Polizzi et al., 2012).
Similar growth conditions are vital for inter- and even intra-laboratory
comparisons, but the usage of a minimal defined medium is non-standard,
potentially caused by the fact that most specimens are unable to grow in
laboratory conditions. Nevertheless, standardisation is of considerable
importance for interlaboratory comparisons and collective databases. A
minimal defined medium also reduces batch-to-batch variations and reduces
matrix complexity, which facilitates downstream chromatographic separation
and data analyses. These qualities are the logic behind the use of LiBa medium
in Papers III and IV.

Although chemotyping in itself is both useful and valuable, as stated above,
analysing profiles has little meaning if we ignore the biological purpose or
potential use of a compound.
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3.4 Extracting biologically relevant information

Chromatographic fractionation, downstream structural elucidation and
bioactivity testing are frequently biased toward components present in high
amounts or compounds that are easy to isolate (Tian et al., 2011, Inui et al.,
2012). The latter qualities indeed ameliorate deconvolution and dereplication,
but they are certainly not a guarantee for optimal bioactivity. Consequently,
methods that allow ranking of bioactive features are needed.

The advent of computers in science significantly increased the calculating
power of the endeavour. This computational aid, in combination with
chemistry, gave birth to the field of chemometrics. Prior to the emergence of
chemometrics and its methods for information extraction, researchers
interested in cause-effect relationships relating to, for instance, mVOCs were
limited to the main volatile constituents produced by a species, coupled with
extensive bioassays of compound mixtures to determine their biological
activity (Kong et al., 1999). Since then, established omics techniques have
allowed the examination of multiple samples, with minimal preparation, and
faster analysis times. The generation of high volumes of data makes
information mining the core principle for extracting biologically relevant
information and multivariate data analysis forms the centre of this core.

Multivariate discriminant analysis is a commonly used supervised method to
discern the underlying effects observed in the -omics field. Even prior to
machine learning methods, such as artificial neural networks (Bishop, 1995),
support vector machines (Cortes and Vapnik, 1995) and random forest
approaches (Breiman, 2001), the pool of supervised methods for discriminate
analysis of large datasets provided powerful information extraction
capabilities (Smedsgaard and Nielsen, 2005, Mahadevan et al., 2008, Palma et
al., 2018). Despite their differences, the methods ultimately aim to simplify
human interpretation by highlighting the differences between two or more
classes of data. Typically, the Y variable is created as a dummy variable with
ones (1) representing a qualitative class, such as species identity. One such
chemometric modelling approach is orthogonal partial least squares —
discriminant analysis (OPLS-DA). In addition to separating classes, it aims to
improve interpretability by separating the latent variables into a predictive
subspace component correlated to the response, Y and one orthogonal
component uncorrelated to the same (Trygg and Wold, 2002, Bylesjo et al.,
2006). For this reason, OPLS-DA and OPLS-Regression are the methods of
choice for most parts of this thesis.
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It should be noted that multivariate data analysis is only valuable insofar as
the formulation of the salient questions and the approach to answer them is
performed a priori.

3.4.1 Workflow

Commercial and open-source workflows that have become available to the
metabolomic community include MetaboAnalyst (Chong et al., 2018),
Workflow4Metabolomics (Giacomoni et al., 2014), Galaxy-M (Davidson et al.,
2016), Metabox (Wanichthanarak et al., 2017) and the Orange data workflow
program (Dema3ar et al., 2013). These workflows generally aid experimental
design, pre-processing functions like smoothing and deconvolution, peak
processing, substance identifications, scaling, data transformation, method
selection, processing, validation, and, finally, interpretation. Peak processing
involves peak extraction, alignment, and grouping and many of the
programmes available use XCMS in the background for retention time
correction, feature extraction, and filling missing peaks. In Paper IV, the
XCMS software was used to perform these activities from LC-MS data.

For Paper V, a different approach was needed due to the fragmentation of
compounds in GC-EI-MS, which makes manual deconvolution of
overlapping peaks non-trivial. In this case, parallel factor (PARAFAC?2)
analysis and multivariate curve resolution was performed.

3.4.2 Scaling/Normalisation

Scaling and transformation of data can have a significant impact on
metabolomic models (van den Berg et al,, 2006). A complete survey of the
different ways of scaling is beyond the scope of this thesis, and only the
investigated types of scaling and transformations will be discussed. If units
(cm, absorbance, m/z, time) for all variables are the same, centring is usually
employed. When centring, each variable is centred around zero. As a result,
centring focuses on covariances (Equation 1).

Equation (1) Cov(X,Y) =EXY)—EX)E(Y)
While the emphasis is on covariances when centring, other types of scaling

focus primarily on correlations. The correlation between variables is simply
the normalisation of the covariance as (Equation 2):
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Equation 2)  Corr(X,Y) = J%

Scaling may have the effect of giving variables with a different abundance the
same importance or boosting the importance of compounds present at lower
concentrations. Two regularly used types of scaling is unit variance (UV,
Equation 3) and Pareto scaling (Equation 4). UV scaling is primarily used
when two variables do not have the same magnitude of variation or if the
importance of the variables is unknown. This is usually the case when units
differ, such as when measurements are done on temperature (K) and pressure
(Pa). Pareto scaling is useful if medium and small features are important and
may be viewed as an intermediate between no scaling and UV scaling. Pareto
scaling (Equation 4) is also the gold standard for metabolomics because a
relatively low concentration in a biological setting might not imply a low
bioactivity.

Xij—Xj

Equation (3) Xij = == UV scaling

Si

Equation (4) Xij = % Pareto scaling
The choice of scaling method and if normalisation should be applied can have
a large impact on the predictive ability, validity of the model. Thus, the
biological interpretation and should be tested in each case (van den Berg et al.,
2006). Extensive testing with different scaling methods was used in Paper V,
including range and level scaling. It was ultimately decided that Pareto
scaling provided the most accurate interpretation based on previously
published papers regarding attractants and repellents of S. littoralis.

3.4.3 Variable transformation

Variables are usually assumed to be normally distributed around a specific
number, usually the average. However, when a PCA on untransformed data
show a clustered collection of points with a few scattered outliers or when the
normal distribution of data is skewed it may be prudent to perform a log
transformation of the x variables.

When assuming a normal distribution of variables, skewed distributions may
likewise skew our interpretation of the result. Equation 5 shows how
skewness was estimated.
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_n\3
Equation (5) Skewness = E [(X—U”) ]

A variable with skewness of 0 is generally considered to follow the normal
distribution perfectly.

Skewness

(dN-1)
J 64N N =) (@N+1)(@N+3)

Equation (6) sTest =

According to the Simca+ P 13.0.3.0 software that was frequently used in this
thesis, the criteria for suggesting a log transformation is |sTest| >2, (Equation
6, where dN = number of non-missing values in the variable and has to be > 3.
This suggestion was followed in all papers that dealt with MVDA.

3.5 Statistical analyses

Experiments were performed at least in triplicate and both positive and
negative controls were added where applicable. For univariate or two-factor
response variables, statistical analyses were performed with analysis of
variance (Paper I, IV), post-hoc Tukey-Kramer’s honest significant difference
(HSD) tests (Paper I), Hedge’s g (Paper I) and Student’s t-test (Papers 1L, 1V,
and V). The level of significance was set at a < 0.05. Univariate response
variables were assumed to be normally distributed and bars with 95%
confidence intervals centred around the mean were generally used to present
the data.

Except for Student’s t-test and Hedge’s g, which were calculated in Microsoft
Excel (Redmond, WA), statistical analyses were performed using Matlab
(MathWorks®, Natick, MA). Multivariate data analysis and calculations of
HCA, OPLS-DA, and PLS-DA used SIMCA 13.0.3 (Sartorius Stedim Data
Analytics AB, Umea, Sweden).
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4 Aims and objectives

The aim of this thesis was to find products from complex matrices from nature
with a potential for a higher degree of sustainability than current practices.

The by-product turpentine contains compounds used by trees to defend
themselves from attack by saproxylic fungi. We therefore studied the effect of
turpentine fractions to find the most active compounds as well as synergistic
effects between fractions. The objectives for Papers I and II were to:

% test if fractionation of raw turpentine can be used to increase
antifungal activity against our model fungus Coniophora puteana,

% determine if the optimal fraction is specialised or more broadly
applicable against other specimens of wood-decaying fungi,

% characterise the constituents of selected fractions to enable
assignment of the degree of their antifungal (in)activity,

% investigate the applicability of this fraction on wood blocks in
microcosm and field experiments,

% and evaluate if non-linear effects could be identified when

recombining fractions.

A bottom-up approach towards the production of microbial biofuels from
lignin by oleaginous yeast as biofuels was studied. However, polymeric lignin
contains toxic monomers, such as vanillin, protocatechuic acid, and other
phenols, that are released during the decomposition process. A successful
yeast candidate for bioprocessing must therefore be capable of coping with or
degrading these compounds. The main objectives for Papers Il and IV of this
thesis were to:

% describe the main biodegradation product of vanillin by the novel
strain of Cystobasidium laryngis

% and evaluate if the supernatant containing vanillin biodegradation
associated products could aid yeast species identification pending

further isolation efforts.

A product of this work was a script called TMATE, which we used for near
comprehensive biotransformation feature annotation from LC- QTOF peaks.
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A majority of species in the genus Spodoptera (Lepidoptera, Noctuidae) are
polyphagous pests that feed on a large number of plant species. A hypothesis
posits that yeasts are vectored through mature insect dispersal and reared by
larvae for enhanced nutrient availability in host plants. This mutual
connection could potentially carry a biocontrol value. Thus, yeast volatiles
were investigated as potential biocontrol agents of the cotton leaf worm pest
S. littoralis. The main objectives of Paper V were to:

.0

% establish the effect of different yeasts volatomes as either attractant or
repellent

% and evaluate possible attractant and repellent substances responsible

for the observed effect.

5 Main findings

5.1 Natural resources from wood (Papers I, I1)

Turpentine, which is a by-product from pulp and paper industries contains a
significant number of compounds capable of inhibiting growth of wood-
decaying fungi. The reason for terpene diversity is likely to provide a broad
antifungal effect and minimise the risk that wood-decaying fungi develop
resistance. To explore effective and environmentally sustainable approaches
against wood biodegradation by saproxylic fungi, vacuum distilled fractions
of P. abies turpentine were evaluated for their antifungal efficacy.

5.1.1 Effect of vacuum distilled P. abies turpentine on fungal growth

To assess turpentine antifungal potential, two vacuum distillations with
differing efficiencies were performed. To focus discovery efforts, one low
resolution vacuum distillation divided the raw turpentine in two parts. The
distillation was done so that the resulting fractions represented fractions 1 to
15, and fractions 16 to residue from the higher resolution vacuum distillation
(Appendix A). This showed that raw turpentine was more efficient as a
potential wood preservative than the highly volatile compounds
corresponding to fractions 1-15 (Figure 4a). In general, the main constituents
of spruce turpentine are 62/38 (+/-)-a-pinene) and 3/97 (+/-)--pinene (Groth,
1958), limonene, and other volatile monoterpenes. Furthermore, these
compounds represent the majority of the compounds present in raw
turpentine (Lindmark-Henriksson, 2003). These compounds are mainly found
in fractions 1-15. Based on our results, the reason why trees expend resources
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to produce these low activity compounds is unclear from the perspective of
fungal attack. Perhaps the reason is the simplicity of their production in an
attempt to buy time for other, more effective but costlier, compounds. They
could also provide other functions, such as acting as a solvent to transfer more
active compounds.
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Figure 4. a) The effect of compounded fractions and raw turpentine on Coniophora puteana growth rate.
b) Each fraction from 16-23 was examined separately at concentrations of 5000 and 1000 ppm. Dashed
bars, 1000 ppm E and 5000 ppm E, represent expected values when a linear dose-response is assumed.
Groups of fractions are shown as G1-G4 where, G1 = Fraction 16, 17, 18, 19; G2 = 20, 21, 22, 23; G3
=18, 19, 20, 21; and G4 = 16, 17, 22, 23 in equal proportions. The control to the left and the right
correspond to the experiment performed at a concentration of 1000 ppm and 5000 ppm, respectively.
Column heights and error bars: Column heights show the average fungal growth rate in mm/day from
triplicate experiments. All error bars represent 95% confidence intervals and missing error bars are due
to zero differences between replicates.

Since the majority of raw turpentine consisted of compounds present in
fractions 1-15, the dilution of active compounds in fractions 16-23 is a likely
explanation for the lower effect of raw turpentine. Even when considering this
dilution, the effect of raw turpentine seemed higher than expected, suggesting
the presence of non-linear effects. This is congruent with the proposition that
fractionation of natural products is often challenged by a loss of activity due
to loss of holistic synergism (Inui et al., 2012). The presence of non-linear
effects was examined in a cursory fashion in Paper I (G1-G4, Figure 4b) and
subsequently confirmed in Paper II (see section 0). The cursory examination
of non-linear effects was done by blending fractions in equal proportions.
Blending fractions suggested the presence of non-linear effects by fraction
blends of 16, 17, 18, 19; and fractions 16, 17, 22, 23, represented by G1 and G4
in Figure 4b. However, it was difficult to assess the magnitude of this effect
since fraction 18 showed complete inhibition at the 5000 ppm level.
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The fraction that was more effective than raw turpentine was the fraction that
represented the highest boiling fractions 16-23. Consequently, it was also the
most active fraction in this experiment (Figure 4a). The observation that less
volatile compounds are more effective than volatile compounds suggest that
they are supposed to protect the tree for an extended period of time.

Having determined the most interesting part of raw turpentine, fractions 16—
23 were further investigated for their effect against C. puteana at
concentrations of 5000 and 1000 ppm (Figure 4b). A two-way interaction
ANOVA [Fractions: Fizs6 = 50.09, p << 0.05; Concentration: Fis6 = 782.53, p <<
0.05; Fraction x Concentration: Fizs = 10.37, p << 0.05] followed by Tukey-
Kramer HSD showed that all treatments were effective, except fraction 16. The
previous observation of increased effectiveness towards higher boiling
compounds was sustained as fraction 23 was, on average, the most effective
fraction at a concentration of 1000 ppm. Such an observation also raises the
question of what lies beyond fraction 23. Unfortunately, this was not
examined.

The observation that fraction 18 completely inhibited growth at a
concentration of 5000 ppm along with the observation that fraction 23 showed
the highest efficacy encouraged us to test these fractions against other wood-
decaying fungi to assess if the fractions were generally inhibitory or
specifically effective against C. puteana. While fraction 18 was only moderately
effective against seven other saproxylic fungi, fraction 23 showed generalist
inhibition and wholly inhibited growth of A. sinuosa, S. himantioides, and S.
lacrymans on agar plates at a concentration of 1000 ppm (Figure 5). The two
Serpula species were noticeably more affected by the terpenes present in both
fractions than the other fungi. These species are not involved in attack on
living trees and may therefore lack the necessary tools to defend themselves
against the terpene response of trees (Arnerup et al., 2011).
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Figure 5. Fractions 18 and 23 were further tested against seven saproxylic fungi at a concentration of
1000 ppm. * show significant differences as p < 0.05 and ** similarly show differences between fractions.
Column heights and error bars: Column heights show the average fungal growth rate in mm/day from
triplicate experiments. All error bars represent 95% confidence intervals and missing error bars are due
to zero differences between replicates.

In order to identify the constituents of fractions 16-23, the fractions were
separated on a GC-MS system equipped with a VF-5ms column followed by
a manual library search in the NIST14 and Wiley9 fragmentation libraries.
Fraction 16 mainly contained hydroxylated terpenes, while fractions 17-22
mostly comprised hydrocarbon sesquiterpenes (Table 1). The most active
fraction mainly contained hydroxylated and hydrocarbon sesquiterpenes. A
more detailed account of the putatively identified compounds is provided in
Appendix B.

Table 1. Constituents of fractions 16-23 as determined by GC-MS and subsequent library searches in
NIST 14 and Wiley 9.

Fraction E HT S A HS D Unknowns
F16 5% 52% 27% 6% 9%
F17 4% 31% 56% 1% 7%
F18 2% 10% 79% 1% 8%
F19 1% 87% 3% 1% 8%
F20 81% 3% 2% 14%
F21 72% 11% 6% 12%
F22 58% 12% 14% 2% 14%
F23 29% 13% 31% 8% 19%

Abbreviations: E = esters; HT = hydroxylated terpenes; S = sesquiterpenes; A = aromatics; HS =
hydroxylated sesquiterpenes; D = diterpenes. The most abundant compound class in each fraction are
marked in bold characters.
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Figure 6. Normalised GC-MS mass chromatograms of vacuum distilled turpentine fractions 16-23 (F16-
F23) and its primary constituents. Fractions were separated on a VF-5ms GC column with the x-axis
showing the retention time in minutes and the y-axis showing the relative abundance of each fraction.

Our work demonstrates that oxygenated sesquiterpenes are more effective
than their hydrocarbon counterparts against wood-decaying fungi (Figure 6).
This corresponds well with the knowledge that fungi are producers of both
mono- and sesquiterpene hydrocarbons, which suggests their natural
resistance to them. By contrast, fungi are less able to create oxygenated
sesquiterpenes (Kramer and Abraham, 2012). Their absence in fungi is a
reasonable rationale for the high efficacy of the fraction containing mostly this
compound class (Table 1).

The effect of individual compounds was evaluated by expanding the
parametrical search space through recombinations of turpentine fractions
followed by MVDA (Paper II). The most promising turpentine constituents
according to OPLS-modelling [R2X(cum) = 0.954; R?Y (cum) = 0.83; Q%*cum)= 0.817, (1
+3) components] are shown in Figure 7.
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Figure 7. OPLS [R?X(cum) = 0.954; R?Y (cum) = 0.83; Q%cum) = 0.817, (1 + 3) components] coefficients vs.
variable importance as calculated by the Simca software. Selected compounds with a variable
importance > 1.5 are labelled and shown as orange hexagons.

The oxygenated sesquiterpene 1,10-diepicubenol and the diterpene cembrene
could be distinguished from the other compounds (Figure 7). Information
about the efficacy of 1,10-diepicubenol is limited and it is only available as a
constituent in other essential oils, such as lesser calamint (Calamintha nepeta)
(Mancini et al., 2013). In contrast, the terpene with the highest coefficient
values is a-cadinol, which is an antifungal compound that is predominately
effective against basidiomycota fungi, such as Phellinus noxius, Trametes
versicolor and Laetiporus sulphureus (Chang et al., 2000, Chen et al., 2017). A
structure-activity relationship investigation of cadinol derivates revealed that
a double bond in a trans configuration coupled with an equatorial hydroxyl
group is needed for optimal antifungal activity (Wu et al., 2005). The authors
also showed that the stereochemistry at the hydroxyl group was less crucial
for activity than the geometric configuration of the double bond in the ring.
Additionally, the same group revealed that more hydrophobic derivates of
cadinol were more effective. According to estimated logP values
(MarvinSketch, consensus calculation) and given that the double bond
geometry is the same for both substances, the activity of epicubenol (eLogP =
4.19) and its epimers could be slightly higher than the structurally related a-
cadinol (eLogP = 3.54). This estimation is in line with our findings that 1,10-
diepicubenol was the most potent antifungal compound in our survey of raw
turpentine.
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Among the labelled compounds in Figure 7, ar-himachalene was the only
identified aromatic substance. Aromatic compounds, in particular phenolic
compounds, such as carvacrol and thymol, are highly effective antifungal
agents down to 80 ppm against S. cerevisiae (Zhang et al., 2012). The hydroxyl
group is crucial for toxicity, however, ar-himachalene lacks this necessary
moiety. Therefore, the effectiveness of ar-himachalene was questionable.

Further fractionation of fraction 23 into seven subfractions (23.0-23.6, Figure
8) using preparatory GC was performed to test the assumptions made from
the OPLS model above. Preparatory GC isolated mainly the sesquiterpenes a-
amorphene and d-cadinene, as well as ar-himachalene (23.0, corresponding to
0-31.6 min in Appendix B), the hydroxylated sesquiterpenes epicubenol and
1,10-diepicubenol in subfraction 23.1 (31.6-38.2 min) and subfraction 23.5
exclusively isolated the diterpene cembrene (50.4 min). The remaining
subfractions contained the minor components of fraction 23 (Figure 8). The
fractions were tested against C. puteana on agar plates in levels that
approximately corresponded to their concentration in undivided fraction 23.
The trend (n = 1) in growth rates for subfractions were, in ascending order:
Fr23=23.0=23.1 (0 mm/day), 23.5 (6.6 mm/day), 23.3 (6.94 mm/day), 23.4 (7.2
mmy/day), 23.6 (7.2 mm/day), control (8.1 mm/day) and 23.2 (8.3 mm/day).
These results indicate that ar-himachalene and the epicubenol isomers could
be potent antifungal compounds.

250 000
200 000

150 000 ‘ Fr236

D SRV A
100 000 N Y I Fr234
Al Fr23.3
50000 | | W 1_, | | Fro3o
L‘lk el L Fr.231
L . L L Fr230
10 20 30 40 50 min

Figure 8. Mass chromatograms after preparatory GC of turpentine fraction 23. The x-axis represents the
retention time and the y-axis the mass counts.
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Considering the results from the subfractions, the isolation and bioassay of
the diterpene cembrene was not as bioactive as originally assumed. These
results could be explained by the loss of synergism or due to the correlation
of cembrene with other constituents of fractions 23, thereby boosting its
relevance in the model. Our findings also show that more efficient designs for
decorrelating matrix constituents are needed when recombining fractions.
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Figure 9. The growth response of Coniophora puteana to different fractions of turpentine. Error bars
show 95% confidence intervals. * no growth.

Interestingly, the effect of turpentine fractions likely depended at what stage
they were introduced to the agar medium. In Paper I, fractions were distilled
together with the agar. In Paper II, fractions were introduced at the agar
cooling stage. This discrepancy caused a marked difference in the effect of the
most high-boiling fraction on C. puteana growth rate (Figure 9), which implies
that its efficacy is modulated by heat. For the other fractions, a slight decrease
in efficacy was observed. However, the difference in the growth rate of the C.
puteana positive control made these small changes less significant. The
reduction in growth rate of the control in Paper II could be attributable to
laboratory customisation by the fungal strain.
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5.1.1.1 Non-linear effects

Synergistic effects are highly beneficial since they permit a lower dosage of
each amendment than if they were used separately (Tallarida, 2001).
Synergistic effects may arise when the mode of action of two compounds
differ. We observed antagonist and synergistic effects on the in vitro growth
rate of the wood-decaying fungus C. puteana (Figure 10, next page).

Fraction 18 and 19 acted synergistically with fraction 23 (mixtures 19 and 25
in Figure 10). This suggests that oxygenated monoterpenes act in synergy
with oxygenated sesquiterpenes and therefore target distinct fungal
components. Additionally, aromatic phenol derivatives were detected (Table
1, Appendix B). This compound class could perform a yet another
complementary and therefore synergistic antifungal activity (Valette et al.,
2017).

The strongest antagonistic effects were observed for mixtures 11 and 16
(Figure 10). Antagonistic effects may stem from the fungal usage of turpentine
compounds as a source of nutrient or natural habituation towards some
terpenoid compounds, which results in the dilution of the more effective
compounds.

5.1.1.2 Microcosm and field experiment

Concurrent with the synergistic studies, we aimed to investigate the long-
term efficacy of the fraction that had shown the most efficient inhibition on
agar plates. Two experiments, a laboratory microcosm in soil glass jars and a
field experiment using fraction 23 painted on wood pieces, were performed
for this purpose (Paper I). In addition to fraction 23, a previously identified
antifungal ether extract from debarking water, which was previously shown
to inhibit fungal growth in vitro (Hedenstrom et al., 2016), commonly used
wood preservative compounds and two commercial formulations were
added to benchmark fraction 23. We classified the soil microcosm and field
experiment as long-term and medium-term, respectively. Post-hoc Tukey-
Kramer’s HSD data of the microcosm experiment indicated that there was no
effect of our treatments after 29 months of growth in soil glass jars.
Supposedly, the extended time applied in the experiment masked any
observable effect for these treatments. Only the Beckers impregnation oil and
Yunik cronol commercial products were effective wood preservatives, with a
mean mass loss of 3.6 + 0.1% and 22.3 + 12%, respectively. However, the fungi
did not grow on the proximate soil in the presence of Beckers impregnation
oil, which shows that its components leaked into the environment.
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Figure 10. Growth rate of Coniophora puteana on Hagem agar supplemented with different proportions of fractionated turpentine. Coloured bars, according to the
colour mix of pure fractions, show the observed growth rate. The dashed bars show expected growth rate when mixing pure fractions. The percentage of each

fraction added to mixtures is shown below each bar. Error bars denote 95% confidence intervals. Expected growth rate confidence intervals are based on the pooled
and weighted standard deviation at the same significance level of p < 0.05.
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Mass loss of the microcosm control sample was approximately 71%, while the
control sample in the field was only 15.7%. This disparity resulted in a mean
mass loss of 2.5% weight loss month in vitro and 0.5 % month-, a decrease in
the ratio of degradation by 1/5. Such a difference is primarily caused by the
constant and higher mean temperature in the laboratory in contrast with
fungal hibernation during winter, spring, and most of the summer season.
Furthermore, fungal interactions lower carbon use efficiency and slow the rate
of degradation in the field (Hiscox et al., 2015, Maynard et al.,, 2017).
Extrapolating our findings, we would need approximately 142 months to
observe the same level of degradation in the field as in the microcosm. This
corroborates that the use of microcosm experiments to screen for relative
antifungal activity and test a larger range of known fungi is more efficient
than field tests.
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Figure 11. Hedges’ g standardised effect sizes of wood mass loss grouped by different treatments
applied for 29 months in the field. The retention was determined as oven dry weight. Error bars show
95% confidence intervals.

Hedge’s g standardised effect sizes from the field experiment showed that
administration of turpentine distillation residue at a treatment retention level
of 49.1 + 2.6 kg m= on wood blocks effectively prevented wood degradation
(Figure 11). The performance of the most active fraction from our in vitro
assays, fraction 23, was not significant at the 95% level, but did have a
suggested effect on decay at the 90% level. When we consider its mean
preservative power per retention, our findings suggest that use of fraction 23
as an antifungal wood preservative warrants further investigations with
higher retention levels and wood preservative formulations.
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Although not significantly different, a lower activity of fraction 23 was
observed at the higher concentration of 7500 ppm (Figure 11). Thus, even
higher retention levels with impregnated wood material are required to reject
or accept the applicability of this fraction. Future challenges remain to convert
our results into practical applications. Nevertheless, continuing this work is
an important part in the steps needed to reduce the frequent use of harmful
wood preservatives.

5.2 Yeast as a producer and product (Papers Ill, IV, V)

Yeast are ubiquitous in nature and perform a host of interesting interactions
and synergies using their metabolites. Yeast-plant interactions occur in
decaying wood. Such interactions are widely associated with yeasts that are
able to, at least partially, degrade the mesh that is composed of cellulose,
hemicellulose, and lignin. Some of these yeasts can accumulate up to 60-70%
lipids in terms of their dry cell weight (Thliveros et al., 2014) and these lipids
can later be converted into biofuels. However, a microorganism that intends
to utilise the recalcitrant lignin as a nutrient source will need to address the
inhibitory effect of the phenolic monomers produced during degradation.
' Vanillin (4-hydroxy-3-methoxybenzaldehyde)
= = is an aromatic aldehyde derived from the
guaiacyl subunit (Figure 12), a constituent of the
lignin biopolymer. Like the other phenolic and
aromatic aldehydes that originate from lignin,
vanillin is growth inhibitory to fungi at low

) o concentrations. Papers III and IV are part of a
Figure 12. Structure for the lignin

subunit guaiacyl (left) and its
relation to vanillin (right). lignocellulosic originating from the pulp and

paper industry.

bottom-up approach for biofuel conversion of

In Paper V, the premise is that yeasts may be considered as a product in
agricultural strategies for biocontrol purposes. However, the use of volatile
metabolites of microbial origin for biocontrol of insects is primarily inhibited
by their very nature, as the effect may evaporate shortly after treatment.
Various types of containers for radial release have been developed. Yet, the
amounts of compounds are finite. Instead, direct application of microbes that
essentially produce the necessary constituents in situ over time has been
applied successfully (Chung et al., 2016). Specific goals of this paper were to
find yeasts that S. littoralis larvae fed upon or avoided. Additionally,
multivariate data analyses comparing yeast volatome profiles in connection
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with the observed effect was used to indicate the substances responsible for a
potentially fatal lure-and-kill attraction.

5.2.1 Vanillin biotransformation products (Papers I, IV)

One aspect of the research was to elucidate if vanillin could be used in
anabolic processes to produce fatty acids. Vanillin is a potentially toxic
metabolic product of lignin degradation that can inhibit microbial cell growth,
sugar utilisation and lipid accumulation (Palmqvist and Hahn-Hagerdal, 2000,
Almeida et al., 2007, Poontawee et al., 2017). Desiccated and nutrient-deficient
habitats have been connected with oleaginous species (Kurtzman et al., 2011).
We hypothesised that fungal species isolated from decaying wood would be
more likely to possess the necessary genetic machinery for vanillin
detoxification and lipid production. In Paper III, only the biodegradation
product vanillyl alcohol was observed after bioconversion of vanillin by the
novel strain C. laryngis FMYDO002. The vanillyl alcohol product was initially
identified using liquid chromatographic isolation and then characterised by
NMR and GC-MS (Figure 13-14). The NMR spectrum matched that of Zhou
et al. (2008) and both spectra exhibited similar patterns. There was a slight
mismatch between the chemicals shifts, possibly due to the use of dimethyl
sulfoxide in the prior study and our use of CDCls as the solvent. The benzylic
protons were overlapped by residual water present in our sample.
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Figure 13. *H-NMR (500 MHz, CDCls) of the isolated compound with assignments to vanillyl alcohol. &
=6.936-6.916 (s, 1H), 6.909-6.874 (dd, 1H), 6.859-6.827 (dd, 1H), 5.593-5.575 (s, 1H), 4.628-4.597
(dd, 2H), 3.927-3.899 (s, 3H) and the final hydrogen corresponds to approximately 1.55 (1H), (Zhou et
al., 2008). However, the final hydrogen is masked by an excess of residual water in the isolated sample.
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Figure 14. Comparison of GC-MS retention time and mass spectra of the isolated compound and
vanillyl alcohol standard. Vanillyl alcohol (lower chromatogram) and the isolated compounds obtained
from preparatory LC (upper chromatogram) are shown. The compounds were separated on a VF-
23ms GC column. The image has been slightly adapted from the original Paper Il by Rénnander et al.
(2018)

As a further step in the identification of vanillyl alcohol as a vanillin
biodegradation product, the synthesis of vanillyl alcohol from vanillin by the
reducing agent LiAlHs4 was performed (Zhou et al., 2008). The overlap of
retention times and perfect fragmenting matching of the isolated and
synthesised compound on a GC-MS system finalised the identification
(Figure 14).

In reviewing the literature, we found that some fungi convert vanillin into
both vanillic acid and vanillyl alcohol (Ander et al., 1980, Edlin et al., 1995,
Shimizu et al., 2005), while other fungi select only one of the two initial
pathways (Ashengroph and Amini, 2017). The enzymes aldehyde reductase
(EC1.1.1.2) or carbonyl reductase (EC 1.1.1.184) are frequently associated with
reducing activity on aromatic aldehydes (Barski et al., 1996, Forrest and
Gonzalez, 2000). PCR primers that target the conserved regions of these
proteins could be used to determine which, or if both, enzymes could be
responsible for our observation.
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Figure 15. Possible biotransformation pathways. Dashed lines are suggested pathways in this thesis,

while line arrows are known metabolic pathways (Milstein et al., 1983, Mékela et al., 2015). Names in
bold denote the compounds identified in this thesis using analytical standards by LC-QTOF retention
times and mass detection.

An overview of potential conversion products is presented in Figure 15. The
data indicate that ring cleavage is the ultimate fate of vanillin biodegradation
(Milstein et al., 1983, Mikela et al., 2015).

In order to follow the bioconversion of vanillin and identify potentially
interesting yeasts, we investigated vanillin bioconversion products from LC-
QTOF chromatograms of 21 strains representing 11 genera after 24 and 48 h
of growth in LiBa medium. Mass chromatograms of the exometabolites after
growth in the presence of vanillin were examined using the in-house script
TMATE. After the development of TMATE, the time required for
biotransformation product discovery was greatly condensed. TMATE
performed 58 pairwise comparisons and produced a global matrix suitable for
multivariate analysis over multiple sample points and species in
approximately 1.7 h. Similar to Paper IIIl, TMATE indicated that vanillyl
alcohol was the primary biodegradation product of vanillin by the same yeast
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strain C. laryngis FMYD002. In addition to vanillyl alcohol, TMATE extracted
three peaks associated with vanillin biodegradation that were not found in
Paper I by this strain after 24 and 48 h of growth. The peaks were: m/z: 139.039,
RT:2.26 min; m/z: 141.054, RT: 1.35 min; and m/z: 276.087, RT: 4.88 min (Figure
16). It is likely that the first two compounds are protocatechuic acid and
hydroxymethylcathecol (Figure 15).

Several other vanillin biotransformation-associated compounds (VBACs)
were found for the different species. In comparison with the other species, the
Candida and Naganishia genera represent the most prolific producers of
VBACs. In contrast, if biotransformation of vanillin to vanillyl alcohol is of
biotechnological interest, the FTJAO08 isolate of Cystofilobasidium
informominiatum produces a “clean” matrix for simple downstream extraction
of the converted product.

A few species-specific or genus-specific VBACs (e.g. 113.060 m/z at RT: 2.77
min for C. sake; 276.108 m/z at RT: 276.108 min for the Nadsonia strain FXXA004)
(Figure 16), were found among the yeasts included in the study after 48 h of
growth. By contrast, other VBACs, such as 164.070 m/z, RT: 3.60 min, are
shared across the basidio- and ascomycete phyla. This could suggest the
occurrence of horizontal transfer or vertical gene transfer. While shared
biodegradation products across different phyla are impractical from a
chemotyping perspective, the implication of potentially unique
biodegradation substances in chemotyping is obvious (section 5.3 below).

Interestingly, the suggested formulas for VBACs with an increased mass in
relation to vanillin are highly oxygenated or contain nitrogen or sulphur
elements (SCF, Figure 16). Such compounds may be unrelated to vanillin
biotransfomation, as cross-talk between biosynthetic pathways exist (Nielsen
et al., 2011, Tsunematsu et al., 2013). Additionally, vanillin present at the
quantities used in this study could induce a stress response and trigger the
translation of enzymes that are inactive in the biotransformation of vanillin
per se. The enzymes could act on growth medium constituents and TMATE
would extract these false positive mass peaks as vanillin biotransformation
products. However, based on the suggested chemical formulas, a rather
strong biotransformation-link with vanillin is likely. Biotransformations
using a non-labelled compound together with stable isotope labelled
substances could be used to unequivocally determine the biological fate of the
biotransformant, as has been described (Leung and Baillie, 1989, Sun et al,,
2018, Tian et al., 2018).
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Figure 16. Products associated with vanillin biotransformation. C. arg,sak = Candida argentea,sake;
C.lar = Cystobasidium largynis; C. inf = Cystofilibasidium informominiatum; D. han,sp = Debaromyces
hansenii,species; G.sp. = Goffeauzyma sp.; H. sp. = Holtermanniella sp.; N. sta.hen,sp = Nadsonia
starkeyi-henricii,sp.; R = Rhodoturula sp. On the right-hand side, RT = retention time and SCF =
suggested chemical formula from Masshunter (Agilent). Sizes of the boxes are relative to the
concentrations in the 24-h samples and filled boxes represent a change with p < 0.05 using paired two-
sided Student’s t-test between individual isolates from 24 and 48 h. Black triangles represent masses
found in the 24-h samples only. Vanillin is marked in bold.

The VBACs 301.027 m/z at RT: 3.60 min and 431.182 m/z at RT: 4.86 were only
found in the 24-h samples of C. sake FNOAQ02 and C. argentea, respectively.
The reason for their disappearance in the 48-h samples is not obvious. Further
testing as suggested above is required to assign any relevance to vanillin for
these compounds.
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5.2.2 Biocontrol (Paper V)

The needle-shaped ascospores found in the Metchnikowia clade promote
dispersal by attaching themselves to plant-visiting insects. Since insects may
prefer a specific host plant for breeding and reproduction, it is reasonable to
assume that explicit plant-yeast-insect interactions also exist.

Tuning in to the chemical dialogue between plant-associated organisms help
us discern a compound’s ecological role. In Paper V, we used S. littoralis
(Egyptian cotton leaf worm) larvae as a model to study the biological activity
of the volatome of eight insect and fruit associated yeasts.
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Figure 17. Response of S. littoralis larvae to feeding on yeast or minimal medium. The larval response
index (LRI) shown on the bottom axis was calculated from the number of larvae feeding on the yeast
treatment (nY) and minimal medium control (nC) as LRI = (nY — nC)/(nY + nC). The top axis are p-
values (Student’s t-test) corresponding to the grey bars on the left-hand side. See paper V for specific
details regarding materials and methods. MF: M. fructicola; MA: M. andauensis; MP: M. pulcherrima; MS; M.
saccharicola; MH: M. hawaiiensis; CN: C. nemorosus; SC: S. cerevisiae.

Our results show that, in the two-choice assay, insect larvae of S. littoralis
given a choice of feeding on yeast or minimal medium respond differentially
to yeast volatile profiles (Figure 17). However, it remains a challenge to
decipher which compounds or subset of compounds in a blend that affect
behaviour of the larvae. Functional characterisations of some cotton leafworm
olfactory receptors have shown that larval attraction can be mediated by
individual compounds.



These compounds are produced by yeasts, such as benzyl alcohol,
benzaldehyde and indole (de Fouchier et al., 2018). We found that the floral
compound geranyl acetone released by Cryptococcus nemorosus is highly likely
to attract S. littoralis larvae (Paper V contains a large table of the detected
compounds and figures for assigning compound effects). This distinctive
compound emitted by C. nemorosus is also part of a Cydia pomonella
aggregation pheromone (Jumean et al., 2005), which may suggest an olfactory
link between the species. In contrast, camphene was revealed as a repellent
through discriminant analysis of yeast volatomes. The repellent effect and
larval toxicity of camphene in the genus Spodoptera have been reported
(Binyameen et al., 2014, Benelli et al., 2018). This shows that our findings in
Paper V are corroborated by previous studies and underline the applicability
of using the complex yeast volatome matrices in combination with
discriminant analysis to extract natural biopesticide candidates for further
research.

Translating the knowledge acquired from the microbe-larvae chemical
dialogue into viable strategies is a future biocontrol challenge for plant
protection. A direct consequence of finding an attractive and repellent yeast
species is the possibility to combine the two for an enhanced effect. Applying
attractant microbes in combination with those that repel pest larvae in a push-
pull strategy (Pyke et al., 1987) may reduce crop loss and ultimately reduce
the reliance on pesticides. An additional effect with the push-pull technique
may arise from induced systemic resistance (ISR) of the mVOCs produced.
Many ISR-triggering microorganisms prime plant responses to pathogens and
herbivores (van Hulten et al., 2006, Pieterse et al., 2014). The release of mVOCs
is governed by an array of factors. Thus, a certain profile of mVOCs directly
reflects the background and phenotypic state of the yeasts, which ultimately
makes further testing in the field a requirement to successfully appoint
species usefulness as a biocontrol agent.

Among the 192 compounds we detected, 33 mVOCs (Appendix C) were
previously unreported in yeasts volatile profiles. A majority of them belonged
to the relatively uncharacterised yeast M. hawaiiensis. The main compounds
responsible for characterising M. hawaiiensis were two sulphur-containing
compounds (Figure 18).
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Figure 18. The two compounds responsible for the floral scent of M. hawaiiensis and Ananas comosus.

Both compounds relating to M. hawaiiensis can be isolated from pineapple
(Ananas comosus) (Wishart et al., 2018).

Similar to the novel compounds from M. hawaiiensis, the other unreported
substances were found in species with a low prevalence in the literature. For
instance, M. lopburiensis and M. saccharicola (Kaewwichian et al., 2012) are
relatively unexplored species; only two and three records are available for M.
lopburiensis and M. saccharicola. Similarly, M. hawaiiensis as described by
Lachance et al. (1990) is likewise a largely unknown species, with only 13
documents registered in Scopus. Our volatile profiling provides the first
insights into the mVOC:s released by these Metschnikowia species.

5.3 Chemotyping (Papers 1V, V)

Chemotyping on headspace yeast volatiles (Paper V) by GC-MS and
biodegradation products present in the extracellular nutrient medium by LC-
MS (Paper IV) were investigated as possible species characterisation tools.
Both metabolite production detected in headspace samples as well as
biodegradation products found using mass profiling of yeast footprints
exhibited sufficient resolution for species characterisation close to or at the
species level. In Paper V, we continuously collected volatile profiles from
eight yeast species for an extended period to average out the momentary
changes in volatile concentrations.
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techniques in a polyphasic taxonomy
could further increase the resolution
between species (Frisvad et al., 2007).
Our results in Paper V and Paper IV support this claim. For instance, in Paper
V we were able to separate M. fructicola and M. andauensis, which are closely
related species that are difficult to discriminate using genotyping (Sipiczki et
al,, 2018). Apart from their relative emission differences, these two species
were also clearly separated by the production of ethanol by M. andauensis
when grown in a minimal medium (Figure 19).

In Paper IV, we analysed whether the supplementation of minimal medium
with vanillin could increase the predictive classification power by generating
strain- or species-specific biodegradation products. After 24 h of growth,
78.95% of the species were correctly identified by the model [OPLS-DA,
R2X(cum) = 0.891; R?Y (cum) = 0.571; Q%cum)= 0.484, (7 + 0) components]. After 48 h
of growth, 100% were correctly classified. Our results demonstrate that the
relative profiles of the different compounds fulfil the criteria for complete
species separation after 48 h.

Temporal accuracy was also increased when yeasts were forced to
biotransform vanillin. Metabolites present in media without vanillin
exhibited a classification power of 31.58% when 48-h culture mass profiles
were predicted by a 24-h model. In a contrasting scenario, a considerable time-
insensitive increase in classification power (73.68%) was observed for vanillin-
associated compounds. Chemo-consistency of VBACs is, therefore, higher
than standard metabolism of growth medium constituents. This result is most
likely a direct consequence of aromatic compound degradation resilience.
This persistence ultimately offers the opportunity to increase the accuracy of
temporal chemotyping.
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6 Conclusions
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Fractionation of the abundant by-product turpentine can be used to
increase its antifungal efficacy.

The fraction containing mainly oxygenated sesquiterpenes was more
effective than those containing largely mono- and sesquiterpenes
against eight saproxylic fungi.

Recombining fractions can be performed to increase the antifungal
effect and thereby lower the amount of turpentine required for
sustained efficacy.

Care should be taken to consider additive, synergistic, and
antagonistic effects before deciding on holistic natural preservatives.

6.2 Papers lll and IV

Vanillyl alcohol was a biodegradation product in C. laryngis, C.
argentea, C. sake, C. informominiatum, N. starkeyi-henricii as well as some
Goffeauzyma, Nadsonia, and Debaromyces yeast species.

In total, 33 different features from UPLC-HRMS were found using an
in-house developed R package (TMATE), followed by manual
curation of the dataset.

TMATE is an effective tool with the potential for automatic
biotransformation product extraction following further development.
Biodegradation products showed potential in chemotyping species
by increasing the accuracy of temporal classification.

6.3 Paper V

% Our findings increase the understanding of the chemical insect-

microbe dialogue and show that yeast headspace differentially effects
larval locomotion.

% Spodoptera littoralis larvae avoid the yeast Metchnikowia andauensis and

are attracted to Cryptococcus nemorosus.
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% Some Metschnikowiae yeast volatomes were attractive as well as
repulsive, indicating that attraction and avoidance of S. littoralis
larvae is species-specific.

Nature and its microbes have been and still are treasure troves. Properly
utilising its abundant riches enables us to address ecological concerns and
meet global environmental goals. We are still only beginning to tap into the
chemical interactions present in nature, however, matrices from nature are
complex and present several analytical and mathematical challenges. A few
of these challenges were addressed in this thesis.

7 Future perspectives

Turpentine

Oxygenated sesquiterpenes are potentially eco-friendly wood preservatives.
After the historical use of toxic products, we are moving towards increasingly
viable alternatives. Continued efforts to discover and critically assess these
alternatives are needed. Water emulsion of fractionated turpentine could be
used for increased efficiency with smaller amounts of material (Koski, 2008).
In addition, essentials oils could be part of a formulation with water-soluble
polymer shells to release active compounds only during humid conditions.
Continuing research along this line with biodegradable polymer shells,
emulsions, and multitarget natural additives, as detailed in section 2.4, are
next stage objectives.

For all the fractions tested in Paper II, 76 terpenoid compounds were
putatively identified and 52 remain unknown. Reference to GC-MS libraries
indicates that the unknown compounds are similar to terpenes. Further work
is needed for their identification.

Chemotyping

The availability of modern analytical instruments and chemometric tools is
making chemotyping increasingly easier. A concerted and highly focused
metabolite mapping with functional genomics may eventually exclude the
need for metabolite identification in a known matrix. Yet, much work that
involves combinations of omic-technologies remains to be done to
comprehensively elucidate the metabolic pathways.
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A growing concern is the ongoing decline of proficient taxonomists since the
1950s (Hopkins and Freckleton, 2002). A vital research path towards highly
accurate species recognition involves the incorporation of multiple aspects of
species in an automated identification. Genotyping in combination with
chemotyping may be used for automated species identification. Such systems
need to be robust, easy to interpret, and should provide data for practical
improvement suggestions. The development of a chemotyping script with
automated data conversion, peak alignment, peak listings, running
parameters, and modular programming is vital for accessible chemotyping.
The ultimate goal of species identification by chemotyping would be a
machine with a large button labelled “Identify” that would ideally perform
the necessary steps from inoculation to laboratory independent species
identification based on the sample matrix. For instance, matrix-assisted laser
desorption/ionisation-time of fight mass spectrometry and pyrolysis mass
spectrometry could be used as an “anything-sensor” (Goodacre and Kell, 1996,
Biller and Ross, 2014).

Others have already shown the applicability of machine learning methods
when investigating complex matrices. In the chemotyping Papers (IV and V),
machine learning algorithms were examined with similar results to OPLS
methodologies. Interpretability of those algorithms are, however, not as
straightforward in a biological sense (Gromski et al.,, 2015). Although the
application of machine learning in chemical ecology is primarily considered a
black box and has been overshadowed by PLS-based methods, I believe that
machine learning will cause scintillating ripples if brought into the light of
chemical ecologists.

Biocontrol

Similar to wood preservatives, conventional pesticides still cause detrimental
health and environmental effects. Their replacement with eco-friendly
alternatives will contribute to healthier farming practices. Odour signals have
a great influence on pest behaviour and further streamlining the discovery of
attractive and repellent semiochemicals is important for the practical
application of eco-friendly crop protection schemes.
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Shiro, master of the bioreactor, thank you so much for providing cocoa beans
from your old neighborhood. I wish you the best of luck with your studies.

A huge thank you to Christina and Alexandra at the printing office for being
exactly who you are, with your laughs, help, and honesty. To the janitors
office, kudos for the no-hassle approach and warm yet daring smiles.

To my colleagues, co-workers and students that I have met during my years
at Mid Sweden University, thank you for the fond memories and experiences
that I will cherish for as long as I can remember. Memory loss runs in the
family, so we shall see how long that really is!
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To my family

To my son Elvin, When I first held you in my arms it felt like I was holding
the world. You also make feel the wonderment of being a superhero and the
greatest villain, sometimes many times in the same day. Maybe you will
discover this text in the future; let me say without exaggeration that you have
already made me into a better person and that I hope to have since returned
the favour.

To Hannah, You connected me to the mainland. Without you, I still might
have been alone in a stormy sea, lost forever. I am deeply grateful for your
patience, creative ideas, and unwavering support. If not for you, this thesis
would not exist.

Thanks to my father and Stina Granstrom for travelling to many corners of
the world, thus providing me with a PhD thesis writing sanctuary. Your
support is deeply appreciated.

Thank you, mum, for your never-ending encouragement and support.
To conclude
As the esteemed epitome of an enigmatically elusive and ephemerally

expectant epiphany, may this exceptionally euphoric eulogy exonerate
eldritch extremes and simply say that I cherish you all! An epoch has ended.
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“And now that you don't have to be perfect, you can be good”
—John Steinbeck, East of Eden
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10 Appendices

10.1 Appendix A

Vacuum distillation of turpentine fractions. (Lindmark-Henriksson, 2003)

Fraction Bp (°C) at P mbar P (mbar) Bp (°C) at 1010 mbar Volume (ml)
1 20—22 18.6 135 0.5
2 3941 18.6 155 100
3 42 18.6 160 100
4 42 18.6 160 80
5 42 18.6 160 75
6 42 18.6 160 100
7 43 18.6 162 35
8 44 18.6 162 70
9 44—49 16 163 55
10 49—54 16 170 71
11 54 16 173 11
12 54 16 173 2
13 22—28 1.3 180 20
14 19.28 0.8 180—200 20
15 28—53 0.8 200—240 17
16 52—55 0.5 280—290 13
17 55—64 0.5 290—300 18
18 61—74 0.5 297—315 26
19 70—79 0.5 308—320 18
20 7987 0.5 320—335 33
21 89—95 0.5 340—347 23
22 100—111 0.5 350—370 10
23 111117 0.5 370—380 10
residue >117 92.5
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10.2 Appendix B

Turpentine constituents and their relative composition in each fraction. The type column symbolises the
compound class as: A = Aromatic; AH = Aldehydic terpene; D = Diterpene; S = Sesquiterpene; HS =
Hydroxylated sesquiterpene; HT = Hydroxylated monoterpene; and UA = unsaturated aldehyde. The relative
composition of fraction 16—23 is shown as bars and numbers on the right-hand side. Missing values indicate
absence or a relative composition below 1%.

Fraction
RT  Compound Type [16 17 18 19 20 21 22 23
901  Fenchol HT | 6%
9.90  Sabinol HT
10.68 Phenol, x-Ethyl A %
1n10 p-mentha-15-dien-8-ol HT
120  Unknown | 6% 3%
153  Terpinen-4-ol HT | 1w 2%
177  Benzenemethanol A 1%
185  Unknown HT 2% 1%
216 a-terpineol HT I23% 28% | 9% 1%
227 Myrtenol HT | 7%
»5 Unknown HT
12.79 Verbenone KT 2% 1%
13.26 Trans-carveol HT
13.72 Thymol methyl ether A 4%
139 Cis-carveol HT
14.06 34-Dimethoxytoluene A

1449 Unresolved

14.75 Unresolved

15.02 P-carvomentheone KT

15.36 Unknown

1551 Unknown

1597 p-ethylguaiacol A
16.25 Phellandral AH
1653 (-)-Bornyl acetate Ester 5% 4% 2%
16.71 a-terpinen-7-al AH
16.89 Cuminol A

1710  Unresolved

17.26  Unresolved

1782 Car-3-en-5-one AH
17.97 Unknown HT

18.35 24-decadienal UA 1%
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18.69 Unknown S
B e T g
19.85 a-Copaene
20.01 o-Longipinene
20.88 Unknown
20.99 Unknown
2107 Ylangene
2134 Longicyclene
2142 Copaene
2164 Unknown
2-epi-a-Funebrene
2191 a-Cedrene S
a-Cedrane
22.09 epi -Sesquithujene S
2220 B-Elemene S
2232 Sativen S
2281 (Z)-B-Caryophyllene S
2294 o-Gurjunene S
23.29 Longifolene S
2365 Di-epi-a-cedrene S
23.85 trans -Caryophyllene S
24,00 Unknown S
2413 Unknown sesquiterpene S
24.23 Unknown sesquiterpene S
24.43 Unknown sesquiterpene S
24.63 Unknown sesquiterpene S
24.74 Unknown sesquiterpene S
25.01 Unknown sesquiterpene S
2537 izr:;;r_we, 1(15-dimethylhexyl)-4- A
2554 oa-Himachalene S
25.79 a-Humulene S
26.10 Unknown S
26.51 Unresolved Acoradiene S
26.99 y-Muurolene S
27.17 y-Himachalene S
27.30/ Unresolved Germacrene D/ SIA
2735 o-Curcumene
2752 Aristolochene
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| 3% 4%
| 9% 9%
| 4% 6%
% B
®% 2%
%

| 4% | 8%
| 3% | 0%
%

%

%

%

2%

4%

7%

7%

2%

25%
4%
%
2%

5%

%

2%

4% 1%

6% 1%
%

2% %

%
2ov | 2% 1%
B%| 7%

2% 1%
% %

2% 2%

2% | 6% | 5%

% 1%
4%| 0% | 5%




27.98

Unknown sesquiterpene

28.16

Valencen

28.35

Unknown sesquiterpene

28.54

§-Guaiene

wlololo’

28.86

Unresolved

29.01

a-Dehydro-ar-himachalene

29.13

a-Amorphene

29.44

§-Cadinene

2961

Calamenene

29.92

Unknown

30.21

ar-Himachalene

3044

a-cadinene

30.69

calacorene

>lo|>|>|lolu]|ln|>

30.88

Unresolved

3124

Unresolved

3147

Unknown

3185

B-Calacorene

3193

Similar to B-Calacorene

32.12

15-Epoxysalvial-4(14)-ene

Eter

3227

Spathulenol

HS

32.39

Unknown

32.55

Unresolved

32.64

Unknown

32.88

Caryophyllene oxide

Epoxide

33.12

Axenol

HS

33.27

Unknown

33.50

Salvial-4(14)-en-Xone

HS

33.62

Unknown

33.79

Unknown

33.99

Longiborneol

HS

34.33

Unresolved

34.42

Humulene epoxide Il

HS

34.60

Unknown

34.88

Epicubenol

HS

3545

110-Diepicubenol

HS

35.79

Unknown

36.05

Unknown

36.25

a-cadinol

HS

36.36

epi-a-muurolol

HS

36.51

Torreyol

HS
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%
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1%
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7%
34%
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3%
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%

%0

2%
8%

%

3%
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3%

%

%
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5%

4%
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36.96

Unknown

37.12

Unknown

HS

37.48

10-Hydroxycalamene

3757

Unknown

37.88

Cadalene

38.03

Unknown

38.60

Unknown

38.82

7-Isopropyl-4,10-

dimethylenecyclodec-5-enol

39.19

Unknown

3941

4-Isopropyl-6-methyl-Ltetralone

39.68

Unknown

40.59

Unknown

43.74

Isovalencenol

HS

46.28

Unknown

47.43

Unknown

5045

Cembrene

5192

Cembrene A

52.30

geranyl-a-terpinene

53.73

Unknown

54.70

Unknown

2%

%

%

%

2%

5%

2%

2%

8%
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10.3 Appendix C

Previously unreported compounds in yeasts (Ramirez-Gaona et al., 2017, Lemfack et al., 2018, Weldegergis
et al., 2011) volatile profiles identified by GC-MS. The red colour denotes the on average lowest peak areas.
The blue colour denotes the largest peak areas. Yeast species abbreviations are MF: M. fructicola; MA: M.
andauensis; MP: M. pulcherrima; MS; M. saccharicola; MH: M. hawaiiensis; CN: C. nemorosus; and SC: S.

cerevisiae.

Yeast species

Name

MF MA MP MS ML MH CN SC

(*)-Methyl 2-methylpentanoate
(1)-Methyl 3-methylpentanoate
Heptane-2,3-dione

(+)-Hexan-3-ol

Heptan-4-ol

2-Ethoxyetyl acetate

Methyl (E)-hex-2-enoate

Cyclohexanone
(3E)-4,8-dimethylnona-1,3,7-triene
2-Methylbut-2-en-1-ol

(+)-Methyl 2-hydroxy-3-methylbutanoate
1,3,5-Undecatriene

Butyl hexanoate

Hexyl butanoate

(+)-Hexyl 2-methyl butanoate
Furan-2-carbohydrazide
2-Methylbutanoyl 2-methylbutanoate
(2)-Hex-3-enyl (+)-2-methylbutanoate
Methyl (+)-3-hydroxybutanoate

Methyl (+)-2-hydroxy-3-methylpentanoate
4-Ethylbenzene-1,3-diol
2-Methyl-1-benzofuran

Benzonitrile

2-Ethyl-1-benzofuran

Ethyl 3-methylbenzoate
3-Pentyl-2H-furan-5-one

Ethyl (2E,4Z)-deca-2,4-dienoate
(5E)-6,10-Dimethylundeca-5,9-dien-2-ol
(3-Methylphenyl)methanol
(22,6E)-3,7,11-Trimethyldodeca-2,6,10-trienal
(2E,6E)-3,7,11-Trimethyl-2,6,10-dodecatrienal
(2Z,6E)-3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol

Methyl (E)-octadec-9-enoate
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