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Abstract

Abstract

Cultivations of filamentous fungi are of large industrial and scientific interest.
However, the utmost starting point of the majority of those cultivations, the inoculum
consisting of fungal spores, has previously been neglected. This work hence introduces
a total of nine spore quality indicators and subsequently correlates the sporulation
environome to the properties of the generated spores and their performance in
submerged cultivation. The model organism 1s Aspergillus ochraceus while the model
process is the hydroxylation of a steroid. A positive correlation between the spore
yield and the substrate’s carbon content on solid medium was found with oat bran agar
giving best yields of 26 - 10" spores/mL. The assessment of the conidial metabolome
revealed the presence of 126 metabolites. Particularly, polyols, such as glycerol,
erythritol and ribitol, are found at high concentrations of up to 55 ng/10° spores. They
show a strong correlation to the storage resistance of conidia and also to the
performance of the spores in cultivations where reactant turnover is approx. 80 % after
72 h cultivation. The culture performance is further a function of the portion of protein
bound NAD(P)H and the aggregation behavior of the spores, strongly affecting the
morphology of the culture. Surprisingly, severe alterations of spore properties were
observed after storing the same in suspension for 7 d at 4 °C.

Zusammenfassung

Die Kultivierung filamentéser Pilze ist von grofBer wirtschaftlicher und
wissenschaftlicher Bedeutung. Dennoch wurde der Zustand von Pilzsporen, die als
Inokulum den Startpunkt der meisten Pilzkultivierungen darstellen, bislang
vernachldssigt. In dieser Arbeit werden daher neun Qualitdtsindikatoren fiir die
Charakterisierung  von  Konidien  vorgestellt. Diese  ermoglichen, das
Sporulationsenvironom, die Sporeneigenschaften sowie die Ergebnisse einer
anschliefenden Submerskultivierung zu korrelieren. Als Modellorganismus dient
Aspergillus ochraceus, der exemplarische Produktionsprozess ist die Hydroxylierung
eines Steroids. Zwischen dem Kohlenstoffgehalt des Sporulationsmediums und der
Konidienausbeute wurde ein positiver Zusammenhang festgestellt. Die hochste
Konzentration ergab Haferkleie-Agar mit Ausbeuten von 26 - 10’ Sporen/mL. Des
Weiteren wurden 126 Metabolite in Sporen detektiert, die groBtenteils zur Gruppe der
Polyole gehdren und in Konzentrationen von bis zu 55 ng/10° Sporen vorliegen. Eine
enge Verbindung zur Lagerungsfestigkeit und der Aktivitdt der Sporen konnte auch
hier gezeigt werden. Der Eduktumsatz liegt nach 72 h maximal bei ca. 80 %. Weitere
wichtige Einflussfaktoren fiir die Kulturausbeute sind der Gehalt an Protein
gebundenem NAD(P)H sowie das Aggregationsverhalten, welches die Morphologie
beeinflusst. Sehr starke Verdnderungen der Sporen wurden bereits wihrend der
Lagerung in Suspension bei 4 °C fiir 7 Tage festgestellt.
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Introduction and theory

1 Introduction and theoretical background

1.1 Aim and structure of the thesis

Filamentous fungi are of tremendous interest in research and industry. Their ability to
produce a large spectrum of economically relevant substances makes them appealing
organisms for the entire biotechnological community. Their use hence ranges from
large scale applications like the production of citric acid all the way to therapeutic
proteins requiring complex glycosylation patterns (Demain, 2000; Grimm et al.,
2005a; Punt et al.,, 2002). Furthermore, filamentous fungi are widely used in
bioremediation and biotransformation (Da Costa et al., 2007). In fact, the 11-alpha
hydroxylation of progesterone by the filamentous fungus Mucorales spp. shown by
Peterson and Murray (1952), the same biotransformation that is in the focus of this
work, is today considered the first ‘green chemistry’ process as this single step
cultivation process replaced a 31-step chemical synthesis (Dunn et al., 2010).

The increasing awareness for ecologically clean production alternatives, the rising
application of technical enzymes and the growing demand for protein-based
therapeutics have hence raised the interest in filamentous fungi dramatically.
Tremendous efforts are being invested to understand and optimize the complex
cultivation processes. Power input through stirring and aeration, initial pH and pH shift
of the cultivation broth, addition of microparticles to the medium, aggregation
behavior of spores, hyphae and steel as well as rupture resistance of hyphae walls have
been investigated, only to name a few, recently reviewed in Wucherpfennig et al.
(2010). Advances in this field have been contributed especially from the collaborative
research center SFB 578, based in Braunschweig, Germany.

The inoculum, however, has been neglected throughout most of those studies. If at all,
the effect of the concentration of the inoculum was assessed. But disregarding the
inoculum in the holistic analysis jeopardizes the entire scrutiny as the seed culture
marks the absolute starting point of any cultivation. Without detailed knowledge of the
characteristics of the inoculum, the cultivation outcome cannot be interpreted properly.
As with any process, the output is an immediate function of the input and hence
maximum care has to be taken with the inoculum. Inferior seed cultures will result in
suboptimal products and an inoculation with spores of unknown properties will turn
the result of any cultivation into a game of ‘trial and error’ while also strongly
hindering the correct interpretation of the same. Overcoming of these two immense
stumbling blocks, i.e. usage of mediocre inocula and working with inocula of
unknown properties, is the overall goal of this investigation.
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Mother spore
Sporulation ~ Sporulation
environome (solid state)
Spore population
(Inoculum)
Cultivation —_— Germination + growth
environome (liquid state)
Biomass

Reactant > Product

Fig. 1.1. Schematic illustration of the process sequence for cultivations with

filamentous fungi including the often neglected inoculum generation.
Figure 1.1 schematically illustrates the process sequence for cultivations including the
generation of the inoculum which is strongly affected by the sporulation environome.
Previously reported studies, however, often focused exclusively on the cultivation part
of the process, i.e. the actual cultivation while the inoculum was regarded as a ‘black
box’. Hence, the first step has to be the establishment of indicators that allow the
assessment of spore quality. Only very little is known about the constitution of spores
even though it has been shown very early that spores are capable of conducting

biotransformations (Vezina et al., 1963).

Analysis of conidial properties such as cell wall characteristics and the resulting
aggregation behavior, determination of intra-conidial carbon reservoirs and stress-
protectors as well as metabolic characteristics are possible starting points. However,
the methods for the proper analyses of the here suggested criteria need to be
established as hardly any work has previously been conducted in this field. Possible
means for their analysis are biochemical and spectroscopic techniques as well as

extraction of key compounds and consecutive analysis by means of chromatography.

Subsequently, in a second step, the methods have to be validated as indicators are only
meaningful if they exhibit biological responses upon changing parameters during the
sporulation. Further, at least for industrial applications, they are additionally
interesting when showing correlations to properties of the cultivation inoculated with

the respective spore population. This validation can be combined with the assessment
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of typical sporulation parameters such as solid medium, incubation duration and
storage which together resemble a part of the ‘sporulation environome’. Summarized,
spore characterization indicators have to be established and consequently validated.

This hence represents the structure of the presented work:

In the first results section (chapter three) nine methods are introduced which have been
set up and employed throughout this work. As the establishment of these methods
represents a significant part of the results of this work, they are reported there rather
than in the standard ‘materials and methods’ section. Further, the significance is
exemplified for every assessment and, where applicable, possible relevant correlations

to other criteria are illustrated.

In the second results section (chapter four), the nine previously presented methods are
applied to spore populations generated under alternating conditions (where
reasonable). This hence represents a permutation of the nine methods and five
parameters of relevance, i.e. sporulation media, sporulation duration, inoculum

concentration, storage and initiating germination.

Regardless of the section, the focus throughout the entire study is the introduction of
novel meaningful methods to facilitate the assessment of spore characteristics in order
to avoid working with mediocre inocula and/or inocula of unknown quality. As it has
been increasingly difficult to interpret the escalating details of submerged cultivations,
this study may foster the understanding of these processes by elucidating the influence
of the inoculum and therefore eliminating an unknown but important parameter in this
multivariant system. Further, determination of the requirements for the generation of
optimal seed cultures will result in more homogenous and improved cultivations and

eventually lower production costs.
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1.2 Biology of Aspergillus ochraceus

Aspergillus ochraceus is a wide spread filamentous fungus. It is typically found in soil
of tropical and subtropical regions but also in cereals, nuts and many more food
products. It was first characterized in 1877 and is best known as a feed spoiler due to
his production of the mycotoxin Ochratoxin A (Al-Anati and Petzinger, 2006;
Kozakiewicz, 1990; O'Callaghan et al., 2006; Van Der Merwe et al.,, 1965).

A. ochraceus can be classified as follows (Schwantes, 1996):

- Phylum: Ascomycota

- Class: Ascomycetes, Subclass: Eurotiomycetes

- Order: Eurotiales

- Family: Trichocomaceae

- Genus: Aspergillus

- Species: Aspergillus ochraceus
A. ochraceus 1s in many aspects a typical representative of the Ascomycota. This
phylum contains numerous very common fungi covering several thousand species,
including famous edible fungi like morels and truffles. The Phylum received its name
from the typical ascus-cell where the ascospores, the spores for sexual reproduction,
are produced. However, not all fungi categorized as Ascomycota actually form an
ascus. The categorization can therefore be misleading. In fact, for many fungi,
including the majority of Aspergilli, no sexual propagation has been witnessed so far.
These species only reproduce asexually by the formation of conidiospores and were
therefore formerly united in the informal taxon Deuteromycota and denoted as fungi
imperfecti for not having a sexual stage (Geiser, 2009; Hibbett et al., 2007; Schwantes,
1996).
A close investigation of the current literature reveals an equivocal use of the numerous
terms for the entire spore developing process even amongst mycologists. Therefore,
the notions employed in this work are briefly shown below summarizing the
definitions given by Axelrod (1972), Champe et al. (1987), Cahagenier et al. (1993)
and Davis and Perkins (2002):

- Ascospore: haploid spore for sexual reproduction

- Conidiophore: specialized fungal hypha that bears and generates the
conidiospores

- Conidiospore: synonym for conidium

- Conidium (pl. conidia):  spore for asexual reproduction, generally haploid

- Macrospore / Microspore: synonym for conidium, used to differentiate between
smaller and larger spores from the same organism

- Mitospore: synonym for conidium

For this study, ‘conidium’ and ‘spore’ are used synonymously.
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Fig. 1.2. On this cross section of an A. ochraceus colony grown on malt extract

agar the substrate penetrating hyphae, the aerial hyphae and the conidiophores

carrying the spores can be identified.
Figure 1.2 shows a cross section of A. ochraceus growing and sporulating on solid
substrate. The spores are of ocher to brown color, giving the species its name. They are
spherical with a diameter of approx.3.5 um and a slightly rough surface. Their
generation is identical to the typical spore formation of Ascomycota and involves the
following seven steps (Adams et al., 1998; Broderick and Greenshields, 1981;
Christensen, 1982; Schwantes, 1996):

- Formation of thick-walled footcells on the solid medium.

- Development of conidiophores, aerial unbranched stalks that elongate by apical
extension on top of each footcell.

- Growth of the conidiophores orthogonally to the medium surface up to 1.5 mm
in length.

- Formation of a conidiophore vesicle at the distal end of each conidiophore.

- Development of metulae surrounding the conidiophore vesicles.

- Budding of metulae to produce a layer of uninucleate sterigmata termed
phialides.

- Phialides then continuously produce a chain of conidia.

As phialides undergo repeated asymmetric division to produce chains of spores while
maintaining their own identity, they have been considered ‘fungal stem cells’. The
spore chain growing from each phialide can contain several hundred spores with the
youngest conidium being located immediately next to the phialide-cell at the bottom of
the spore chain and the oldest spore at the distal end of the tip (Timberlake, 1990).

The spore formation in A. ochraceus can be categorized as blastic conidiogenesis as

the spores are constricted after conidiation (i.e. the spore is evident before it separates
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from the phialide), in contrast to thallic conidiogenesis where constriction occurs
before conidiation. In all cases, ripening of the conidia occurs after constriction and
like in most Ascomycota the spores as well as the vegetative cells of A. ochraceus are
haploid (Schwantes, 1996).

Further, international research groups are currently combining efforts to understand
the complex role of light for conidiogenesis. However, the results for the different
genera and even for different species within some genera seem to differ significantly
and are still very equivocal (Friedl et al., 2008). First regulatory mechanisms are just
being revealed for A. nidulans and Neurospora crassa but no publications were found
examining the effect in A. ochraceus. The role of light is hence not discussed deeply

within this work.

Before the availability of rapid rRNA analysis for the establishment of phylogenetic
trees, A. ochraceus was considered as a group of fungi containing 15 species, the key
representative being ‘Aspergillus alutaceus var. alutaceus Berkeley et Curtis’. After
1990 some regrouping efforts were undertaken and strains were renamed. Hence, some
older references referring to A. alutaceus are now ascribed to 4. ochraceus Wilhelm
(Chelack et al., 1991; Christensen, 1982; El-Kady and Youssef, 1993).

1.3 Industrial relevance of 4. ochraceus and the synthesis of

steroids

The first documented utilization of fungi for the production or enhancement of food
dates back to the early settlements in the Middle East and Egypt some 5 000 years ago.
The production of bread, beer, wine and fermented meat are well known examples
how microorganisms were exploited yet in ancient times and their use has been
broadened since then. Today, filamentous fungi are well established biocatalysts for
various reactions like condensations, oxidations, reductions and isomerizations.
(Bennett, 1998). The commercially most important example for the industrial
employment of fungi is the production of citric acid with a volume of approx. one
million tons by A. niger and the synthesis of numerous antibiotics with a market
volume of approx. 25 billion US$ by a multitude of species (Crolla and Kennedy,
2001; Janssen, 2006).

Lately, the expression of heterologous proteins has gained significant interest as well.
Most fungi are unpretentious with respect to their growth conditions on the one hand,
but at the same time capable to introduce complex glycosylation patterns. This fact

makes them promising production hosts for technical enzymes and therapeutic proteins
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alike filling the gap between bacteria and cell culture (Punt et al., 2002; Sharma et al.,
2009). Furthermore, the use of fungi, especially spores of fungi, as a biological pest
control has gained broad attention during the last years. Particularly, conidia of
Trichoderma spp. are widely used to protect crops from other fungi, nematodes,

insects and weeds (Verma et al., 2007).

The relevant commercial use of A. ochraceus focuses on two applications: the
decomposition of the xenobioticum triphenylmethane which accumulates during
staining in the textile industry (Parshetti et al., 2007; Saratale et al., 2006) and the
enantioselective hydroxylation of various steroids and similar substances which has
been exploited and expanded for more than fifty years (Dulaney et al., 1955a; He et
al., 2010). The chemical family of steroids comprises a variety of naturally occurring
substances in fungi, plants and animals that all share the same structure depicted in

figure 1.3.

Fig. 1.3. Steroid skeleton including the IUPAC recommended ring lettering and
atom numbering.

Steroids can be categorized into the following four major groups (Berg et al., 2003):

- Sterols, e.g. Cholesterol
- Bile acids
- Steroid hormones, 1.e. steroids that function as hormones
These are again divided into five groups according to the type of receptor they
typically bind to:
o Glucocorticoids, e.g. Cortisone™
o Mineralocorticoids, e.g. Aldosterone*
o Androgens, e.g. Testosterone™
o Estrogens, e.g. Estradiol*
o Progestagens, e.g. Progesterone®
- Other steroid derived molecules
o Secosteroids, e.g. Calcitriol*
o Insect hormones, e.g. Ecdyson
o Heart active steroids, e.g. Digitoxin
o Steroid alkaloids, e.g. Solanidin
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The steroid hormones indicated with an asterisk (*) are found in humans.
Glucocorticoids and mineralocorticoids are often summarized as ‘corticosteroids’.
This super-group contains the hormones naturally synthesized in the adrenal cortex as
well as similar synthetic substances. The biosynthesis of all steroid hormones initiates
at cholesterol. With the exception of calcitriol they carry no or only small side chains
of two carbon atoms. Characteristic is an oxo-group at C-3 and the conjugated double-
bond between C-4/C-5 in ring A. Only estradiol is aromatic in ring A, its hydroxyl-
group is hence of phenolic tendency. Characteristic differences between the hormones
can be found in the residues of rings C and D. Calcitriol, however, differs from this
scheme that is conserved throughout the vertebrates. It contains the entire carbon
skeleton from the cholesterol but ring B has been opened through a light dependent

reaction transforming it into a secosteroid (Koolman and R6hm, 1998).

It is true for all steroid hormones that they play an important role in the regulation of
the human body. They are relevant for the carbohydrate and electrolyte metabolism,
the circulatory system and the blood pressure, sexual development, the nervous
system, the regulation of inflammations and the immune system. They are hence
prescribed for a wide range of indications such as rheumatism, arthritis, allergies,
asthma, gastrointestinal diseases, anemia, leukemia, meningitis and many more
(Hildebrandt, 1994).

Here it quickly becomes evident that there is a tremendous demand for synthetically
produced steroids in medicine. Due to their complex structure, however, their chemical
synthesis has been limited for many years and was a tedious, expensive undertaking.
Starting from ox bile acid, a 31 step chemical synthesis was necessary to produce
cortisone, twelve of those only for the rearrangement of the hydroxyl group from
position 12 to position 11 (Kardinahl et al., 2006).

After Peterson and Murray in 1952 discovered the ability of several Rhizopus spp. to
directly introduce an 11-alpha-hydroxyl group to progesterone, i.e. the one step bio-
synthesis of 11-alpha-OH-progesterone, biotransformations have rapidly replaced the
unthrifty chemical process (Peterson and Murray, 1952). The reaction is depicted in
figure 1.4.
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Rhizopus spp.
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progesterone 11-alpha-hydroxy-progesterone

Fig. 1.4. Hydroxylation of progesterone by Rhizopus nigricans marks the

beginning of green chemistry in 1952, long before the term was coined

(Dunn et al. 2010).
Soon variations were presented for similar molecules and a growing number of fungi:
Fried and colleagues (1952) demonstrated the ability of A. niger to introduce the
11-alpha-hydroxyl-group to progesterone, deoxycorticosterone and others in higher
quantities. Shull and Kita (1955) then used C. lunata to directly synthesize 11-beta-
OH-progesterone from progesterone which was a breakthrough as the beta-

configuration is also required for several pharmaceuticals.

The same year an even higher yield was reported for conversions catalyzed by
A. ochraceus outpacing 129 Aspergillus and Penicillium species. The tested strain
rapidly transformed progesterone to 11-alpha-hydroxyprogesterone and further to
6-beta, 1 1-alpha-dihydroxyprogesterone creating a yield of 96 % of the latter after 35 h
of submerged culture. Later, the same group demonstrated the opportunity to prevent
the consecutive reaction by a zinc deficiency (Dulaney et al., 1955a; Dulaney et al.,
1955b). However, significant variations with respect to transformation yield between
different strains of the same species (i.e. 4. ochraceus NRRL 405 vs. A. ochraceus
NRRL 398) were described afterwards (Vezina et al., 1963). In total, the combination
of these improvements resulted in the simplification of the synthesis from 30 to 15
steps and hence price reductions from approx. 500 US$ per gram in 1948 to 3.50 US$
in 1955 (Kardinahl et al., 2006).

In the following years, numerous groups investigated the option to not only utilize free
mycelium as a catalyst but also cell free extracts (Shibahara et al., 1970), spores
(Schleg and Knight, 1962), immobilized spores (Dutta et al., 1993) or immobilized,
activated spores (Dutta and Samanta, 1999; Wolken et al.,, 2003). Today, the
hydroxylation of progesterone and other steroids is catalyzed exclusively microbially
(Mahato and Garai, 1997).
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The reaction is catalyzed by progesterone 11-alpha-monooxygenase. It is classified as
an oxidoreductase (EC class 1), acting on two electron-donors, each receiving one
atom of oxygen (EC subclass 1.14). It is not further categorized and hence a member
of the ‘miscellaneous group’ (EC 1.14.99) where it carries number 14, giving it the
code EC 1.14.99.14. 1t is also known as progesterone 11-alpha-hydroxylase (Koolman
and R6hm, 1998; Shibahara et al., 1970).

While the categorization as a monooxygenase refers to its catalytic activity,
phylogenetically it is a member of the cytochrome P450 superfamily (CYP). Because
most (but not all) members of this family have monooxygenase activity, the two

categorizations are often misleadingly used interchangeably.

As all cytochrome P450 monooxygenases (Cyt P450), the enzyme contains a heme
cofactor. It catalyzes the reductive cleavage of molecular oxygen. One of the two
oxygen atoms is transferred to the substrate, the second is discharged as water. The
required reduction equivalents are transferred through an FAD-containing helper
protein from the co-enzyme NADPH to the actual monooxygenase. The function of
the heme group is to provide atomic oxygen in its reactive form: While the iron within
the heme is trivalent in its non-activated status, it becomes bivalent when the substrate
(progesterone) is bound to the enzyme close to the catalytic center. Now molecular
oxygen can be bound. Hydrogen and one electron are added and a peroxide forms
from which a hydroxide ion is released. Another proton is added to this intermediate
and water is formed. The remaining oxygen (still bound to the now tetravalent iron) is
thus activated and hence capable to insert into a C-H bond of the substrate forming the
hydroxyl group (Berg et al., 2003; Nelson and Cox, 2005). The A. ochraceus
progesterone 11-alpha-hydroxylase was first extensively characterized in 1987
(Samanta and Ghosh, 1987). The structure of a key intermediate in this reaction, the
heme iron bearing a single oxygen atom, has just been unraveled in 2010 illustrating

the unbroken relevance of the enzyme (Rittle and Green, 2010).

As indicated, A. ochraceus is not only capable of catalyzing the biotransformation of
progesterone but many more steroids, one of them being the hydroxylation of
19-Norandrostenedione (19-NorAD) to 11-alpha-OH-norandrostenedione
(OH-19-NorAD) (Diassi and Westfield, 1970; Dutta et al., 1983; Mahato and Garai,
1997) which will be the exemplary reaction throughout this study.
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1.4 Influence of sporulation conditions on the properties of

conidia

The production of spores serves two objectives: propagation and survival under
adverse conditions. However, as both purposes overlap in most cases, it is impossible
to treat them independently. It is generally accepted that sporulation is hindered under
optimal growth conditions while it initiates as growth rates decrease. Nevertheless,
conidiation has also been reported under favorable conditions for several fungi
(Dahlberg and Etten, 1982; Vega et al., 2003). Sporulation is, like any biological
process, a function of the environome. Nutrient concentration, particularly the form
and availability of carbon and nitrogen as well as water activity, temperature, pH and

light have been identified as the most important factors (Larroche and Gros, 1997).

1.4.1 Solid and liquid culture

Sporulation can occur on solid and liquid media alike. However, while most
production and transformation processes are carried out as submerged fermentations
(SmF), generation of conidia has proven to be more efficient on solid substrates. Even
though scale up and reproducibility are harder to manage in solid state culture, higher
volumetric yields on firm substrates have turned solid state fermentation (SSF)
conidiation into the industrial standard (Holker and Lenz, 2005; Moo-Young et al.,
1983; Ooijkaas et al., 1998).

A certain gradient in nutrient provision to the fungus seems to be necessary. As the
colony growths radially, young hyphae constantly have access to a fresh, nutrient-rich
substrate while older hyphae remain on spent ground where nutrient limitations can be
witnessed. According to the intensive studies of Georgiou and Shuler (1986), this
limitation is the trigger for sporulation. This, as they suggest, also implies the

possibility to influence sporulation by a variation of substrate thickness.

It had been shown that spores from solid media were more resistant to storage and UV
radiation along with increased overall viability when compared to conidia from SmF.
Muiioz et al. (1995) attribute this to the thicker cell wall and the tremendously
increased abundance of hydrophobins on the surface of the conidia. Hydrophobins are
small, highly conserved, extracellular proteins (< 14 kDa), often covering the entire
spore, rendering it hydrophobic. These findings have been confirmed multiple times
emphasizing the better resistance (expressed as continued high viabilities) of aerial

spores against a multitude of harsh treatments like UV irradiation, freeze drying and

11
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uncooled storage when compared to the submerged counterpart (Pascual et al., 2000).
Nevertheless, spores produced in SmF have shown superior behavior with respect to
germination speed and metabolic activity during early cultivation (Dillon and
Charnley, 1990). For the conversion of sensitive reactants, they might hence still be of

interest.

Finally, the use of membranes placed on liquid substrates, on which conidiation is
observed, represents a hybrid of SSF and SmF. It has been stated that this option
combines the best of both worlds while also facilitating the harvest. Filter paper,
cellophane and cloths of linen have been tested, all showing satisfactory results when
applied to Penicillium spp. (Larsen et al., 2002; Ludemann et al., 2010). However,
beneficial properties of this method are still being discussed and will most likely be

species specific as negative effects on spore metabolism have been reported as well
(Rahardjo et al., 2004).

1.4.2 The role of carbon, nitrogen and trace elements

Not only the aggregate state of the sporulation medium has a significant effect on the
produced conidia but also the ingredients. Carbon and nitrogen content play a role for
both, the amount of spores produced and even more for their properties. It has been
shown that the use of oligo- and polysaccharides instead of monosaccharides as the
carbon and energy source has a positive effect on spore yield, viability and stability
(Chen et al., 2005; Engelkes et al., 1997; Ooijkaas et al., 1998). Also, the carbon
concentration is important: Impaired heat tolerance has been described for Beauveria
bassiana spores generated on media containing carbon concentrations above 24 g/L
(Ying and Feng, 2006). The superiority of starch compared to glucose can most likely
be attributed to the necessary degradation of starch. As the hydrolysis through secreted
enzymes is slower than the uptake of glucose no catabolite repression, hindering

conidiation, occurs.

A glimpse of the complex network regulating conidiation as a function of the
environome can be seen in the study of Friedl et al. (2008): While light is necessary
for conidiation in most cases, a few carbon sources allow conidiation in the dark.
Growing on these substrates, conidiation of Hypocrea atrovirids (the ‘standard fungus’
for studies evaluating the effect of light) can be enhanced, reduced or unaffected by
light, depending on the particular carbon source. Also, the contribution of the two
conidiation regulators BRL-1 and BRL-2, both believed to be essential for conidiation,

was only required on 80 and 68 of the 95 tested carbon sources, respectively. To make
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things even more complicated, addition of c-AMP, a key player in the sporulation
signaling pathway, had positive, negative or no effect on spore formation, again,
depending on the carbon source. This brings understanding for the statement of Beyer
et al. (2005), writing about ‘mysterious’ findings, in their report about the effect of
humidity on sporulation.

Investigating the effect of nitrogen, it has been shown that ammonium sulfate at a
concentration of 0.8 g/L nitrogen stimulates the conidiation of Fusarium graminearum
(Larroche, 1996). The same concentration, however, delays formation of spores in
Conophytum truncatum (Jackson and Bothast, 1990). Krasniewski et al. (2006)
showed how potassium nitrate and ammonium phosphate stimulate conidiation in
Penicillium camemberti while ammonium sulfate and sodium nitrate hinder the same.
A simple generalization that reduced or oxidized nitrogen sources are preferred is
hence not possible. For C. fruncatum, however, it can be said that nitrogen from
proteins and protein hydrolyzates enhances sporulation over inorganic nitrogen

sources.

Also, the point where nitrogen enters the metabolism plays an important role. While
nitrate and histidine resulted in low spore yields, supplementation of the medium with
ammonium and glycine showed better results, possibly because less energy was
required to incorporate those substrates into the fungal metabolism. Pyruvate as a side
product of the breakdown of glycine may be of higher value for the organism than

alpha-ketoglutarate from histidine catabolism (Ooijkaas et al., 1998).

Studying the literature, it has to be taken into account, however, that not all authors
state their control for the pH of the medium sufficiently. Addition of ammonium
nitrate for example increases the pH of the medium. It is hence possible that the
change in conidiation behavior is a secondary effect and not directly related to the
nitrogen source. Taking this into account, urea and corn steep liquor seem to be

suitable sources of nitrogen for the conidiation of a large number of fungi.

For P. fumosoroseus a correlation between the nitrogen content of the sporulation
medium and the protein content inside the spore could be demonstrated. On substrates
with high casamino acid concentrations, a large number of spores was produced which
also showed high protein concentrations resulting in faster germination and increased
resistance to freeze drying (Cliquet and Jackson, 2005). This is partly in line with
results for P. camemberti where high total concentrations of carbon and nitrogen
increased spore yields while high C:N-ratios seem to be beneficial as well

(Krasniewski et al., 2006). Nevertheless, too high concentrations have also been
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reported various times to hinder sporulation (Chen et al., 2005; Engelkes et al., 1997).
In fact, the addition of ammonium sulfate to 4. niger SSFs, expressing technical
enzymes on palm kernel cake, has been suggested to inhibit the, in this case undesired,

formation of spores (Swe et al., 2009).

The results are also equivocal for trace elements. While some reports state beneficial
effects of trace elements (Ooijkaas et al., 1999), others find increasing yields under
starving conditions (Chen et al., 2005). Others specify varying effects depending on
the respective trace element (MgSO, fosters, FeCl; hinders sporulation), the strain
(Colletotrichum coccodes reacts differently than Beauveria bassiana) and the property
under investigation (mycelial growth, sporulation or heat tolerance) (Ying and Feng,
2006; Yu et al., 1997).

It can hence be said that the roles of nitrogen and trace elements are just as complex as
that of carbon and have to be assessed specifically for every species until the complex
regulatory mechanisms at the junction between metabolisms and gene expression are

fully understood.

With respect to the almost exclusive use of natural complex media as sporulation
substrates in industrial applications, some authors have investigated their effect as
well. Here, just like for the defined media described above, strong effects were
observed but no general trend could be seen. Among others, wheat bran, corn kernel,
soy bean, pea, rice, millet, corn steep liquor and potato have been used, generally
providing fair results, although with variances depending on the respective strain
(Bapat et al., 2003; Ludemann et al., 2010).

It has to be mentioned that also a few examples exist where a variation of the
sporulation conditions had no detectable effect on the generated conidia. As explained
before, the hydroxylation of progesterone is not only possible with active hyphae but
also with spores of A. ochraceus. Vézina et al. (1963) found the activity per conidium
to remain constant for all solid and liquid sporulation media. Also, pH, nitrogen
source, presence of various metal ions, chelating agents and metabolic activators in the
sporulation medium had no significant effect within wide limits on the subsequent

biotransformation activity of the resulting spores.
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1.5 Metabolite profiling

1.5.1 Relevance and application of metabolome analysis

Out of the multitude of ‘omics’ mushrooming during the last two decades, four
technologies attract significant interest as they build upon each other and cover the
majority of the information in a cell: While the genome describes the entire genetic
information, typically encoded in DNA, the transcriptome is derived there from and
includes all transcribed information, typically in the form of RNA. The proteome is
again a result of the transcriptome as all proteins are translated from RNA information.
These proteins eventually catalyze biochemical reactions in each cell building up the
metabolome, i.e. the complete pool of small metabolites in a cell at any given time. As
the pool of molecules can be increased or diminished at any of these interconnections,
the flux of information is not strictly linear. Additional signals may be incorporated,
others may be lost through a multitude of regulatory pathways. The metabolome can
therefore be seen as ultimate execution of the genetic information in the pathway
described and represents the molecular phenotype of a given organism (Lodish et al.,

2000). A schematic overview is provided in figure 1.5.
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Fig. 1.5. Succession of information passing through the four major ‘omes’ in a
cell (adapted from Smedsgaard and Nielsen, 2005).
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The metabolome represents the ultimate answer of a cell to external signals and
therefore provides the best insight into the relevant changes a cell experiences during
certain conditions. Nevertheless, metabolite profiling has also proven efficient in
identifying fundamental capabilities of putative production organisms. The
applications of metabolome analysis hence range from cancer diagnostics through
biotechnological engineering all the way to the taxonomic classification of organisms
and systems biology (Nielsen et al., 1999; Sumner et al., 2003; Tyo et al., 2007). By
means of metabolome analysis, it is possible to discover bio- and diagnostical markers,
to classify organisms in phenotypes, ecotypes and genotypes as well as to reveal

changes in metabotypes even with no phenotype visible.

Aiming to structure the various forms of metabolome analysis, the following four
types have been defined (Fiehn, 2002), thou the mere differentiation between targeted

and untargeted approaches is also well accepted today:

- Target analysis: A small number of metabolites is assessed to study the effect of
a certain change, e.g. growth conditions, mutations, etc. on the organism.

- Metabolic profiling: A larger number of metabolites is selected and quantified
in order to clarify metabolic pathways. This is the link to studies of the
fluxome.

- Metabolomics: In order to elucidate pleiotropic effects, all metabolites of an
organisms have to be assessed.

- Metabolic fingerprinting: Here the whole metabolome is measured, but only
analyzed statistically, e.g. to find differences in samples. Individual metabolites
are not investigated.

As no preliminary investigations on the metabolome of 4. ochraceus, the investigated
host organism in this study, are known in the literature, its genome is not sequenced
and the elucidation of detailed relationships between particular genes, pathways and
metabolites is beyond the scope of this work, the methods applied herein will focus on

the first and the last category: target analysis and metabolite fingerprinting.

1.5.2 Available technology for metabolite profiling

Even though the idea of analyzing the ingredients of cells is as old as the knowledge of
the existence of cells, metabolome analyses as we understand it today has seen a
tremendous boost during the last two decades. To a large extend this has been fostered
by increasing separation and detection technologies. The most important analysis

techniques are liquid and gas chromatography (LC and GC, respectively) with all the
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available types of detectors as well as mass spectrometry (MS) and any serial

combination thereof.

While LC-MS is primarily used for the detection of secondary metabolites, GC-MS is
ideal for the analysis of primary metabolites. The latter is one of the most common
setups and will also be applied during this study. Hence, the basic principle will be
briefly explained. The first step in any analysis is the drawing of the sample and the
extraction of the metabolites from the cells, i.e. in this case spores. This step is of
tremendous importance as any bias introduced at this point influences all further
analyses. Most of all, it has to be ensured that the extraction method chosen, especially
solvent, time and temperature, does not favor certain substances over others, e.g. by

selective solubility or substance loss due to thermal instabilities (Bolten et al., 2007).

For GC-MS analysis, the extracted substances are evaporated as they are injected into
the current of the carrier gas, typically an inert gas such as helium or nitrogen that does
not interfere with the molecules of interest. This mobile phase carries the mixture in a
continuous flow over the separation column where the ingredients are partitioned
according to their interaction with the stationary phase, commonly of fused quartz
capillaries with a polysiloxan coating. The separation is hence based on the NERNST’s
distribution law describing the concentration ratio of a given substance under specified
conditions between any two phases. As this ratio is substance specific and differs
depending on the functional groups, the molecular structure and the overall
hydrophobicity of each constituent, some substances are carried through the column
faster while others bind stronger to the stationary phase and subsequently move
slower. The exit of any substance is detected at the end of the column. Every substance
can then be described by its retention time which is typically corrected and converted

to the retention index for better comparability between different setups.

After separation, the molecules are transferred directly to a mass spectrometer. Due to
the minute flow rates it is possible to connect the two directly without compromising
the high vacuum in the MS ionization chamber. While electrospray ionization (ESI) is
most common for LC-MS setups, the ionization after a GC is typically achieved by
electron impact (EI) with high energies of 70 eV creating reproducible fragments. The
now charged molecules are accelerated in an electromagnetic field and after
quadrupole filtering and possibly reflecton detouring eventually arrive at the detector.
The time of flight (TOF) which is the actual measure depends on the mass to charge

ratio and the drift time to the detector.
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The described combination of gas chromatography and mass spectrometry (GC-MS)
not only covers a large separation and detection bandwidth, it also provides
information about the relative concentration in the mixture, the retention time as well
as the molecular weight of the molecule fragments. Typically, this is sufficient to

identify the substances in a library of known chemicals.

The disadvantage of GC of only being suitable for the separation of volatile substances
is overcome by preceding derivatization of the samples with N-methyl-N-
trimethylsilyl-trifluoroacetamide (MSTFA). Silylation increases volatility and
thermostability of most compounds, is applicable to a broad range of molecules and
generates reproducible results (Lottspeich and Engels, 2006; Morgenthal et al., 2005;
Villas-Boas et al., 2003; Villas-Boas et al., 2005).

As most compounds exist in an equilibrium of different isoforms, silylation would
uncomely manifest these isoforms into different derivatives. This unwanted, artificial
enlargement of the chromatogram is restricted by methoxymation of the carbonyl
group prior to silylation inhibiting the ring closure of the sugars (Roessner et al.,
2000). This is of particular interest when analyzing the metabolome of spores as high
concentrations of sugars, polyols and other compatible solutes have previously been

shown to be present in these dormant bodies (Solomon et al., 2007).

1.5.3 Compatible solutes and other metabolites in conidia

Even though only very few studies of comprehensive metabolic profiling or target
analysis in filamentous fungi in general and none for conidia have been reported
(Kouskoumvekaki et al., 2008), some groups investigated the role of individual
compatible solutes in fungal spores. As the findings for all of those are still being
controversially discussed, only the most important will be presented here with a brief

description of their currently ascribed, putative roles.

Glycerol 1s one of the smallest compatible solutes relevant in fungi and has been
shown previously to be upregulated in osmotic stress conditions (Hallsworth and
Magan, 1995). Together with other low molecular weight compatible solutes such as
erythritol, it has been shown to support germination when water activity is low.
Mannitol and sorbitol are the least soluble of the linear poly-alcohols and sugar
alcohols typically found in the cell. They are hence not as suitable for osmoregulation
as the smaller ones. In fact, a shift from mannitol towards low molecular weight
compounds under osmotic stress has been observed (Clark et al., 2003; Hallsworth and

Magan, 1994). It has therefore been suggested that mannitol’s role as an osmoregulator
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1s only of minor importance but it serves as a carbon store. This, however, could not be
proven or confuted as equivocal findings for different strains were reported. It seems
likely that mannitol can act as a carbon store but its presence is not essential (Solomon
et al., 2007). Also, mannitol may protect pathogenic fungi against reactive oxygen
species involved in plants’ defense mechanisms after infection as well as against
damage after repeated freeze-thawing and lyophilization (Solomon et al., 2007). Its
involvement in the so called mannitol cycle and the regeneration of NADPH has
recently been confuted (Velez et al., 2007). Mannitol has also been shown to be
required for the formation of spores. However, this seems to be species specific
(Ruijter et al., 2003; Solomon et al., 2006). Also, its precise function in the spore after

conidiation remains unclear.

Similar findings have been reported for sugar compatible solutes like trehalose and
sucrose. While their ability to allow germination and growth under hyper-osmotic
conditions is inferior compared to glycerol and eryhtritol, they have been shown to be
up- or downregulated during conidiogenesis, depending on the species under
investigation (Harman et al., 1991; Pascual et al., 2003).

As shown in chapter 1.3, spores are much more than just a dormant state. They are,
without germination, capable of catalyzing complex reactions. It can hence be
expected that they carry a variety of metabolites that may show changes depending on

the history as well as biological responses to the environment of the spore.

1.6 Fluorescence

The underlying phenomenon for all the analysis techniques described in this chapter is
fluorescence. Simplified, that is the emission of light by a molecule that has absorbed
light of a different wavelength before. Prerequisite for any fluorescence is a match
between the transition dipole moment of the molecule under investigation, the so
called fluorophore, and the plane as well as the frequency of the electromagnetic
radiation (i.e. light). This will result in the electronic excitation of the fluorophore, i.e.
the transition of electrons from their stationary state into an excited state. Because
electrons can only be excited to discrete energy levels, they only absorb energy of the
precise difference between the ground and the excited state. However, as fluorophores
typically have more than one possible excited state, they are capable of absorbing
more than one precise energy portion, a so called quantum, of the electromagnetic

wave, i.e. photons. Nevertheless, a match of the energy of the absorbed photon and the
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energy difference between the ground and the elevated level of the electron of the
fluorophore is essential for fluorescence to occur (with one exception that will be
explained later in this chapter).

As the excited state is instable, the electron will rather quickly fall back into its ground
state and emit light while doing so. This second step is described by three fluorophore
specific characteristics: First, the fluorescence lifetime which is the average time
between the excitation and the return to the ground state of the fluorophore, generally
in the range of nanoseconds. Second, the wavelength of the emitted light. Because a
proportion of the excited state energy is dissipated as heat, the emitted photon is of less
energy and hence of a larger wavelength. This effect, known as the STOKES shift
(sometimes ‘green shift’ or ‘red shift’), is the reason why many famous fluorophores
absorbing in the UV range emit visible radiation of green and orange color. Third, the
quantum yield, i.e. the number of emitted photons relative to the number of absorbed
photons (Atkins and de Paula, 2006; Lakowicz, 2006). The process is schematically
illustrated in figure 1.6.
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Fig. 1.6. (A) Electron transitions in the context of fluorescence can be divided
in three phases. First, energy in form of a photon of the absorbance energy
(hv,) is absorbed and the electron is excited. Second, non-radiative energy
dissipation to the surrounding molecules (k). Third, spontaneous fall back to
the ground level and emission of the energy difference as light (hvp).

(B) Spectrum of visible light. Photons of increasing wavelengths have
decreasing frequencies and hence decreasing energy.

1.6.1 Fluorescent dyes and autofluorescence

A vast number of fluorescent dyes is available for a multitude of scientific uses
(Haugland, 2005). Often the experiment makes use of a physical property of the
fluorophore directly. This can be related to its ability or inability to penetrate particular
membranes (e.g. propidium iodine and Syto-9), to its preferred distribution in a

particular solvent (e.g. nonyl-acridinium-orange-chloride) or to its specific degradation
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rate under defined conditions (e.g. fluorescein). Newer applications couple the
fluorophore to other functional molecules and hence tremendously enlarging their field
of application. The most common in life sciences is certainly immunofluorescence

where a fluorophore is coupled to an antibody (Giepmans et al., 2006).

However, imaging technology is not necessarily connected to the need for an
additional fluorophore as a number of intrinsic cell components show fluorescence
themselves. This is known as autofluorescence and is the basis for the imaging
applications in this work. The advantage of autofluorescence over the use of external
fluorophores is the reduced probability of introducing artifacts during sample
preparation. Furthermore, autofluorescence analyses are still possible when the

application of a fluorophore is restricted (Chance et al., 1962; Zipfel et al., 2003a).

The most relevant biological intrinsic fluorophores responsible for autofluorescence of
cells are NADPH, retinol, indoleamines, collagen, melanin and chlorophyll (Baker,
2008; Imanishi et al., 2007; Tran et al., 2006). As the majority of those fluorophores
absorb and emit over a broad wavelength range with overlapping spectra, they cannot
be discriminated by their spectra alone (Mizeret, 1998). What therefore becomes
important is their fluorescence lifetime, i.e. the average time between the excitation
and the return to the ground level of a molecule. This allows the discrimination of
fluorophores in a mixture even with identical emission spectra (Hirshfield et al., 1993).
As, unlike with artificial dyes, the spectrum of intrinsic fluorophores cannot be altered
to individual needs, this is of particular interest for the measurement of

autofluorescence.

1.6.2 Fluorescence lifetime

The lifetime of a fluorophore is a statistical concept as not all the fluorescence light is
emitted at one time. Moreover, the decay of the fluorescence intensity is exponential
and can be described by:

t

F()=Fe * (1.1)

where F is the fluorescence intensity and 7 is the lifetime of the particular fluorophore.
Now it becomes obvious that the lifetime is defined as the time point where 63 % of
the excited fluorophores have returned to their ground state (Lakowicz, 2006).
Exceptions, however, have also been reported (Nofsinger and Simon, 2001).
Figure 1.7 illustrates the phenomenon with two hypothetical fluorophores and their

respective lifetimes, the resulting decay curves and the superimposition of the two.
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The fluorescence lifetime T depends not only on the nature of the molecule itself but
also on its surrounding environment, i.e. solvent, pH, polarity, ion concentration,
refractivity, temperature and most of all interaction with macromolecules. For
example, the decay time for free NADPH is 400 ps in solution and 1 000 ps for bound
NADPH (Lakowicz et al., 1992; Scott et al., 1970). This is a result of the folding of the
molecule after its association with an enzyme. However, as the lifetime depends on a
multitude of factors, absolute values are only relevant in combination with a detailed
description of the setting. It is hence not surprising that fluorescence lifetimes for
NADPH of 1 081 and 2 530 ns have also been reliably reported (Yu and Heikal, 2009).

The availability of superfast light detectors allows for the measurement of decay
curves in so called fluorescent decay time measurements, also known as time
correlated single photon counting (TCSPC). Here the photons are not integrated over a
large time span generating an intensity image. Instead, the number of photons is
counted in small time intervals individually generating a decay curve, typically with a

resolution in the picosecond range (Maus et al., 2001).
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Fig. 1.7. Decay curves of two hypothetical fluorophores (dotted and dashed
line) with their respective fluorescence lifetimes (dotted and dashed vertical
lines, t; and t3,). The bold line represents the hypothetically detected signal,
assuming fluorophore 1 is twice as abundant in the mixed sample as
Sfluorophore 2. 63 % of the excited fluorophores have returned to the ground
state, i.e. 37 % remain excited at t = t (vertical continuous line).

1.6.3 Spatial information and fluorescence lifetime imaging (FLIM)

All the technologies described above allow the precise determination of the
fluorescence in a single spatial point, the focus of the laser beam. However, the
analysis of two-dimensional samples may be of even greater interest, especially in
biomedical research. This can be achieved by the combination of the described

technique with either highly sensitive charge coupled device (CCD) cameras

22



Introduction and theory

(Lakowicz et al., 1992) or raster-scanning technology (Wang et al., 1990). For the
latter, movement of the sample and of the beam have both proven suitable. Eventually
this will produce images where every pixel not only contains information about the
intensity and wavelength of the light at those particular coordinates, but an entire
decay curve. This technology is hence known as fluorescence lifetime imaging (FLIM)
(Chang et al., 2007).

Analysis of FLIM data requires the interpretation of the decay curve. In simpler cases,
knowing the underlying exponential principle, the curve is easily fitted and the desired
information, most of all the decay time, is obtained. However, when investigating
mixed samples, which is generally the case for biological experiments, the
measurement will always give the heterodyne combination of the underlying
fluorescence decay curves. The most important (and sometimes most difficult) part is
hence the subsequent mathematical separation of the contained unknown decays in
order to determine the lifetimes and concentrations of the involved fluorophores. The
measured data have hence to be fitted with a sum of exponential functions. Numerous
approaches such as nonlinear least squares, the method of moments, Laplace
transformation, maximum entropy method and Prony method, to name a few, have
been developed and are continuously being improved. Many of them have been
included in commercial and academic analysis software (Lakowicz, 2006). The first
noniterative, nonrestrictive method applied in FLIM for approximations of
multiexponential decays was developed by Gericke and colleagues in 2004 for the
analysis of biexponential decays resulting from protein bound and free NAD(P)H
(Niesner et al., 2004).

In any case, a sum of exponential decays (as given in equation 1.1 for one component)
1s assumed and fitted against the measured data. The number of terms is adjusted for as
many compounds as can reasonably be expected in the sample though a fit with more
than three free parameters has to be questioned. Depending on the analysis method of
choice, this can be performed for every pixel yielding a spatial resolution of the
fluorescence lifetime and the concentration ratio. Eventually, a false color image is

produced where each color represents a determined lifetime (Sugata et al., 2010).

1.6.4 Two-photon fluorescence

With two-photon fluorescence a tremendous exception is introduced to the concept
stated before that a photon can only be absorbed if it carries the exact energy that
marks the difference between the ground and the elevated stage of the electron of the

fluorophore: In a Gedanken experiment Maria Goppert-Mayer in 1931 postulated the
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possibility that the energy may also be conveyed by two (or possibly even more)
photons if only they reach the fluorophore ‘simultaneously’ that is within 0.5 fs (Dunn
and Young, 2006). Their energy can then be added incrementally until the fluorophore
reaches the elevated state (Goppert-Mayer, 1931; Yuste, 2005). This is the underlying
principle of two-photon fluorescence microscopy (2PFM), also known as two-photon
excitation (2PE) as it has been suggested in 1978 and first actualized in 1990 (Denk et
al., 1990). As each photon is now only required to transfer half the energy, i.e. half the
frequency, the excitation wavelength to work with is twice as high compared to
conventional fluorescence. Typical UV or blue light excitation is hence replaced by
near infrared stimulation. This means that in contrast to the above mentioned STOKES
shift, the emitted light in 2PFM is shifted towards the blue range compared to the
excitation light. The phenomena is not to be confused with anti-STOKES-behavior
though.

The phenomenon is also often referred to as ‘nonlinear optical microscopy’ which
palpably describes the nature of the phenomenon: As now two photons are required to
interact with the fluorophore at once, a quadratic dependence of fluorescence is found.
Doubling the intensity of the excitation light generates four times the fluorescence
(Zipfel et al., 2003b). However, the energy typically applied during single photon
fluorescence would not be enough to generate measurable signals when scanning a
sample. However, any further intensification would rapidly destroy the sample. The
solution is to combine the intensity increase with the implementation of a pulsed laser.
This setup allows the average power to remain low while peak energy is sufficient to
provoke electron excitation. The fluorescence is then a function of average squared

intensity and no longer of squared average intensity (Helmchen and Denk, 2005).

Figure 1.8 shows the standardized experimental setup for 2PFM. It is almost identical
to traditional confocal laser (scanning) microscopy. Since excitation is conveyed in the
near infrared range, i.e. at wavelengths between 700 and 1 000 nm, the optical
equipment should be optimized for this range. The heart of the technology and the
most important difference to conventional fluorescence microscopy is the need for an
ultrafast pulsed laser which is typically achieved by mode locked Titanium-sapphire
crystals (Ti:Sa). They generate pulses with a duration of 100 fs and a frequency of up
to 100 MHz (i.e. ‘gaps’ between the pulses of 10 ns) which is important, as described
above, to achieve sufficient excitation at the laser peak without destroying the sample
through a high continuous intensity. They can be trimmed to generate light with a
wavelength between 670 and 1 070 nm (Helmchen and Denk, 2005). In a way, a

2PFM setup can be even simpler than the conventional arrangement: As the entire
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signal can be expected to originate from the focal volume, the only place where
excitation occurs, confocal detection is not necessary. Instead whole area detection is
carried out by photo multiplier tubes (PMTs) which allow the recognition of minute

intensities in an epi-collection setup (Beaurepaire and Mertz, 2002).

Laser 1
Intensity and
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lens Specimen

Fig. 1.8. Principal technical setup for two-photon fluorescence microscopy. The
beam generated by the laser is adjusted for intensity and size and is redirected
by a moveable x-y-scanning mirror. After passing the scan lens, the tube lens, a
dichroitic mirror and the objective it reaches the sample. The subsequently
emitted fluorescence is reflected by the mirror, then collected and generally
detected by a photo multiplier tube (PMT).
As the molecular emission spectra can vary between one- and two-photon
fluorescence, it is difficult to predict the spectra based on one-photon data (Xu et al.,
1996). However, it has also been stated that the emission spectra are somewhat
independent of the photon order of excitation. For interpretation or at least prediction,
one can therefore rely on the data obtained with one-photon excitation (Zipfel et al.,

2003a).
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Fig. 1.9. Fluorescence obtained through conventional (A) and two-photon

excitation (B).
While unsuccessful single photon absorption occurs within the entire light cone,
multiphoton absorption is confined to the perifocal region of the beam where the
density of photons is high enough. 2PFM therefore has better resolution, reduced
photo damage and is less sensitive to light scattering as the density of scattered
photons is too low to generate a measureable signal as palpably illustrated in
figure 1.9. Two-photon fluorescence microscopy is hence well suited for the
investigation of intrinsic cell constituents and has found its largest application in brain
research (Mainen et al., 1999; Svoboda and Yasuda, 2006). However, the development
of compact, more affordable devices has fostered their introduction into a broader

group of users.

1.6.5 Fluorescence of NAD(P)H and melanin

Nicotinamide adenine dinucleotide (NAD) and its phosphorylated form (NADP) as
well as their reduced forms (together abbreviated as NAD(P)H) are crucial coenzymes
in cellular processes. NAD(P)H has been described as an excellent biomarker for the
overall state of a cell as it is known to be involved in energy metabolism,
mitochondrial functions, calcium homeostasis, gene expression, immunological

functions and cell death (reviewed in Ying, 2008; reviewed in Yu and Heikal, 2009).

As the reduced form NAD(P)H (but not the oxidized form NAD(P)") shows
fluorescence, it can be exploited for analyzing the metabolic activity of a given cell in
a nondestructive manner. Figure 1.10 shows the absorption and emission spectrum of
NADPH. While the determination of absolute concentrations of the four species has
proven difficult and error-prone, yet alone the relative concentrations and ratios

between them are meaningful. It has been shown that under physiological conditions
the cellular [NADPJ/[NADPH] ratio is approx. 10°. The [NAD'J/[NADH] ratio,
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however, is in the range of 10° (Veech et al., 1969). There is hence significantly more
NADPH which fluoresces than NADP" which does not show fluorescence. Of the
unphosphorylated form there is considerably more NAD" which does not appear in
fluorescence measurements than of its fluorescing reduced counterpart. Even though
more recent studies found [NAD']/[NADH] ratios to vary between 10 and 600, it can
still be concluded that the majority of the fluorescence signal is generated by NADPH
even though the absolute concentration of NAD(H) is higher than that of NADP(H)
(Lin and Guarente, 2003; Pollak et al., 2007).
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Fig. 1.10. Absorption and emission spectrum of NAD(P)H for conventional

(single photon) fluorescence. Intensities are detected in relative units.
Further, as a coenzyme, NAD(P)H is only relevant in conjunction with the appropriate
enzyme. It has hence been shown that the majority of the cellular NADP pools are not
free but protein bound. In turn, an increase in free NAD(P)H is to be interpreted as a
decreased metabolic activity of the cells while a shift towards the bound cofactor is
associated with ‘healthy’ cells (Canepa et al., 1991; Zhang et al., 2002). As described
in the previous subchapter, the free and the bound form of NAD(P)H can be

distinguished by their differing fluorescence lifetimes.

The recent analysis of NAD(P)H has therefore shown very promising results and has
been employed on a relatively large number of cell types. Effects of cellular oxygen
concentration, enzyme rearrangement and even rotational mobility of single molecules
(so called anisotropy) have been shown, mainly exploiting the autofluorescence of
intrinsic NAD(P)H (Vishwasrao et al., 2005).
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Also, the fluorescence of melanin has been studied extensively, primarily to
understand its effect in human skin protection. As melanin is a complex
macromolecule that can exist in various polymerization forms made from various
monomers, interpretation and combination of the results has proven difficult
(Nighswander-Rempel et al., 2005).

1.6.6 Fluorescence in flow cytometry

Even though flow cytometry makes use of the exact same principles as the
fluorescence techniques described above, it covers a different area of application.
While fluorescence microscopy and in particular multi-photon investigations require
intensive sample preparation, often time-consuming measurement and complex data
analysis, flow cytometry is a high throughput method. Once a suitable setup is found
for a particular question, a sample consisting of a suspension of cells or other particles
of interest can be measured within minutes. The price for such high throughput rates,
however, is the loss of detailed information, particularly about the localization of cell

constituents.

Rather than being characterized under a microscope, the particles of interest, i.e. in our
case spores, are now investigated as they pass through a flow chamber. Here, they are
typically exposed to a laser beam, whole-cell-fluorescence is generated and detected
and the cell yet again exits the flow chamber making room for the next particle. Due to
the high flow rates, thousands of spores can be measured per minute. In fact, some
devices are even capable of sorting the particle as it leaves the chamber into one of two
or more channels. Those devices hence allow fluorescence activated cell sorting
(FACS). However, as not all of the available instruments provide this feature calling
any flow cytometric analysis ‘FACS’, it is not only a generalization of the trademark
of the manufacturer Becton-Dickinson but moreover a misleading description that
should hence be avoided (Herzenberg et al., 2002; Ormerod, 2000).

Developed in the late 1960s, flow cytometry has soon found significant applications in
clinical research and practice. The combination of this technology with the rapid
development of monoclonal antibody technique has allowed not only for the analysis
but even the separation of the most complex mixtures of cells, typically from blood
samples, opening doors for instantaneous diagnosis or customized stem cell
transplants. The development and the application, however, were long focused

primarily on medical purposes (Tung et al., 2007).
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In 2000, Stopa presented a methodology for the reliable detection of Bacillus anthracis
spores based on their conjugation to fluorescently labeled monoclonal antibodies
(Stopa, 2000). Already two years later, the applicability of Invitrogens Live/Dead
BacLight Kit was shown for spores of various fungal strains by means of flow
cytometry (Chen and Seguin-Swartz, 2002). Another three years passed, though
hastened by the 2001 anthrax attacks in the USA, until autofluorescence of spores was
introduced as a measure for viability (Laflamme et al., 2005). Now for the first time,
autofluorescence was no longer considered a disturbance when assessing the signal
emitted by fluorescent dyes but it actually carried the information gathered in flow
cytometry. It was presented that spore populations with higher autofluorescence show
significantly increased viability as determined by plate counts, i.e. by means of colony
forming units. They also exhibit higher dipicolinic acid content, which is responsible
for heat resistance, and higher membrane potential, which is an indicator for metabolic
activity, as well as better membrane integrity, which causes a decreased permeability
for propidium iodide when compared to the subpopulation with lower
autofluorescence (Laflamme et al.,, 2006). It is speculated that the increased
autofluorescence for more viable spores results from higher NADH levels which,
however, could not be proven within the presented publication. Nevertheless, the
overall findings have been verified multiple times (Ammor, 2007; Huffman et al.,
2009).

In 2006, eventually autofluorescence of fungal spores was determined with a flow
cytometer and again showed a positive correlation to viability. Here fungi, typically
found in the mycorrhiza of palm trees, were investigated. Variances between different
species as well as between spores of differing age were detected and it was proven that
the intrinsic fluorophores were easily hydrolyzed suggesting their sensitive properties.
Most interestingly, a shift in the fluorescence spectrum towards red was found during
the maturation of spores. However, subsequent classical fluorescence microscopy
found the fluorophores to be localized primarily in the spore wall rather than the
interior opposing the signal to arise from NAD(P)H. The origin of the

autofluorescence could hence not be securely identified (Dreyer et al., 2006).
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2 Materials and methods

As many of the methods employed throughout this work were non-standard methods
and hand therefore to be established, they represent partly the results of this work.
They are hence not discussed in this chapter but in section 3 where a detailed

description of the established methods is given.

2.1 Microorganism

All investigations were undertaken with Aspergillus ochraceus Wilhelm, catalogue
number DSM 63304. The strain was freshly ordered as dry, cryogenic culture from the
‘Deutsche Sammlung fiir Mikroorganismen und Zellkulturen® (DSMZ) in

Braunschweig.

2.2 Instruments

Tab. 2.1. Instruments employed throughout this study and their manufacturer.

Instrument Type Manufacturer
Autoclave 5075 ELV Systec
150V Systec
Balance CP225D Sartorius
LA 5200 P Sartorius
K-09 CMC
Centrifuges 5415 R Eppendorf
Varifuge 3.0R Heraeus
Cleanbench HS-18 Heraeus
Drying cabinet UT 6420 Heraeus
Electron Microscope EVO LS 25 Zeiss
Filter 0.2 ym Reference No.: FT-3-102-050 Sartorius
Filter paper Miracloth Calbiochem
Flow cytometer Cell Lab QuantaTM SC MPL Beckmann Coulter
GC system Pegasus IV Leco
Gel chamber XCell Sure Lock7TM Mini Cell Invitrogen
Growth chamber Certomat IS and BS-1 with cooling| Sartorius
Homogenizer Ultra-Turrax T25 Janke & Kunkel
IKA Labortechnik
HPLC system ELITE LaChrome Hitachi
Incubator Certomat BS-1 Sartorius
Microscope Axioskop and Stemi 2000C Zeiss
Microtiter plate (white) | Reference No.: 655094 Greiner Bio-One
Microtiter plate reader | Sunrise Tecan
Tecan-Ultra Tecan
Petri dishes 145 mm Greiner Bio-One
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pH-Meter CG 840 Schott

Photo detector Avalanche Photodiode Detector MicroPhotonDevices
Photometer SmartSpecTM 3000 Bio-Rad

Platform shaker Polymax 1040 Heidolph Instruments
Pumplaser 10WNd:YVO4 Verdi V10 Coherent

Pure water system MilliQ-Gradient A10 Millipore

Ti:Sa Laser Mira 900 D Coherent

Ultrasound bath Sonorex Super RK 255 Bandelin

Vortex Reax top Heidolph Instruments

2.3 Chemicals, solutions and media

2.3.1 Chemicals and disposables

Tab. 2.2. Chemicals and disposables employed throughout this study, their
supplier and, where applicable, their abbreviation.

Chemical Supplier

11-alpha-hydroxy Norandrostenedione Bayer

(OH-19-NorAD)

19-Norandrostenedione (19-NorAD) Bayer

Acetic acid Roth

Acetonitril Fisher Scientific

Agar Roth

ATP Determination Kit A22066 Invitrogen

Bananas Standard Reseller (Bio-Grade)
Biomass filter Sartorius (Grade 389)
Chloroform (HPLC grade) Fisher Scientific

Corn steep liquor Bayer

Dimethylformamide (DMF) Sigma-Aldrich

Dimethyl sulfoxide (DMSO) Merck

Ethanol Sigma-Aldrich

Malt extract Becton, Dickinson & Co.
Methanol Fisher Scientific (HPLC-Grade)
Miracloth filter - 20microns Merck

Oat bran Standard Reseller (Bio-Gut & Gerne)

Peptone from soybean

Fluka

Petri dishes

Greiner Bio One, 145mm with vents

Potassium carbonate

Merck

Potato dextrose agar

Becton, Dickinson & Co.

Protein size standard

Invitrogen, Mark12 Unstained Standard

Roti-Quant Staining solution Roth
Sodium chloride Roth
Trichloroacetic acid (TCA) Merck

Wheat bran

Standard Reseller (Schneekoppe)

Zymolyase 20T

US-Biological
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2.3.2 Media

Tab. 2.3. Media employed throughout this study and their composition.

Medium (Abbreviation) Ingredients
Banana agar Homogenized banana 80 g/L
(BAA) Agar 15 g/L
Corn steep liquor agar Corn steep liquor 9¢g/L
(CSLA) Peptone from soybean 10 g/L
Agar 20 g/L
Czapeck yeast extract agar Sucrose 30 g/L
(CYEA, adapted from Atlas 2004) Yeast extract 5¢/L
Czapeck Concentrate 10 mL/L
NaNO; 30.00 g/L
KCl 5.00 g/L
MgSO, - 7 HyO 5.00 g/L
FeSO, - 7 HyO 0.10 g/L
ZnSO, - 7 H,0 0.10 g/L
CuS0, - 5 Hy0 0.05 g/L
KH,PO, I gL
Agar 20 g/ L
Malt extract agar Malt extract 30 g/L
(MEA) Peptone from soybean 3g/L
Agar 15 g/L
Malt extract liquid medium Malt extract 30 g/L
(MEL) Peptone from soybean 3 g/l
Medium for shake flask culture Corn steep liquor 10 g/L
(CSL-SP), Technical cultivation medium Peptone from soybean 3¢/l
Malt extract yeast extract agar Glucose mono hydrate 440 g/L
supplemented with 40% glucose Malt extract 12 g/L
(MYEGA) Yeast extract 3¢/l
Agar 20 g/L
Oat bran agar Oat bran 50 g/L
(OBA) Agar 15 g/L
Potato dextrose agar Potato dextrose agar 39 g/
(PDA) Uridin 1 g/l
Agar 5g/L
Wheat bran agar Wheat bran 30 g/L
(WBA) Agar 15 g/L
Yeast extract sucrose agar Sucrose 20 g/L
(YESA) Yeast extract 4 g/l
KH2PO4 1 g/L
Agar 20 g/L
Yeast extract peptone glucose agar Glucose mono hydrate 22 g/l
(YPGA) NacCl 20 g/L
Peptone from soybean 10 g/L
Yeast extract 10 g/L
Agar 20 g/L
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2.3.3 Preparation of solid media, liquid media and additives

All media were prepared as shown in the ingredient list above. The required amount of
added agar for OBA, WBA and BAA media were experimentally optimized according
to their flow behavior. pH was adjusted with 2 and 5 M HCI and NaOH to 5.6, when
necessary, prior to sterilization. Culture media and saline solution were steam
sterilized at 121 °C for 25 to 35 min and stored at room temperature in the dark for no
more than 7 d. Media were subsequently poured into sterile Petri dishes or Erlenmeyer
flasks with baffles. During preliminary investigations, alternative media, e.g. bananas
and tomatoes, were used as a sporulation medium pure with no prior treatment except

steam sterilization.

For the preparation of agar plates of alternative sources, fruits and vegetables were
blended in deionized water using the high performance homogenizer IKA Ultra-Turrax
T25 for 2 min at 13 500 min"'. The homogenate was then used like standard media

ingredients.

1 g of reactant 19-NorAD was dissolved in 6 mL. DMF. For shake flask cultivations,
the reactant solution was added to the sterilized medium before aliquotation into
Erlenmeyer flasks to a final concentration of 2 g/ 19-NorAD, i.e. 12 mL solution,
unless stated differently. Vigorous shaking is crucial as the reactant is hardly soluble in

water.

2.4 Production of spores on agar plates

Working cell bank: The initial lyophilizated DSMZ stock culture was resuspended,

distributed evenly on MEA agar plates and incubated for 5 d. Spores were harvested
through plate flooding with sterile saline solution and sheering with a metal rod. The
harvest suspension was mixed with the same volume of 30 % glycerol, shock frosted
in liquid nitrogen and subsequently stored at -80 °C representing the working cell
bank.

Preliminary solid state culture and main culture: To minimize effects through

cryodemage, spores from the working cell bank were plated as preliminary culture.
The thereof harvested spores were subsequently used for seeding the main solid
culture. Preparatory culture and main culture were conducted using the same media

composition.
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Inoculation: For spore production, solid media in Petri dishes or 1 000 mL shake flasks
(‘agar flasks’) were inoculated with 1.5 mL of spore suspension with a concentration
of 2.8 - 10° spores/mL, unless stated differently. Petri dishes and flasks were chosen to
have identical media surfaces (inner diameter of 13 cm), inoculation density was hence
320 spores/mm? agar surface. Distribution of the seed suspension was conducted with

sterile glass spatulas on Petri dishes and by platform shaking at 10 min™ for 3 min.

Incubation: Unless stated differently, solid cultures were left for sporulation in the
dark at 24 °C for 8 d. Glass flasks employed for solid state cultivation were sealed

with aluminum caps. For Petri dishes, lids were sealed to 95 % with parafilm.

Harvest: Unless stated differently, spores were harvested 8 d post inoculation by the
addition of 15 g glass beads (5 mm diameter) and 25 mL sterile saline solution through
vigorous shaking at 100 min" for 20 min. The obtained suspension was gravity
strained into a sterile container through a miracloth filter, holding back the glass beads,
pieces of agar and mycelium. Spores from the main solid culture were subsequently
analyzed for their quality indicators, used to inoculate shake flask cultures or stored

and analyzed after a defined period of time.

Storage: Storage of spores was conducted at 4 °C in the dark in Schott glass bottles or
plastic tubes, unless stated differently.

2.5 Characterization of spores

2.5.1 Concentration and aggregation

For the determination of concentration and aggregation behavior, 1:20, 1:50 and 1:100
dilutions of harvest suspension were counted manually in a ‘THOMA (Neu)’-
haemocytometer (area: 0.0025 mm?, depth: 0.1 mm). Enumeration of single spores as
well as spore aggregates of 2, 3, 4, 5 and > 5 spores was conducted. The optical
density at A = 600 nm was determined as well. Further details are provided in sections
3.1 and 3.2.

2.5.2 Proteome analysis

Spore wall degradation and protein extraction: After centrifugation of 5 mL spore

suspension at 4 000 g for 5 min, the supernatant was discarded and the wet weight of
the spores determined. Afterwards, a spore suspension containing 2.5 g of spores was
centrifuged again and the pellet resuspended in 20 mL digestion buffer containing
17.22 mL S-buffer (10 mM pipes, 1.2M sorbitol, 0.5M CaCl,), I mM 1,10-
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phenanthroline and 1 uM PMSF both in ethanol, 1 uM pepstatin A and 1 puM
chymostatin both dissolved in DMSO, 1 uM E-64, 1 uM leupeptin hemisulfate and
50 mg zymolyase. The digestion was performed in a 100 mL conical flask at 45 °C
and 100 min™' for 90 min. Afterwards, the digestion suspension was centrifuged at
4 000 g for 15 min. The supernatant was filtrated through a 0.2 uM filter and 100 pL.
0.15 % deoxycholic acid per mL filtrate were added. After incubation for 15 min, the
soluble proteins were precipitated overnight on ice with 100 % trichloroacetic acid
used in a 1:10 ratio. The next day, the proteins were pelleted at 4 °C and 4 000 g for
15 min. The protein pellet was resuspended in 5 mL Tris/HCI buffer (pH 7) and a few
drops of 1 M NaOH and incubated on a shaker at 150 min™' for 1 h. The protein
solution was pipetted in a vivaspin 20 concentrator tube, concentrated to 1 000 uL and

then in a vivaspin 2 concentrator tube to concentrate it to 100 pL.

Gel electrophoresis: NuPAGE Novex BisTris Mini gels (4 — 12 %) and an XCell
SureLockTM Mini-Cell system (Invitrogen) were used, chemicals purchased from

Invitrogen, chambers filled with 1x MES-Puffer and 500 puL of antioxidans pipetted in
the inner chamber. 6.5 pL of the protein solution, 2.5 pL NuPage 4x LDS sample
buffer und 1 pL reducing agent were incubated at 70 °C for 10 min and then pipetted
in the gel pockets. The gel electrophoresis was performed at 200 V for 45 min.
Afterwards, the gel was washed with water three times for 5 min each and stained with
a Coomassie solution for 1 h. Before analyzing the protein bands, the gel was
destained with water, in a first step for 1 h and then for 12 h, and stored in water at

4 °C for no more than 4 d.

2.5.3 Metabolome analysis

Extraction of metabolites: 2 mL of a 2 - 10°* spores/mL suspension were centrifuged at
13000 min" and 4°C for 15 min. The supernatant was discharged, the pellet
resuspended in 1 mL cold saline solution. This was added to 1 ml preheated (90 °C)
extraction buffer (9:9:1 DMSO:Methanol:1xTAE v/v/v) and incubated at 90 °C for
75 s followed by immediate cooling on ice. Centrifugation at 13 000 min™ and 4 °C
yielded a clear supernatant containing the metabolites. This solution was transferred to
a new vial, dried in an Eppendorf SpeedVac over night (Program 1, 30 °C, Rotation)
and kept at -80 °C for no longer than 7 d until analysis. EDTA (from TAE) served as

the internal standard.

Derivatisation for GC-MS: Pellets were redissolved and derivatized for 90 min at

30°C in 20 pl of 40 mg/mL methoxyamine hydrochloride in dry pyridine each
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followed by addition of 32 ul. MSTFA. Subsequently, the samples were incubated at
37 °C for 30 min and at 25 °C for 120 min. A standard retention time index marker

(n-alkanes ranging from C10 to C36, each 200 pg/ml in pyridine) added.

GC-MS settings: Samples were analyzed by a GC coupled to a LECO® Pegasus IV
TOF (Leco Corp Inc., St. Joseph, USA) mass analyzer. GC-TOF-MS analysis was
performed on a 7890A gas chromatograph with deactivated standard split/splitless

liners containing glass wool (Agilent, Boblingen, Germany).

Sample volumes of 1 ul were injected with a split ratio of 1:25 at 230 °C injector
temperature. GC was operated on a VF-5ms capillary column, 30 m in length,
0.25 mm inner diameter and 25 pm film thickness (VARIAN, Palo Alto, USA) at
constant flow of 1 mL/min helium. The temperature program started isocratic with
1 min at 70 °C followed by temperature ramping at 10 °C/min and a final temperature

of 330 °C held for 8 min. Scan rates of 20 s and mass ranges of 70-600 Da were used.

GC-MS targeted profiling: Data were analyzed with the ChromaTOF® software

LECO®) supporting automated deconvolution of all mass spectra of a chromatogram
pp g g

and mass-spectral correction for co-eluting metabolites. Further, the retention indices
(RI's) are calculated and suitable fragment mass-to-charge ratios for selective
quantification were identified. The obtained data were analyzed by defining a
reference chromatogram with the maximum number of detected peaks over a signal-
to-noise threshold of 50. Second, all chromatograms were matched against the
reference with a minimum match factor of 800. Compounds were annotated by RI and
mass spectra comparison to a user defined spectra library. Selected fragment ions
specific for each individual metabolite were used for peak area quantification. Each
compound was normalized by the peak area from the internal standard EDTA.
Quantification of concentration was obtained by analyzing samples with known
concentrations for selected compounds and subsequent comparison of the peak areas.

Finally, results were corrected by division through spore concentrations.

2.5.4 ATP analysis

Extraction of ATP: The concentration of the harvest suspension was adjusted to

2-10" spores/mL. 500 puL thereof were added to the same volume of preheated
DMSO-1xTAE extraction buffer (9:1 v/v). The mixture was incubated at 100 °C
for 60 s followed by immediate cooling on ice. Spores and debris were pelleted with a

table top centrifuge at 13 000 min™ for 15 min. Extraction was conducted in triplicate.
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Bioluminescence assay: Standard reaction solution of ‘Invitrogen ATP Determination

Kit” was prepared according to manufacturer’s instructions (8.9 mL deionized water,
0.5 mL 20x reaction buffer, 0.1 mL dithithreitol, 0.5 mL 10 mM D-luciferin and
2.5 pL recombinant luciferase). 10 pL of the ATP containing supernatant from above
were combined with 90 pL reaction solution in white microtiter plates. Generated
bioluminescence was determined within 60 s at A =560nm with a Tecan-Ultra

(Institute for Biochemistry and Biotechnology, Technische Universitidt Braunschweig).

Due to excess of luciferin and luciferase, the reaction is linearly dependent on the ATP
concentration and can readily be determined. Tests were conducted in triplicate
resulting in 3 biological and 9 technical replicates. Mock extraction of saline solution
served as the negative control and 5 point calibration with known concentrations of
ATP (Sigma) was conducted for every analysis. Subtraction of negative control is

mandatory. Further details provided in section 3.

2.5.5 Two-photon fluorescence microscopy

Instrument setup and measurements:

Tab. 2.4. Setup of two-photon fluorescence instrumentation.

Parameters and characteristics

Model and/or setting

Pumplaser10 W Nd:YVO4 Verdi V10, Coherent, USA
Output: 532 nm
Ti:Sa Laser Mira 900 D, Coherent, USA

780 nm

Avalanche photodiode detectors

MPD Micro Photon Devices, Italy

Time Correlated Single Photon Counting
(TCSPC)

Picoharp 300, PicQuant GmbH, Germany
Temporal resolution: 32 ps

Laser power for:

- stored and fresh spores 113 mW

- germinated spores 300 mW

- heat inactivated spores 132 mW

Resolution 200 nm/Pixel

Filter 460/80

Software SymPhoTime, PicoQuant, Germany

,Lab‘ (Prof. Dr. K.-H. Gericke,
Technische Universitidt Braunschweig)

Sample preparation: Microscope slides and cover slips were silanized for increased
dried
overnight and heated at 180 °C for 2 h. Spores were analyzed freshly harvested, stored

hydrophobicity with chloroform containing 5% dimethyldichlorosilane,
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or after germination at 24 °C in MEL medium. Germinated spores were pelleted at
4 000 g for 15 min and washed twice with cold 0.9 % NaCl solution prior to analysis.

Fluorescence detection: To measure the fluorescent life time, the time correlated single

photon counting (TCSPC) method was used including a triexponential fitting as shown

1m:

x—b, x—=b, x—bs

F=a,+ae " +a,e * +ae ” (2.1)

with ag=10and b; =b, =b; =27.1

FLIM: A color was assigned to each of the three obtained lifetimes (shortest blue,
intermediate green, longest red). This allowed generation of false color images where
the color of every pixel represents the proportion of the three fluorophores present at

that particular position.

2.5.6 Flow cytometric analysis (fluorescence and size)

Instrument and sample preparation: The concentration of the harvest suspension was

adjusted to approx. 5 - 10° spores/mL. Flow cytometric analysis was conducted using a
‘Beckman Coulter Cell Lab Quanta SC MPL’ with the following settings.

- Shaking intensity: 5

- Shaking duration: 5 s

- Excitation source: Mercury-vapor lamp (A = 366 nm)
- Flow rate: 13.57 pL/min

- Low level discriminator: 76 eV

- Upper level discriminator: 1 000 eV

- Trigger: Electronic volume

- Gain volume detection: 6.00

- Gain fluorescence detection: 4.00

- PMT voltage fluorescence detection: 10.30
- Stop criterion: 10 000 events

Size determination is conducted by means of the COULTER principle. A two point

calibration was conducted before every other analysis using beads of a defined
diameter of 3.6 um (Beckman Coulter, Flow Set Beads), allowing direct conversion of

the generated raw data (electronic equivalent volume) to diameters.

Fluorescence determination is carried out in parallel allowing direct assignments of

fluorescence signals and sizes per individual spore. In lack of fluorescence calibration

for UV excitation, fluorescence intensities are provided as arbitrary units. Correlation
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to spore size, precisely spore projected area, generates the specific fluorescence SAF
though. The instruments’ events lists are transformed into histograms where the
x-coordinate of the maximum is determined and subsequently serves as the
characteristic value of the population. Further relevant analysis of raw data is
explained in chapter 3.

2.5.7 Viability

Viability assessment in submerged culture: 100 mL shake flasks with 30 mL MEL

medium were aseptically inoculated to have 10° spores/mL and incubated at 24 °C and

130 min" in the dark in triplicate. Samples of 1000 uL were taken every 2 h.
Germination was stopped through the addition of 1 drop of 2 M HCI per sample. These
were assessed immediately microscopically. Standard or cavity microscope slides
proofed superior over the haemocytometer as towards the later phase of the cultivation
aggregates did not fit under the cover slip of the haemocytometer swaying the analysis.
100 spores were counted. Conidia with germ tubes equal to or greater than the
diameter of the spore were counted as germinated. Percentage of germinated spores

was subsequently determined.

Viability assessment on solid culture: Harvest suspension was diluted 1:2 - 104,
1:2-10° and 1:2-10° and spread on MEA plates in triplicate in Petri dishes and

incubated at 24 °C in the dark. Spore concentration in the suspension was determined

as described above. Subsequently, colonies were enumerated after 72 h incubation and
related to the initial spore concentration. In the subsequent determination of the
arithmetic mean, highest dilutions (lowest concentrations) were weighted double.
Ratio of grown colonies per spores represents viability. Further details are provided in
chapter 3.

2.5.8 Shake flask culture

Culture conditions: Liquid cultures were conducted in 100 mL shake flasks with three

baffles and a working volume of 30 mL. Unless stated differently, all shake flask
cultivations were carried out with CSL-SP medium supplemented with 2 g/L
19-NorAD in DMF as described above. A target concentration of 10° spores/mL was
adjusted by the addition of 3-10° suspended spores to each flask. Cultures were
incubated at 24 °C for 72 h with orbital shaking of 130 min™.

Sampling and sample preparation: At 0, 48 and 72 h, the liquid culture was analyzed

with respect to pH, dry biomass, wet volume of biomass, morphology, reactant
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consumption and product formation. To ensure that no bias between the different time
points would be introduced through the depletion of the cultivation broth after
sampling, a flask was only sampled once and for subsequent analyses at later time

points, new flasks were chosen.

Morphology: Morphology was determined visually through comparison of the
morphology with representative images of known morphologies and determination of

the clearing time as an indicator for the sedimentation velocity.

pH: pH of the cultivation broth was determined before and after homogenization with
the Ultra-Turrax.

Wet biomass: While shaking, 10 mL of cultivation broth were sampled and transferred
to 15 mL centrifugation tubes. Centrifugation at 1 000 g for 10 min and subsequent
comparison of the pelleted biomass with calibrated containers yielded the wet biomass
[mL/mL].

Dry biomass: The biomass in the culture broth was homogenized by means of an

Ultra-Turrax for 2 min at 13 500 min". 10 mL of the homogenized cultivation broth
were filtered through 0.22 pm filters. These were rinsed with deionized water once.
The loaded filters were then dried at 105 °C for 3 d before the net dry mass was
determined. Correction terms were introduced accounting for insoluble remaining

reactant concentrations and corn steep liquor particles as described in chapter 3.9.

2.5.9 HPLC reactant and product analysis

Sample preparation: 5 mL homogenized culture broth and 15 mL ice cold methanol

containing 1 % acetic acid were mixed and exposed to 15 min ultrasound for cell
disruption. 1.5 mL sample solution was centrifuged at 13 000 min™ at 4 °C for 5 min.
500 uL supernatant and 1350 uL. methanol containing 1% acetic acid were
centrifuged again for 1 min. Clear supernatant was subsequently analyzed by HPLC.

All steps were conducted on ice. Total dilution factor: 14.7.

Analysis by means of HPLC: HPLC was used to determine the quantity of products by
comparing the peak areas with the standards (0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40
and 0.50 g/L 19-NorAD and OH-19-NorAD in methanol/acetic acid/water (89:1:10

v/v/v). Samples were kept on ice during handling and at -24 °C when stored until

analysis.
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Instrument properties and settings (ELITE LaChrome, Hitachi):

Pump: ELITE LaChrome L-2130

Autosampler: ELITE LaChrome L-2200

Column: Hypersil ODS 2 (Thermo), 250 x 4.6 mm
Pre-column: Hypersil ODS 2 (Thermo), 50 x 4.6 mm
Detector: ELITE LaChrome L-2455 PDA (Photodiode array)
Detection wavelength: 245 nm

Flow rate: 1.5 mL/min

Column temperature: 40 °C

Sampler temperature: 15 °C

Injected volume: 5 pl

Eluent: 75 % deionized water + 25 % acetonitrile, no gradient
Duration of analysis: reactant approx. 18.9 min; product approx. 9.2 min

2.6 Statistical Analysis

All experiments where performed in biological triplicate and wherever possible

repeated in the same manner three times yielding a total of nine biological samples.

For each sample, the characterization was then performed in triplicates itself again

(technical replicates) resulting in a total of 27 measurements per given set of

parameters. Unless stated differently, all 27 assessments were pooled and outliers

were, when necessary, identified with Walsh’s outlier test (Walsh, 1950).

Student’s t-test for paired samples was used for statistical analysis (Carlin and Doyle,

2001). Data were compared at a significance level of 0.01, unless stated differently.
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3 Establishing methods for spore characterization

The primary objective of this study was the establishment of a bouquet of indicators
allowing the characterization of spores of filamentous fungi. Previously, spore
production was optimized, if at all, only with respect to the quantity of harvestable
spores. This is not sufficient as spores may differ tremendously in quality and hence
influence the outcome of the subsequent submerged cultivation. The quality of spores,
however, could not be readily analyzed as no adequate methods existed.
Characterization of spores was hence limited to light microscopical assessment of

overall integrity and rarely also germination efficacy on solid medium was analyzed.

Therefore, the establishment of efficient methods to determine relevant spore quality
indicators represents a major result of this work. Each method together with the
corresponding indicator of spore quality is accordingly presented in the following nine
subchapters. In the section thereafter, those methods will be applied to assess the effect
of the sporulation environome, sporulation duration and storage on the constitution and
performance of spores. Also, detectable changes during early germination will be
analyzed there. The obtained results regarding the spore proteome analysis, however,
are the only exception to this structure as these findings are hence presented

exemplarily in chapter 3.2.

3.1 Determination of spore yield with microscopy, optical

density and automated counting

The amount of harvestable spores per area of the solid state cultivation is of utmost
interest as it is well known that the inoculum concentration for the subsequent
submerged cultivation has significant impact on the germination speed and the
morphology (Papagianni and Moo-Young, 2002). A method for the quick and reliable

determination of spore concentration was therefore identified.

3.1.1 Manual haemocytometer count (microscopical determination)

Manual cell count with a THOMA chamber served as the reference for the evaluation of
any other method. Because the microscopical cell count is conducted manually, it is
considered the most reliable. It shows strong resistance against biases through possibly
varying spore color, aggregation and sizes as well as through a putative ‘non-linear’
measuring range and software misinterpretation. Also, manual counting shows good
resistance against a bias through possible residual non-spore particles. The

microscopic image is exemplarily illustrated in figure 3.1.
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Fig. 3.1. Microscopic view of spores as usually seen for manual cell count.

Discrimination of spores, harvest residues and aggregates is readily possible.
Conducting each determination in two or more dilutions, in technical triplicate and in
assessing the entire THOMA area with 256 squares resulted in sufficient statistical
validation. The results obtained through manual cell count are therefore regarded as
safe. The disadvantage is the relatively tedious and time consuming work. Also, a
certain experience is needed for the correct interpretation of particles as spores or
debris in bright field as well as phase contrast. Another advantage of the method is the

possibility for concomitant determination of conidial aggregation behavior.

3.1.2 Determination of spore concentration by optical density

It has been shown previously that the turbidity of a spore suspension may serve as a
rapid and reliable method to determine its concentration (Fujita et al., 1994). Higher
wavelengths > 500 nm have proven to be most trustworthy as those measurements are
independent of particle size and pigmentation. Nevertheless, filtering and vigorous
stirring to get rid of hyphae and to break up aggregates, respectively, is important in
any case (Morris and Nicholls, 1978).

Figure 3.2 shows the correlation of the solutions’ spore concentration determined by
manual count and the optical density at 600 nm for approx. 500 samples. A stability
index of 96 % and linear behavior throughout the entire absorbance range between 0.0
and 1.0 relative absorbance units demonstrates the reliability of the method. It is
interesting to note that even though the suspension was measured against clear NaCl
solution, the regression fits best when not constraint to pass through the origin. This
finding, however, is in line with results by Morris and Nicholls (1978). Measurements

were conducted with spores harvested from malt extract agar as described above.
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Fig. 3.2. Spore concentration as determined by manual count over optical
density of the suspension at 600 nm (n = 496; data best fit: solid line, spores
from malt extract agar).

Different pigmentation of spores from different solid media is noticeable with the
naked eye. The method therefore had to be validated with spores of lighter and darker
color as well. Figure 3.3 shows the comparison of concentrations determined by
turbidity and haemocytometer counts for spores from wheat bran agar (stronger
pigmentation) and oat bran agar (less pigmentation). No bias through spore color is
noticeable. This can be attributed to measuring at a wavelength of 600 nm where

particle pigmentation and size is less relevant (Morris and Nicholls, 1978).
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Fig. 3.3. Correlation of spore concentration based on optical density calibrated
with spores from malt extract agar and manual count. Results for spores grown

on oat bran agar (triangles) and wheat bran agar (squares) fit well. Theoretical
correlation, dashed line.

Future analyses of spore concentration (see subchapters 4.1.1, 4.2.1 and 4.3.1) were

conducted applying exclusively this method and the obtained calibration parameters.
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3.1.3 Determination of spore concentration by flow cytometry

For automated cell count, a flow cytometer equipped with a COULTER counter was
validated. The idea of counting spores with a high throughput instrument and hence
increasing statistical significance while minimizing manual labor seems appealing.
However, as can be seen in figure 3.4, the method did not prove to be reliable as the

measurements are heavily inconsistent.
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Fig. 3.4. Spore concentration determined manually and with a flow cytometer.

Poor correlation and a low stability index can be noticed. Data best fit: solid

line; theoretical correlation: dashed line.
It is shown that the application of automated cell counting for spore concentration
determination is inappropriate. The stability index of 36 % as well as 10-fold positive
and negative deflection render this method not suitable. The error should not be
attributed to the instruments inability to correctly count particles but to the imprecise
measurement of suspension volume. The fact that the values calculated by the flow
cytometer are in average 12 % below the manually determined concentration also
suggests the presence of small aggregates in the suspension which were not
sufficiently separated in the instrument and hence not resolved by the applied
COULTER counter. Manual determination, however, readily differentiates between
single spores and aggregates accounting for each spore individually. Considering
furthermore the expense and the complex setup of a flow cytometer, it becomes
obvious that the determination of the spore harvest concentration by means of flow
cytometry is not recommendable.
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3.2 Determination of spore aggregation and wall constitution

3.2.1 Aggregation analysis by means of microscopy

Filamentous fungi can be categorized in coagulating and non-coagulating types. While
non-coagulating species form pellets from hyphae growing from single spores,
formation of pellets in coagulating species like Aspergilli is a result of spore-spore and
spore-hyphae aggregation, i.e. primary and secondary aggregation, respectively (Metz
and Kossen, 1977; Takahashi and Yamada, 1959). Even though the impact of
secondary aggregation for the resulting morphology can be expected to be higher
(Grimm et al., 2004), spore-spore interactions have recently been shown to be relevant
as well (Fontaine et al., 2010). The aggregation behavior of spores in the saline harvest

suspension is hence meaningful and was therefore analyzed.

The main difficulty for the determination of spore aggregation is the coincidental
swelling of spores with diameter increases of up to factor 2 (see the following chapter
‘spore size’). Automated determination of aggregation based on size distribution is
hence not possible as the volume increase per particle due to swelling often exceeds
the increase caused by aggregation. Also, software supported analysis of microscopic
images did not prove efficient because automated spore detection was not reliable. The
determination of a spore sets tendency to form aggregates had therefore to be

determined manually in a haemocytometer.

The number of spores existing individually, in groups of two, groups of three etc. was
documented. The fraction hence always refers to the total number of spores and not the
number of particles. This allows the declaration of proportions of spores as single
spores, spores in aggregates of two, three etc. It is further noteworthy that the harvest
suspension was free of detergents and buffers. The pH of the suspension was generally
5.5, irrespective of the sporulation medium. This pH typically fosters spore
aggregation and pellet formation as compared to a lower pH (around 3) where
aggregation is decreased and mycelial growth is the predominant morphology (Obaidi
and Berry, 1980). The addition of surfactants and buffers was avoided in order to
reduce potential impact on further analyses. Also, spores were not washed with
deionized water as this as well would have impaired the measurement and shifted
results away from standard industry procedures. However, if pH values of sporulation
media differed, control of pH would be necessary for comparable results. It is also of
critical importance that sample treatment is absolutely standardized. Due to the fact

that aggregation is generally too high for manual counting, suspensions have to be
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vortexed prior to analyses. 5 s vortexing at maximum speed prior to manual counting
has proven to show best results. This was hence conducted throughout the entire study

and is recommended for industrial applications.

As can be seen in figure 3.5, the tendency to form aggregates differs considerably
between spores from different substrates as well as between freshly harvested spores
and those that have been stored. While 96 % of the freshly harvested spores from
potato dextrose agar (PDA) exist as single spores, only 42 % of all stored spores from
malt extract agar (MEA) are single spores. Instead 21 % of the spores can be found in
aggregates of six or more conidia. The aggregation behavior is hence meaningful. In
subchapters 4.1.2, 4.3.2 and 4.4.1, it is discussed in detail how environmental

parameters affect spore aggregation.

MEA fresh
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PDA, fresh
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0] 0233 @4 @5 B>5

Fig. 3.5. Aggregation behavior of spores. Shown are the fractions of spores
found as single spores, aggregates of two, three, four, five and more. Tested
spores were obtained from MEA (fresh), MEA (stored, 21 d, 20 °C) and PDA
(fresh). Results represent means from 6 biological and 3 technical replicates.
It became obvious that the aggregation behavior of spores differs tremendously. Hence
the cell wall, as the mediator for aggregation, was investigated further by means of
protein analysis and electron microscopy. Even though those two techniques represent
methods for the characterization of spores themselves, they are presented within this
chapter as they here serve the purpose of further elucidating the aggregation behavior.

They will therefore also not be included in chapter 4.

While the wall of the growing hyphae is well described, less is known about the
constitution of the conidial wall. However, it has been reported that the overall
structure is more species specific than it is growth-state specific (Bowman and Free,
2006). The main components of the fungal cell wall are polysaccharides. Especially

chitin forms the strong but dynamic exoskeleton from linearly linked beta-1,4-N-
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acetylglucosamine. The chitin layer provides mechanical stability and is located
immediately on top of the plasma membrane. A second layer of the fungal wall is
made of branched alpha- and beta-glucans. These represent the matrix material and are
linked via beta-1,4-glycosidic bonds to the inner chitin layer. It was shown recently
that precisely those glucans are responsible for the spore-spore recognition and
aggregation, once further coats (see below) have been lost during early germination.
Included in this glucan matrix is a multitude of proteins that themselves show
significant glycosylation. These cell wall proteins can be divided into soluble proteins,
which show no or only loose glycosidic attachment to other components of the cell
wall, and insoluble proteins, which are linked to the plasma membrane via GPI
anchorage (Fontaine et al., 2010; Fontaine et al., 2003; Fontaine et al., 2000; Latgé,
2007).

On top of this three layer structure is the hydrophobic outer coat which is, in contrast
to the inner ensemble, opaque to electron transmission. It consists of melanin and
hydrophobins. While melanin, a heteropolymer pigment, accomplishes UV protection,
hydrophobins render the surface hydrophobic. They are short, amphipathic proteins of
approx. 100 amino acids that form a dense, crystal coat covering the entire spore.
Hydrophobins hence account for facilitated spore dispersal through wind and insects,
provide further structure, mediate spore-spore aggregation in aqueous solution and
mask immunogenic spore antigens (Aimanianda et al., 2009; Bruneau et al., 2001;
Wessels et al., 1991; Wosten, 2001).

3.2.2 Analysis of spore wall proteins

The difficulty in the analysis of spore wall proteins is the extraction of intact proteins
from the polysaccharide network of the wall. It has been reported that this can be
achieved through enzymatic digestion of the glucan structure or chemical hydrolysis
(Aimanianda et al., 2009; Asif et al., 2006; Kniemeyer et al., 2006). For enzymatic
digest, ‘Zymolase 20T’, a recombinant glucanase cocktail, has proven applicable.
Addition of protease inhibitors is crucial because Aspergilli, like all saprophytic
organisms, produce large amounts of proteases which are likely to rapidly degrade the
proteins of interest after cell disruption. The mixture for protease inhibition hence
consisted of phenylmethylsulfonylfluoride (PMSF), E-64 and leupeptine hemisulfate
(all inhibiting cysteine and serine proteases). Further, pepstatin A (inhibiting acidic
proteases), 1,10-phenanthroline (a chelating agent inhibiting metalloproteases) and
chymostatin (a broad range protease inhibitor) were added to the inhibitory blend.

Overall, this protocol represents an adaption of the combination of the methods
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suggested previously (Allen et al., 2001; Apoga et al., 2001; Asif et al., 2006; Gil et
al., 1991; Lopez-Ribot et al., 1991) and produced the best results for the analysis of
A. ochraceus cell wall proteins. Generic protein preparation steps such as filtration,
precipitation, solubilization, concentration and polyacrylamide gel electrophoresis

(PAGE) separation are described in section 2.

Known quantities of bovine serum albumin (BSA) were also subjected to the
procedure in order to determine possible protein loss. Recovery of BSA was 94 % for
total treatment. Quantification of cell wall proteins was not possible as these are only
soluble in an alkaline environment which heavily impaired common assays.
Furthermore, it is important to include negative controls that also undergo the entire
process in order to allow the discrimination of meaningful protein signals from
samples and those from zymolyase showing distinct peptides of 55, 42, 30, 23, 17, 15,

13 and 12 kDa in accordance with the manufacturer’s instructions.

The characterization of the spore wall has proven very difficult and results are not
unequivocal. They have therefore to be considered preliminary. Further, very large
amounts of spores are required for the preparation of sufficiently detectable amounts
of the spore wall proteome. This required the spore production to be conducted in Petri
dishes rather than shake flasks as applied for any other spore characterization. For
these reasons, the results regarding the comparison of the proteome of different spore
populations are presented within this chapter rather than in section 4 where the effects

of the environome on the spores’ constitution are discussed.

Figure 3.6 shows the protein pattern of freshly harvested spores from MEA and WBA
as well as after 7 d of storage in suspension at 30 °C. For freshly harvested spores
from MEA, protein bands of 40 (lane 2, green arrow), 20 (lane 2, red arrow), 14, 12
and 10 kDa (black arrows) were identified. Stored spores show a similar pattern with
only the band at 40 kDa reduced (lane 2, green arrow). Freshly harvested spores from
WBA show a comparable pattern of proteins in the range of 40 to 10 kDa though the
20 kDa protein was not detected. However, three additional bands were detected in
fresh WBA spores that were not present in MEA spores and vanished during storage at

approx. 80, 100 and 120 kDa (lane 3 and 5, red and green arrows).
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Fig. 3.6. Separated proteins from spores harvested from wheat bran agar

(WBA) and malt extract agar (MEA) after enzymatic cell wall degradation.

1: Marker (protein mass in kDa), 2: MEA fresh, 3: WBA fresh, 4: MEA stored,

5: WBA stored, 6. degradation enzyme mix. Stored spores were kept at 30 °C

for 7 d in suspension. Black arrows: general cell wall proteins; red arrows:

only detected in MEA or WBA spores, green arrow: protein changes during

storage. Image represents digital combination of separately ran protein gels at

different time points.
Even though the separated proteins could not be purified nor identified, these findings
can be summarized in the way that spores from MEA and WBA show differing protein
patterns with a 20 kDa protein only present in MEA spores and the three additional
bands at 80, 100 and 120 kDa in WBA spores. Also, storing the spores in suspension
at 30 °C for 7d has differing effects on the cell wall proteome of the conidia
depending on the original substrate: While MEA spores hardly change, it leads to the

loss of the three high molecular weight proteins in WBA spores.

As mentioned before, cell wall analysis of 4. ochraceus has proven difficult and these
results shall be regarded as preliminary results indicating the principal existing option
to assess the proteins of the cell wall. It could be shown that protein composition of
spores differs depending on the conidiation substrate. Also, changes in the protein
pattern during storage of spores could be visualized. Here it became noticeable that
proteins not only change during the storage period but that these changes also differed

depending on the conidiation substrate.
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The large unidentifiable protein continuum between 10 and 40 kDa can be expected to
be a result of hydrophobin breakdown. As the molecular weight of hydrophobin
1somers from A. fumigatus was determined to be 14, 16 and 20 kDa and they are
known to aggregate to form larger structures, it is very likely that products of
hydrophobin breakdown account for the apparent contamination in the lower half of
the gel (Paris et al., 2003; Sulc et al., 2009). Also, the overall distribution of protein
sizes is well in line with findings presented previously for the conidial wall of
A. fumigatus. Here, several proteins with molecular weights between 10 and 100 kDa
could be detected. The highest concentration, however, was found in the range
between 10 and 20 kDa (Asif et al., 2006).

3.2.3 Electron microscopic imaging of spores

The final coat on the outside of spores consists of hydrophobins, small amphiphatic
proteins that arrange in a highly organized manner covering the entire spore. These
highly conserved proteins thereby form so called rodlets which appear like needles
lying flat on the spore. As mentioned before, this crystalline structure is, in contrast to
the inner layers, opaque to electron transmission and has been shown previously by

means of electron microscopy (Hawker, 1965; Rydjord et al., 2007).

Within this work, it was therefore postulated that spores whose rodlet layer is altered,
can be differentiated from inert spores with an uncompromised hydrophobin coat. This
might serve as a further indicator for spore wall constitution though also not as a

routine measure for industrial applications.

Figure 3.7 shows that freshly harvested spores from malt extract agar appear relatively
dark in scanning electron microscopy images, affirming the prediction that the layer of
crystalline hydrophobins is opaque for electron transmission. Spores that have been
stored for 7 d in saline solution at 4 °C, however, appear with more light spots of
variable size. Here, the rodlet layer has been altered and no longer forms the smooth,
continuous coat as in freshly harvested spores. Detection of secondary electrons (data
not shown) also affirms this finding as stored spores reflect electrons not as smoothly
as fresh spores. This is in line with previously reported findings where the disruption
of the rodlet layer was monitored by means of real-time atomic force microscopy
(Dague et al., 2008). However, it is noteworthy that stored spores from A. ochraceus
were found to have a compromised rodlet layer yet after storage whereas breakage of
the outer coat was previously reported only for germinating spores (Aimanianda et al.,
2009; Hobot and Gull, 1981b; van der Aa et al., 2002). As no emerging germ tubes
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were apparent on the spores, it has to be speculated that spores stored in saline
suspension are in a ‘pre-germination-arrest’ where they are only awaiting the provision

of nutrients or other favorable conditions in order to rapidly germinate.

A

-

B

=

Fig. 3.7. Scanning transmission electron microscopy (STEM) images of freshly
harvested spores from malt extract agar medium (MEA; (A)) and those that
have been stored at 4 °C for 7 d (B).

This is coherent with literature findings emphasizing that spores show significant
metabolic activity (reviewed in Wolken et al., 2003). As an immediate consequence of
an active metabolism it can be expected that spores interact with their environment by
the uptake of water and oxygen or by the release of carbon dioxide. Therefore, partly

ruptured hydrophobin coats of stored spores are well allegeable.

Despite the shown interesting results it has to be stated that analysis of conidial cell
wall proteins and electron microscopic imaging of spores cannot be recommended as a
routine assessment to measure spore quality. The acquired information does not justify
the required labor for routine analyses. Further, the obtained results are not clear

enough to be introduced into further correlation.

Nevertheless, analysis of spore wall proteins was regarded as an additional information
to the aggregation behavior which, entirely uncompromised, can readily be
determined. Spore aggregation alone can hence certainly be assessed and gives
evocative results that correlate well with a given population’s performance in

submerged culture as will be presented later in this work.
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3.3 Determination of spore size with the COULTER principle

It has been suggested that spores swell prior to germination. Spore size may therefore
be a relevant indicator for spore quality assessments. Spore size was hence determined
by means of a COULTER counter built into the flow cytometer which allows the
determination of the electronic volume. For statistical significance 10 000 particles
were analyzed per measurement. An electronic lower level discriminator was set to
2 um blocking signals from debris and other noise, simplifying later analysis and

enlarging the data base, as thus all 10 000 measured events are particles of interest.

A two point calibration with beads of a known diameter of 3.6 um was conducted and
the obtained data were fitted with a four parameter non-linear regression to a

GAUSsSsian normal distribution according to:

—0,5(%)
y=y,+tae (3.1)

The x-coordinate of the maximum subsequently served as the reference volume. Based
on this calibration and the assumption that spores resemble spheres, the diameter is
calculated thereof. The mere list of diameters is subsequently transformed into a
histogram with a class width of 0.05 uym, the instruments resolution limit, as
recommended by the manufacturer and Scott (1979). The x-coordinate of the resulting
maximum 1is regarded as the characteristic diameter and a suitable tool because it
describes the majority of the conidia in the sample.
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Fig. 3.8. Diameter distribution density histogram of fresh spores from oat bran

agar (OBA, solid line), calibration spheres (3.6 um diameter, dotted line) and a
negative control (sterile saline solution, dashed line).
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Figure 3.8 shows the results of a typical measurement conducted with the COULTER
counter as well as a calibration and a negative control. The calibration is characterized
by a narrow distribution and a maximum at 3.6 pm. The measured spores show a much
broader distribution with their maximum at 3.95 um. The negative control was aborted
after 10 min, only showing 201 counted particles, compared to 10 000 events for both
of the other measurements in less than 5 min. The finding that spores show a broad

size distribution is confirmed by electron microscopy images, as shown in figure 3.9.

Fig. 3.9. Electron microscopy image illustrating the large differences between
spores of the same population (Spores from MEA, stored for 7 d at 4 °C).
It is hence important to relate spore specific findings like the autofluorescence to the
spore size. At the same time, this broad distribution prohibits automated aggregation
detection and further meaningful interpretation. Despite large amounts of data, spore

size is therefore also not included in the assessments in chapter 4.

3.4 Determination of spore composition with metabolite
profiling

In this study, for the first time, metabolites of the primary metabolism of spores of a
filamentous fungus were profiled. It was speculated that the differences observed
between the different sets of spores are also mirrored in their metabolome. Hence, a
protocol for the preservative extraction and the subsequent separation and
identification of metabolites from conidia was established.

After washing the spores, the metabolites were extracted with the above described
mixture of DMSO, methanol and TAE for 75s at 90 °C, dried overnight,
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methoxymated, silylated and eventually analyzed by means of GC-TOF-MS. In an
untargeted approach, 69 metabolites could be reproducibly detected in fresh spores
while 126 metabolites were found in total over all spore stages. 65 of those were
selected for a targeted analysis out of which 50 could be undoubtfully identified.
Measures were related to initial spore concentrations for semi-quantitative analysis

while 7 selected metabolites were absolutely quantified.

Of the 50 identified metabolites, 12 are related to the fundamental carbon metabolism,
i.e. glycolysis and the TCA cycle, for example pyruvic acid and malic acid, though in
very low concentrations. Also, 14 amino acids such as alanine and glutamic acid were
identified and quantified. Hexadecanoic and octadecanoic acid are representatives
related to the lipid metabolism. The largest group is composed of sugars and polyols
with a total of 16 identified substances such as erythrose, threitol and inositol. Also,
two polyamins known for their DNA stabilizing properties were identified: putrescine
and spermidine. Finally, kojic acid, a metabolite specific to filamentous fungi, was
determined (Berg et al., 2003; Kwak and Rhee, 1992).

Figure 3.10 shows a typical chromatogram found during the analysis of spores’
metabolites. The most prevalent metabolites therein are glycerol and phosphate (co-
eluting with a retention time of 518 and 519 s), erythritol (696 s), ribitol and xylitol
(co-eluting at 843 s) and sorbitol (975 s). The two metabolites towards the end are
trehalose (1 415 s) and a possible product of melanin breakdown. Identification was
supported in all cases by MS patterns. The substances eluting at 420 s and 628 s are

contaminants.
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Fig. 3.10. Typical chromatogram detected during the analysis of a spore set’s
metabolome with a GC-TOF-MS. Most prominent are glycerol and phosphate
(1), erythritol (2), ribitol and xylitol (3) and sorbitol (4).
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Figure 3.11 shows a metabolic fingerprinting analysis (according to the classification
given in the introduction). The detected metabolites of freshly harvested conidia from
OBA, MEA and WBA were compared to those from spores stored for 7 d at 4 °C and
those from spores germinated for 4 to 12 h. Principal component analysis (PCA) of
normalized metabolite profiles illustrates strong effects of spore storage and early
germination on the metabolome of the conidia, compared to the spores right after
sporulation. The two leading PCA axes for the metabolite profiles cumulatively

explain 49 % of the total metabolic variance.

It becomes visible how the samples group according to their history: Unstored spores
form an obvious cluster in the second quadrant of the PCA plot. Each sample is
represented by one square, i.e. each of the 27 blue marks represents one of the 27
spore sets generated. Biological and technical replicates cluster more closely than
samples from different sporulation media. However, for better perceptibility, labels are
not displayed on the plot. Conidia that have been kept in suspension at 4 °C for 7 d
create an even more distinct group in the third quadrant shown in red (n = 25). Spores
that have been left for germination are again well separated from the remainder

clustering around the x-axis in the first and fourth quadrant shown in green (n = 18).
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Fig. 3.11. Principal component analysis scatter plot of the scores for principal
component 1 (PCI, x-axis) and PC 2 (y-axis) conducted on the metabolome of
70 sets of spores each consisting of 65 metabolites. Blue squares stand for
untreated spores of oat bran ager, malt extract agar and wheat bran agar. Red
squares represent spores from the same substrates stored for 7 d at 4 °C and
green squares represent spores during early germination. These first two
principal components explain 49 % of the variation of the original data.
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However, clearly two groups can be identified. Closer analysis revealed that the six
samples separated from the rest (for 20 <x < 30) are those that germinated for 12 h
(compared to 4 and 6) or in the presence of the reactant steroid 19-NorAD, again
illustrating the closer correlation between spores with comparable treatments, evident

in metabolic fingerprints.

The metabolic similarity between spores with similar histories becomes even more
obvious when conducting ANalysis Of VAriance tests (ANOVA) and including the
statistically changed metabolites into the resulting graphical display as can be seen in
figure 3.12. Analysis of significant differences among the three groups of samples
resulting from cluster analysis was performed with FISHER-distribution testing with an
overall threshold p-value of 0.01 and BONFERRONI adjustment. The subsequent
clustering was based on EUCLIDEAN distance and average linkage. 50 metabolites
showed significant differences between all three spore groups, i.e. fresh, stored and
germinated. The degree of relationship between samples is shown as EUCLIDEAN
distance at the upper side of the graph while the relationship between metabolites is
indicated at the left side.

Sample group 1 (blue) clusters freshly harvested spores from MEA, OBA and WBA.
Of the 27 samples, 23 gather according to their sporulation substrate while only 4
(WBA-f-a2, OBA-f-a2, WBA-f-a3 and WBA-f-b3) group with conidia from other
media though still within the class of freshly harvested spores. In most cases,
EUCLIDEAN distance is also lower for technical replicates (digits 1, 2, 3) than for
biological replicates (lower case letters a, b, ¢) emphasizing the results’ significance.
Sample group 2 (red) clusters stored spores. Here, all 25 samples cluster according to
their initial sporulation substrate. This is noteworthy as it demonstrates that differences
between the spores’ metabolomes are not leveled off during storage but maintained
and possibly even fortified. Sample group 3 (green) contains spores during early
germination. Here, however, only biological replicates exist due to technical
limitations. Still, it becomes evident that samples cluster according to their treatment
and germinated spores differ tremendously from fresh and stored conidia while
germinated spores from identical substrates still cluster together. This is outstanding as
differences introduced during sporulation are hence conserved (and in part manifested)
through germination of spores. Also, as expected the sporulation duration (4, 6 or
12 h) and the addition of reactant 19-NorAD (indicated with ‘r’) introduces significant
effects. It is also notable that stored spores, although metabolically active, cluster over

all closer to fresh spores than to spores during early germination.
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Fig. 3.12. Significant changes in metabolites of spores in response to sporulation substrate,
storage and early germination (normalized data). Analysis of variance (ANOVA) was
performed on F-distribution testing with Bonferroni adjustment separately for each
metabolite and resulted in 49 significantly (p < 0.01) changed metabolites displayed herein.
The relative changes of the metabolite level are given in a color-coded display where green
indicates a down-regulation and red indicates an upregulation. Group 1 (blue, n = 27)
summarizes freshly harvested spores; group 2 (red, n = 25) are spores stored for 7 d at

4 °C, group 3 (green, n = 18) contains spores during early germination. Sporulation
substrates were oat bran ager (OBA), malt extract agar (MEA) and wheat bran agar (WBA).
Biological replicates are indicated with lower case letters a, b and c; technical replicates
are identified with digits I through 3. Freshly harvested spores (f), stored (s) and
germinated (g). Germination duration 4, 6 and 12 h, (4), (6), (12), respectively. Addition of
reactant (r). 1: Erythritol; 2: Nicotinic acid; 3: Unknown RI 1341; 4: Gluconic acid-1,5
lactone; 5: Xylitol; 6: Ribitol; 7: Sorbitol; 8: Phenylalanine; 9: Citric acid; 10: Butyro-1,4-
lactam; 11: Aspartic acid; 12: Urea,; 13: Shikimic acid; 14: Spermidine; 15: Glycolic acid;
16: Threitol; 17: Unknown RI 1401; 18: Trehalose,; 19: Sucrose; 20: Hexadecanoic acid;
21: Pyruvic acid; 22: Fructose, 23: Phosphoric acid; 24: Lactic acid; 25: Butanoic acid;
26: myo-Inositol; 27: 4-Aminobutyric acid; 28: Unknown #sst-cgl-008; 29: Glutamic acid;
30: Pyroglutamic acid; 31: Glycine; 32: Putrescine; 33: Valine; 34: Alanine; 35: Serine;
36: Threonine, 37: alpha-Ketoglutarate; 38: 2-Hydroxyglutaric acid; 39: Malic acid; 40:
Glycerol-3-phosphate; 41: Succinic acid; 42: Succinic semialdehyde; 43: Uridine; 44:
Glucose; 45: Lactose, 46: Isomaltose; 47: Erythrose; 48: Kojic acid; 49.: Maltotriose.
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The described clustering palpably illustrates the differences between spores with a
different background (fresh, stored, germinated) rendering metabolome analysis a
meaningful tool for the assessment of spores and possibly connecting
phenomenological changes to physiological evidence present in the spores themselves.
Changes of individual, meaningful metabolites in response to sporulation medium,
storage and early germination will be presented and discussed in the subchapters 4.1.3,
4.4.2 and 4.5.1, respectively. Conducting PCA and ANOVA with the data set obtained
from the untargeted metabolome analysis generates similar results as the here

presented illustration (hence not shown).

3.5 Determination of ATP concentration with an enzyme assay

ATP is one of the most important energy carriers and coenzymes in cells. As it could
not be detected by means of metabolic profiling but is of greatest interest, a protocol

was established for the assessment of ATP in fungal spores.

The extraction of ATP from conidia was optimized based on a protocol previously
published (Rakotonirainy et al., 2003). Best ATP extraction results were obtained by
the addition of 500 uL spore suspension (2 - 107 spores/mL) to the same volume of
preheated DMSO-1XTAE extraction buffer (9:1 v/v), 60 s incubation at 100 °C and
subsequent, immediate cooling of the sample on ice. ATP extraction by means of
polar, organic solvents at high temperatures with short exposure times had been
reported previously to not be deteriorative (Przybylski and Bullerman, 1980). Due to
the small volume subjected to the subsequent enzymatic assay, replacement of the

solvent DMSO was found to be unnecessary.

In figure 3.13 the determined ATP concentration is compared to results reported in the
literature (Rakotonirainy et al., 2003). It can be seen that the ATP concentration in
freshly harvested A. ochraceus conidia is with 1 699 + 34 pg ATP/10° spores within
the same range as previously reported findings for A. niger (1 560 pg/10° spores).
However, A. flavus was reported to contain significantly decreased ATP
concentrations with only 190 pg/10° spores. Furthermore, it can be seen that heat
inactivation (100 °C, 30 min) of spores readily destroys ATP in conidia with reported
concentrations of 3 and 7 pg ATP/10° spores for inactivated A. niger and A. flavus
spores, respectively. Detected ATP content for heat inactivated 4. ochraceus spores is
with 84 + 33 pg ATP/10° spores slightly higher. It becomes obvious that the ATP
content is a meaningful indicator for the spore quality and significant responses to

environmental conditions can be detected. However, it can also be seen that the ATP
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content is highly strain specific. Even though concentrations are within the same order
of magnitude for the presented Aspergillus species, differences are significant and
comparisons between varying conditions can hence only be conducted for individual

strains.
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Fig. 3.13. ATP concentration in conidia from common Aspergillus species.

Black: freshly harvested, grey: heat inactivated (30 min, 100 °C), *reported in

Rakotonirainy et al., 2003.
It has previously been reported that ATP concentration can serve as an indicator for
spore viability (Liewen and Marth, 1985). Newer studies suggest that exogenous stress
causes ATP levels to decrease in cells. Particularly nitrogen monoxide (NO) and
reactive oxygen species (ROS) are frequently involved in the defense mechanisms of
infected plants against pathogenic fungi. They suppress germination and hyphae
growth upon intrusion of the spore into the plant cell. Both, NO and ROS, inhibit
cytochrome ¢ oxidase and hence hamper the generation of ATP. The ATP reservoir of
the spore is rapidly depleted and with the replenishing pathway being impaired, the
fungus is incapable to profoundly infect the host organism (Giulivi et al., 2006; Lai et
al., 2011). It can therefore be concluded that the size of the intrinsic ATP pool is
relevant for both, the ability to withstand external stresses and the germination rate
until the growing cell is capable to regenerate ATP. The detailed effect of conidiation
substrate and storage on the ATP concentration in conidia of 4. ochraceus will be

presented in subchapters 4.1.4 and 4.4.3, respectively.
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3.6 Determination of NAD(P)H composition in spores with

two-photon fluorescence microscopy

After analysis of the ATP content in the previous chapter, a second cofactor of utmost
importance is assessed in the following: The NAD(P)H composition of A. ochraceus
spores was analyzed by means of two-photon fluorescence microscopy. Best results
were obtained with an excitation wavelength of 780 nm which is equivalent to
excitation at 390 nm in conventional single photon fluorescence. Even though
absorption of NAD(P)H is very low at this point, it was found to generate less
emission of melanin and hence improved the resolution of the NAD(P)H signal of
interest. Laser excitation power was set to 120 £ 10 mW and 300 mW for germinated
spores. Fluorescence signals were detected at 460 nm =40 nm with a temporal
resolution of 32 ps per channel and an exposure time of 0.6 ms per pixel.
Immobilization of spores was best achieved in aqueous saline solution through
hydrophobic effects between the hydrophobic surface of the conidial wall and a
silanized microscope slide. This is crucial as measurements cannot be conducted with
dry samples and immobilization with polymers has proven impractical.

Four representative images are summarized in figure 3.14.

10pum

Fig. 3.14. Fluorescent lifetime images (FLIM) of A. ochraceus spores.

A: Freshly harvested after incubation on OBA at 24 °C for 8 d; B: Dead spores
after autoclaving; C: stored for 7 d at 4 °C; D: germinated for 12 h. Color code
represents average fluorescence lifetime per pixel in ns. Software for data
acquisition and analysis: SymPhoTime.
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Multiphoton fluorescence has been applied for the characterization of mammalian
cells, primarily for the diagnosis of various cancer types and other abnormalities in
readily accessible tissues (Paoli et al., 2007; Rubart, 2004; Schweitzer et al., 2010).
The characterization of fungal spores by means of two-photon fluorescence
microscopy has never been done before. With the technique presented in this work, it
1s now possible to investigate differences between fungal spores even of the same
species. Although the application of multiphoton fluorescence was recently reported
for the imaging of fungal structures, the technology was there merely deployed for the
achievement of better image contrast (Lin et al., 2009). However, time correlated
single photon counting (TCSPC) allows the nondestructive visualization of spore
ingredients and reveals alterations between different spore populations. Moreover, the
relative abundance of bound and free NAD(P)H is determined via fluorescence
lifetime imaging where a decreasing average lifetime stands for decreasing amounts of

protein bound NAD(P)H and hence impaired metabolic activity.

It can clearly be seen in figure 3.14-A that freshly harvested spores show an
intermediate average lifetime between 2.5 and 7.5 ns, green and yellow, respectively,
in the centre of the conidium indicating some metabolic activity. In contrast, the spore
wall appears blue and hence with shorter lifetimes of approx. 1 ns. This signal can be
attributed to melanin which is characterized by a multitude of lifetimes due to its
hetero-random-polymeric character but is generally detected at approx. 0.1 ns
(Bochenek and Gudowska-Nowak, 2003; Capozzi et al., 2006; Nighswander-Rempel
et al., 2005). The fact that spores which have been killed through sterilization (100 °C,
30 min) appear entirely blue (figure 3.14-B) vividly shows how changes can be
visualized by this technology. Most cellular structures have been destroyed and
fluorescence lifetimes hence globally decrease to a minimum. Spores that have been
stored at 4 °C for 7 d in suspension, however, appear even more active than freshly
harvested conidia. Here, in the center of several spores average lifetimes of up to 10 ns
are determined (shown in red) indicating the majority of the fluorophores to be bound
to proteins. The blue appearing conidial wall is also distinctly visible. Finally, the
germinating spore (figure 3.14-C) also shows significant differences to the previously
mentioned. While the original conidium is still visible, two germ tubes can clearly be
seen growing out of it (figure 3.14-D). The spore still shows melanin embedded into
the wall in those areas where no germ tube has emerged while the plasma of the spore
appears mostly green indicating intermediate average fluorescence lifetimes and hence
some metabolic activity. The two germ tubes, however, show alternating areas of red

(high fluorescence lifetimes of up to 10 ns and hence intense metabolic activity) as
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well as green and yellow areas with intermediate biochemical activity. It can further be
observed that the wall of the germ tube, particularly ca. 5 um around the tip, shows a
slight abundance of very short fluorescence suggesting melanin to be present in the

growing hyphae wall as well.

It has to be emphasized though that results shown in figure 3.14 represent average
lifetimes integrated over 13 ns per pixel. For detailed interpretation, the TCSPC raw

data, exemplarily depicted in figure 3.15, have to be mathematically modeled.
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Fig. 3.15. Fluorescence decay of A. ochraceus spores, freshly harvested from

oat bran agar. Excitation at 780 nm, detection at 460 = 40 nm, temporal

resolution 32 ps, exposure 0.6 ms/pixel.
Fitting of the two-dimensionally (x; y) integrated fluorescence decay curves over the
time t has proven most appropriate with a tri-exponential function as explained in
equation 2.1 in subchapter 2.5.5. Because the fluorescence signal can be expected to
be generated by three fluorophores (melanin, free NAD(P)H and protein bound
NAD(P)H), tri-exponential fitting is also mechanistically reasonable. The prefactor (a;,
a, and a3) and the exponent of the three terms of the target function (2) can then be
interpreted as the relative abundance and the decay time, respectively, each

corresponding to one of the fluorophores.

These results then allow an interpretation of the relative concentration of melanin, free
NAD(P)H and protein bound NAD(P)H. Detailed quantitative data will be presented
and compared for conidia populations from different conidiation media, freshly
harvested and stored spores as well as those that have been left for germination and

combinations thereof in subchapters 4.1.5, 4.4.4 and 4.5.2, respectively.
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Summarized, it can be stated that the assessment of fungal spores by means of two-
photon fluorescence reveals tremendous differences between spores that have been
subjected to different treatments but showed no observable difference in conventional
optical microscopy with the exception of germinating spores. It was hence not only
possible to establish FLIM for the visualization of fungal spores but the methodology
was also proven meaningful as it discloses significant metabolic differences between

conidial populations.

3.7 Determination of spore visible longwave fluorescence with

flow cytometry

The results presented in the previous subchapter vividly illustrate the relevance of
autofluorescence measurements in fungal spores. However, the routine assessment of
the quality of seed culture conidia for industrial applications by means of two-photon
fluorescence microscopy appears impractical. Also, the determination of further spore
ingredients by means of fluorescence would be interesting. It was therefore assessed
whether a high throughput fluorescence determination would provide valuable insight
into the constitution of fungal conidia. Spores of 4. ochraceus were therefore analyzed
by means of flow cytometry. Analysis was conducted with a BeckmanCoulter Quanta
SC MPL flow cytometer, measurements were triggered by size rather than
fluorescence and the following instrument settings gave best results: flow rate =
13.57 uL/min, LLD=76 eV, ULD=1000¢V, eV-gain=6, FL-gain=4, PMT-
voltage = 10.3 mV, excitation A =366 nm, detection A =525+ 15 (FL-1), 575+ 15
(FL-2) and > 670 nm (FL-3). Further, as described in chapter 3.3, spore size was
determined in parallel which allows the determination of the specific autofluorescence
SAF. As for the measurements in the flow cytometer, in contrast to the above
described two-photon microscopy, the entire fluorescence signal for every particle is
integrated, it is important to account for size differences between individual spores.
The specific autofluorescence is hence the ratio of the fluorescence signal in relative
units and the projected area of the spore. This is in line with a previously suggested
procedure for the analysis of the fluorescence of growing hyphae (Agger et al., 1998;
Mclntyre et al., 2001). Further, this is most reasonable as the acquisition of the
fluorescence signal in the given setup occurs two-dimensionally where the projected
area of the particle is exposed to the excitation radiation and fluorescence radiation is
detected in the same scheme. Ultimately, it is important to determine the specific
autofluorescence per conidia before statistical analysis. Calculating the ratio of

average fluorescence and average projected area will not yield meaningful results.
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Figure 3.16 shows the typical histogram detected during the analysis of a spore
population. The x-coordinate of the maximum of the distribution density subsequently
served as the characteristic SAF for the particular population. The shape of the
distribution did not show significant changes between populations. Further, focusing
on the maximum of the distribution curve eliminates perturbations through debris and

other unspecific particles in the suspension.
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Fig. 3.16. Population distribution density of specific autofluorescence (SAF) of

A. ochraceus conidia analyzed by flow cytometry. Excitation: 366 nm,

detection: > 670 nm.
When analyzing fungal conidia, the most relevant information was found in the
specific autofluorescence signal of wavelengths > 670 nm. Detection at 525 + 15 and
575+ 15nm was carried out as well. However, no significant response to
environmental changes was detected in those bandwidths. It has to be assumed that the
quantum yield of NAD(P)H is too low to be detected through flow cytometry. Two-
photon fluorescence microscopy can hence not be replaced by this high throughput
technology for industrial applications. Moreover, flow cytometric analyses may serve
as an additional measure for the assessment of fungal conidia. The analysis of heat
inactivated spores (data not shown) showed an almost complete loss of intrinsic
autofluorescence in all wavelengths. The initial hypothesis that conidial
autofluorescence is positively correlated to viability, as suggested previously (Kanaani
et al., 2008), could hence be confirmed.

The fact that fluorescence signals were best detected in the visible longwave range at
wavelengths > 670 nm, even though excitation was conducted at 366 nm, indicates
that drastic energy loss occurs, a result of melanin and secondary fluorescence
phenomena: Melanin protects the spore from UV light. This is achieved through its

complex heteropolymer structure causing the majority of the absorbed energy to be
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dissipated by non-radiative means. The shift between the absorbed and the emitted
wavelength is hence more substantial than in the majority of other fluorophores
(Meredith and Riesz, 2004; Nighswander-Rempel et al., 2005).

The second reason can be found in the natural occurrence of FORSTER resonance
energy transfer (FRET) within spores. The common denotation as fluorescence
resonance energy transfer is incorrect as the energy transfer between the two involved
fluorophores is of non-radiative nature. Summarized, FRET occurs in three steps:
excitation of the first chromophore (donor), transfer of lower emission energy to the
second chromophore (acceptor) which is thus excited; final emission of again lower
radiation through the second chromophore. As the wavelength is shifted three times,
instead of once in conventional fluorescence, the energy of the emitted light is
considerably lower (Lakowicz, 2006). The phenomenon is schematically illustrated in
figure 3.17.
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Fig. 3.17. Principle of FORSTER resonance energy transfer. The excited donor

chromophore passes its emission energy non-radiative to the acceptor which

subsequently emits visible longwave fluorescence.
Numerous common cellular compounds, primarily form secondary metabolism, have
been reported to show intrinsic FRET behavior as well as absorption and emission in
the bandwidth of interest, most of all but not exclusively various porphyrins and
flavins as well as the respective associated proteins (Billinton and Knight, 2001;
Dichtel et al., 2004; Gouterman, 1961; Laible et al., 1998). Even though intrinsic
FRET has not been reported for fungi to this point, more than 60 fungal species are
known to show bioluminescence which is tightly connected to the presence of FRET-
capable molecules and may readily be achieved through minor changes of larger
structures, for example ligand substitutions (Desjardin et al., 2008; Secrist et al.,

1972). The existence of FRET and similar phenomena in fungal spores is hence very
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likely. Determination of the specific visible longwave autofluorescence of conidia is

therefore a valuable method for the determination of secondary metabolites.

These two effects cause the energy shift to be so drastic and are the reason why the
most relevant changes in the autofluorescence behavior in fungal conidia determined
by means of high throughput flow cytometry are detected in the visible longwave
range, i.e. at wavelengths > 670 nm. It can be summarized that the specific visible
longwave autofluorescence of spores is a function of the environome and measurable
by means of flow cytometry. Relevant information regarding the composition of
secondary metabolites can be obtained. The advantages of flow cytometry are the
speed of measurement, the high statistical significance and the theoretical possibility to
further utilize selected spores after their measurement. However, information about
spatial distribution, concentrations ratios, fluorescence lifetimes and hence underlying
fluorophores is not available. The influence of the sporulation substrate, sporulation
duration as well as the storage will be discussed in subchapters 4.1.6, 4.3.3 and 4.4.5,
respectively, with the most relevant effect determined for the incubation duration. It
has to be emphasized though that a precise allocation of the fluorescence signal to
individual chromophores, as conducted for NAD(P)H in two-photon fluorescence
microscopy, requires knowledge of putative conidial secondary metabolites in spores.
This, though tedious, may be achieved through the concerted application of HPLC-
MS, multi-wavelength excitation and multi-wavelength emission microscopy. This
would allow the molecular elucidation and the understanding of the underlying

biophysical chemistry of the suggested phenomena.

3.8 Determination of spore viability on solid and liquid media

Spore viability is one of the most important characteristics. Previous spore quality
analyses, if conducted at all, focused on the viability as the main criterion. Generally,
the number of germinated spores is assessed after a predetermined interval post
inoculation. This has been reported for liquid culture, where the incubation is typically
in the range of few hours, as well as solid culture, where colony forming units (CFUs)
are counted several days after inoculation of the agar plate (Araujo and Rodrigues,
2004; Vesper et al., 2008). Viability assessments in liquid culture have the advantage
of investigating the property under more relevant conditions as conidia are typically
industrially applied in submerged -cultivations. Viability assessments on solid
substrates, however, have the advantage of being easier to operate and less susceptible
to external biases. Therefore, in order to establish a reliable but meaningful spore

viability assessment, conidial viability was tested in solid and liquid culture.
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Figure 3.18 shows the germination rate in liquid culture (A) and on solid medium (B).
It can be seen that conidia in liquid culture are in the middle of the exponential phase
10 h after inoculation reaching 51 + 10 % germinated spores. Germination on agar was
assessed by naked eye observations and is hence based on countable CFUs. First
colonies are detected 42 h after inoculation. The increase of enumerated CFU is almost
linear in contrast to the exponential behavior in liquid culture. However, after approx.
72 h of incubation, 55+ 11 % of the conidia have formed colonies. It is hence
postulated that determination of CFU after 72 h is equivalent to the more laborious

identification of germinated spores in liquid culture.
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Fig. 3.18. Germination rate in liquid culture (4) and colony forming units on

solid medium (CFU,; B) as an indicator for viability of fungal conidia. Spores

with germ tubes of the same length or larger as the spore diameter were

counted as germinated.
This hypothesis was further affirmed by parallel assessments of populations with
adjusted viable spore concentrations (addition of heat inactivated conidia to untreated
spores in known quantities). Figure 3.19 shows the strong correlation of both methods
rendering the analysis of spore viability by means of CFU, a reliable and meaningful
indicator. Further, viability characterization in this study is hence exclusively
conducted by this method. Due to its strong correlation with liquid culture assessments
on the one hand and its relatively uncomplicated handling procedure on the other, it is
also recommended for industrial applications. It has to be emphasized though that the
determined viability is not the absolute viability but the percentage of spores that
germinated within a given time interval. This is more meaningful as otherwise spore
populations generated on virtually any substrate would exhibit viabilities of almost

100 % as has been reported for spores from Penicillium nalgiovense (Ludemann et al.,
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2010). The here suggested viability index moreover is a combination of mere viability
and germination rate which is more meaningful because the relevant criterion for
industrial applications is the space time yield not the hypothetical sporulation potential
of the population.
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Fig. 3.19. Correlation of germination rate in liquid culture and colony forming
units (CFU) on solid substrates for A. ochraceus conidia.

3.9 Determination of culture performance in submerged

cultivation

Harvested spores were not only analyzed directly, their performance in subsequent
submerged culture was assayed as well. Therefore, shake flask cultures were
conducted as described in section 2 and analyzed at 48 and 72 h in triplicate. pH,
biomass growth, morphology and product formation were identified as possible
indicators for the characterization of the cultivation and hence the performance of the
inoculum. Even though this analysis is beyond the characterization of the actual spore
properties, it gives meaningful insights into the industrially most relevant

characteristic, the productivity of the generated spore population.

3.9.1 pH of the cultivation broth

The pH of the cultivation broth was assayed before and after homogenization of the
same. An alkalization of the culture broth during the cultivation of 4. ochraceus was
witnessed. This can be expected to be a result of feed-protein degradation, amino acid
deamination and subsequent release of ammonia. It is hence an indicator for metabolic

activity, particularly as the medium is rich in proteins (Nanou et al., 2007).
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Figure 3.20 shows the course of the pH during the conducted cultivations. It can
clearly be seen how the pH rose from initial 5.6 throughout the cultivation to an
average of 8.5 before and 8.7 after homogenization. The fact that the pH rose not only
over cultivation time but also as a result of homogenization, i.e. disruption of mycelia,
indicates that ammonia and possibly further alkaline metabolites accumulate
intracellularly and are only slowly released into the supernatant. For further analysis
throughout this study, pH will hence be determined after homogenization to include

intracellular activities in the assay.
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Fig. 3.20. Shake flask cultivations, 30 mL, 24 °C, 130 min™'. Alkalization of the
culture broth over cultivation time. Determination before and after
homogenization (dashed and solid line, respectively). Averaged for all
cultivations conducted, irrespective of sporulation environome.

3.9.2 Biomass formation and morphology

Dry biomass was determined after Ultra-Turrax treatment for 2 min at 13 500 min™
and subsequent filtration of 10 mL cultivation broth through a filter. The loaded filter

was dried at 105 °C for 3 d before the mass of the dry bio matter was measured.

However, as the reactant 19-NorAD is highly insoluble in water and hence forms
crystals that are held back by the biomass filter, corrections had to be calculated.
Based on the measured remaining 19-NorAD concentration in the broth (shown
below), it was possible to distinguish between actual biomass and precipitated
reactant. It had been shown previously that the product of the biotransformation OH-
19-NorAD has a water solubility that is 40-times higher than that of the non-
hydroxylated steroid (2000; Ruelle et al., 1997). These findings could be verified with
a qualitative assay performed during this work inspecting the solubility of the given
19-NorAD and OH-19-NorAD. It is therefore reasonable to account for the reactant
but not for the product.
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Further, the medium additive corn steep liquor contains several insoluble compounds.
They are, however, degraded through exo-enzymes produced by A. ochraceus
throughout the cultivation and have therefore to be accounted for in the determination
of dry biomass. From the initial concentration of 0.4 g/L the decay is exponential and
best fitted with:

t

c=c,e ? (3.2)

The dry biomass was hence determined as follows:
_1)
DBM = DBM ,,—[r].—0.4 e 2 (3.3)
with DBM being the corrected dry biomass, DBMgy the dry biomass according to the
standard procedure at a given time point t(i) in hours and [r]; the remaining
concentration of the untransformed reactant at the same time. Throughout this study,

‘dry biomass’ will refer exclusively to the ‘corrected dry biomass’ as shown in eq. 3.3.

Further, wet volume of biomass was determined by centrifuging 10 mL of culture
broth at 1000 g for 10 min. The volume of the precipitate was determined by
comparison with calibrated containers with known contents. In contrast to the dry
biomass, the wet volume of biomass also takes into account the morphology as denser
grown cultures may show increased dry biomass but decreased wet volume of biomass

at the same time.

As can be seen in figure 3.21, there is no clear correlation between dry biomass and
wet volume of biomass. The two indicators represent independent variables. It is hence
recommended to not only correct the dry biomass by the residual reactant in the
culture broth but to also measure wet volume of biomass for a more holistic

understanding of the cultivation.
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Fig. 3.21. Dry biomass and wet volume of biomass in shake flask cultivations.
30 mL corn steep liquor-soy peptone medium, 24 °C, 130 min”', pH 5.6. Each
data point represents the arithmetic mean of 6 biological and 3 technical
replicates.
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Besides wet and dry biomass, also the morphology was analyzed over the course of the
cultivations. Therefore, the morphology index (MI) was introduced consisting of 3
components: At first, the percentage of pellets in comparison to the total biomass was
assessed visually. Second, the sedimentation velocity was evaluated as suggested by
Lin et al. (2010) and converted into a biomass sink index (BSI) by categorizing the
required time for the clearance of the non-agitated broth (t> 3.5 min: BSI=0.5;
2.5<t<3.5min: BSI=0.6; 1.5<t<2.5min: BSI=0.7; 0.5 <t<1.5 min: BSI =0.8;
t < 0.5 min: BSI=1). At last, a correction term, accounting for very small pellets, was
introduced: If the average pellet diameter was below 1 mm and the overall behavior
was therefore more comparable to dispersed growth, the pellet-fraction-number was
multiplied by 0.8. This altogether is integrated into the morphology index MI which

hence represents a corrected pellet-biomass-ratio:

pellet biomass -0.8-BSI, d<1mm

total biomass
MI = (3.4)

pellet biomass BSI. d>1mm

total biomass

where d represents the average diameter of the cultivations’ pellets and BSI the
respective biomass sink index. An overview of possible morphologies and their
characteristics is given in table 3.1 and further illustrated in figure 3.22.

Tab. 3.1. Morphology indices, biomass sink index criteria and characteristics of

shake flask cultures.

Morphology

Index Primary feature Typical characteristics
0-0.2 Mycelium Viscous broth
Very few clumps or pellets
Clearing > 3.5 min: BSI=0.5
0.2-0.4 | Mycelium with Viscous broth
pellets Few clumps and small pellets
Clearing 2.5 to 3.5 min: BSI = 0.6
0.4-0.6 | Mycelium-pellet- Intermediate viscosity
conglomerate Various small clumps and pellets

Barely differentiated structures
Clearing 1.5 to 2.5 min: BSI=0.7

0.6 —0.8 | Small pellets Low viscosity
Clear broth with numerous small, fluffy pellets
Clearing 0.5 to 1.5 min: BSI =0.8

0.8-1 Large pellets Low viscosity
Clear with large and very large pellets
Clearing <30 s: BSI =1
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Fig. 3.22. Microscopic images of different cultivation broths after 72 h of
incubation exemplarily illustrating the variety of morphologies observed
throughout the cultivations: (A) mycelium; (B) mycelium with pellets, (C)
mycelium-pellet-conglomerate; (D) mostly small pellets; (E) large pellets. Scale
bar: 200 um.

Investigating the dry biomass (DBM), wet volume of biomass (WVB) and morphology
index (MI) over the course of the shake flask cultivations, it can be noticed that DBM
steadily increases. WVB, however, increases during the first 48 h of cultivation and
declines thereafter despite continued biomass formation. The reason for this
phenomenon is the increasing tendency to form pellets as the cultivation progresses.
I.e., the morphology shifts towards a more pellet-like growth over the course of the
cultivation due to the ongoing alkalization of the cultivation broth. The biomass is
hence denser which explains why the wet volume of biomass decreases even though
dry biomass increases. This interrelationship is illustrated in figure 3.23.
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Fig. 3.23. Development of dry biomass (A, solid lines), wet volume of biomass
(A, dashed lines) and morphology index (B) during shake flask cultivations with
A. ochraceus. 30 mL CSL-SP medium, 24 °C, 130 min'l, pH 5.6. Presented are
arithmetic means of 6 biological and 3 technical replicates.
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As described above, the pH increases throughout the cultivation. It has also been
shown previously that aggregation and pellet formation is increased at higher pH
ranges (Papagianni, 2004) possibly due to increased desorption of melanin (Eisenman
et al., 2007; Priegnitz, personal communication; Hagemann, personal communication).
This contributes to the increasing morphology index. It is remarkable though as

typically acidification and not alkalization of the medium occurs.

Figure 3.24 shows the correlation between the aggregation behavior and the resulting
morphology of the submerged cultivation. It can be seen that the morphology of the
culture is influenced by the aggregation tendency of the spores even though the
stability index is with 58 % not very high. As described in chapters 3.2, 4.1.2 and
4.4.1, the aggregation of spores is not only a function of the pH of the surrounding
solution but also of the media the spores were generated on and the storage of the
spores. This is a result of melanin, glucan and hydrophobin interactions which form
the spore wall and mediate spore aggregation. Among others, differing melanin
concentrations, washout and breakage of the hydrophobin layer may hence strongly
affect the aggregation behavior of a spore population. Here evidence is provided that
additionally to the important role of secondary aggregation investigated by Grimm et
al. (2004, 2005) the primary aggregation of the spores also strongly affects the
resulting morphology and hence productivity of the culture: The higher the spores’
tendency to form aggregates, the larger the fraction of pellets in the subsequent

submerged cultivation.
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Fig. 3.24. Morphology index of shake flask cultivations (30 mL corn steep
liqguor-soy peptone medium, 24 °C, 130 min™', initial pH 5.6, 72 h) over the
initial aggregation behavior in saline solution of the inoculum.
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3.9.3 Product formation and reactant consumption

Shake flask cultivations were conducted under the presence of the reactant 19-NorAD
at an initial concentration of 2 g/L. The formation of the hydroxylated steroid and the
concomitant consumption of the reactant were monitored through quantitative HPLC
analysis over the course of the cultivations. The continuous depletion of the reactant
and the subsequent increase of the product could be witnessed.

It is well known that 4. ochraceus has multiple closely related monooxygenases which
hydroxylate not only progesterone but many similar reactants as well as aryl
hydrocarbons. They all show tremendous differences with respect to the kinetics (K,
Vmax) and substrate specificity of the individual reactions (Dutta et al., 1983). While
progesterone for example is converted entirely, the conversion of 19-nortestosterone
stops at 14 %. Furthermore, these products can in most cases be substrates for further
monooxygenases producing a multitude of mono- and polyhydroxylated steroids as a
result of side- and consecutive reactions (Dulaney et al., 1955b; Holland and Weber,
2000). The three in the literature suggested options to overcome this problem (zinc
depletion, preparation of cell free extracts only containing the monooxygenase of
interest or using (immobilized) spores directly as catalysts (Dulaney et al., 1955b;
Dutta et al., 1993; Dutta and Samanta, 1999; Shibahara et al., 1970)) were not
realizable within this study as the original production conditions were to be resembled
as closely as possible. The reactant product balance is not even, if only 19-NorAD and
OH-19-NorAD are regarded. Formation of structurally similar side products was
confirmed by HPLC analyses and has to be account. Figure 3.25 exemplarily shows
the HPLC chromatogram of a shake flask culture broth after 72 h of incubation.
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Fig. 3.25. HPLC chromatogram of the culture broth after 72 h incubation at

24 °C, 130 min™'. Reactant (1), product (2) and side product (3) can clearly be
seen.
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The main side product could not be identified but it can be speculated to be 6-beta-11-
alpha-OH-19-NorAD, a common product of secondary hydroxylation (Dulaney et al.,
1955a). However, as the focus of the project is not the characterization of the
specificity of the biotransformation but the overall capability of the seed culture, the
reactant consumption rather than the product formation will be employed throughout
this study to illustrate the activity of the culture mainly. However, the average product

yield over all cultivations is 13.2 % with initial 19-NorAD concentrations of 2 g/L.

The specific effect of the sporulation environome will be presented in subchapters
4.1.8 and 4.4.7. More general, the relationship between biotransformation activity and
morphology shall be investigated here. Figure 3.26 illustrates the positive correlation
of the morphology index and reactant consumption. It can be seen that lower
morphology indices representing primarily mycelial growth correlate with lower
reactant consumptions while higher morphology indices foster higher activities. This is
not strictly linear as several exceptions can be seen in the plot as well. Further, it shall
be mentioned that the preferred morphology also depends on the product of interest
(Braun and Vecht-Lifshitz, 1991). The overall trend, however, becomes obvious and a
postulated nonlinear regression is characterized by a stability index of 0.79. Also, a
mere statistical analysis of the raw-data emphasizes this finding: The average reactant
consumption over all shake flask cultivations with a morphology index below 0.5 is
39 % while the average over all cultivations with MI > 0.5 is 47 % representing an

increase of approx. 22 % with a statistical significance of p <0.001.
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Fig. 3.26. Relative reactant consumption 1-[19-NorAD],/[19-NorAD]y as a
function of the culture morphology. 30 mL CSL-SP medium, 24 °C, 130 min”,
pH 5.6 [19-NorAD]y = 2 g/L. Each data point represents the arithmetic mean of
6 biological and 3 technical replicates. Mycelial growth represented by smaller
indices seems to inhibit high conversion. Pellet growth correlates with higher
yields.
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3.10 Conclusion of the spore characterization

In the previous chapters, nine comprehensive methods for the characterization of
spores were presented, validated and their significance was exemplified. It was shown
that the characterization of spores which until today was merely limited to their
quantification is possible. Those spore quality indicators can constitutively be applied

in two ways.

First, they may serve as meaningful instruments for quality management. A routine
assessment of seeding cultures can readily be implemented using all or a selection of
the presented methods supporting personnel involved in the industrial exploitation of
filamentous fungi. More homogenous production processes, better comparability
between lots and better workload capacity utilization are potential consequences as
improper spore sets can be rejected and replaced prior to their application to inoculate

large scale cultivations.

Furthermore, the established indicators can be applied in the optimization of
sporulation conditions and spore treatment. As they allow the determination of a spore
sets characteristics without the need to conduct a full submerged cultivation in order to
identify the quality of the conidia, optimization procedures can not only be accelerated
but also increased in informative value. Sporulation substrates, environmental
conditions or storage of conidia are no longer only judged according to their effect on
subsequent submerged cultivations but moreover based on changes directly
attributable to spore properties. This allows for the first time to assign specific
cultivations findings to either the fermentation itself or the seeding culture. For the
holistic characterization and understanding of submerged cultivations with filamentous

fungi, this differentiation is crucial.
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4 Influence of sporulation conditions on spores’

constitution and performance

In this section, each of the established spore quality indicators will be, where possible
and expedient, applied to characterize spore populations generated under different
conditions. The structure of this section is hence best illustrated by table 4.1.
Furthermore, and not presented in the scheme below, cross variations were conducted
as well, for example varying sporulation medium and spore storage simultaneously.
These cross variations are respectively shown in the subchapter where the second
parameter was introduced. Further, correlations of spore quality indicators will be
explained where meaningful. Additionally, selected changes that can be witnessed in

germinating spores are explained in chapter 4.5.

Tab. 4.1. Structure of this section. Spore quality indicators are permutated with
altered sporulation environome parameters. Resulting combinations are
presented in the respective subchapter.

e e Sporulation | Inoculum Sporulation | Storage

Spore quality indicator . . .
medium concentration | duration

Spore yield 4.1.1 4.2.1 4.3.1 -
Spore aggregation 4.1.2 - 4.3.2 4.4.1
Spore size - - - -
Spore metabolite profile 4.1.3 - - 4.4.2
Spore ATP content 4.14 - - 4.4.3
Spore NAD(P)H distribution | 4.1.5 - - 4.4.4
Spore autofluorescence 4.1.6 - 433 4.4.5
Spore viability 4.1.7 - 434 4.4.6
Submerged culture 4.1.8 - - 4.4.7
performance

4.1 Effect of sporulation media

4.1.1 Spore yield depending on sporulation media

As indicated in chapter 1.4, the composition of the sporulation medium has a
significant impact on the amount of spores produced. The optimal ingredients for
conidiation vary from strain to strain and equivocal findings in the literature make it
difficult to determine trends. While some suggest starvation to enhance spore
production, others find rich media to give best results. Also, various complex natural
substrates of unclear ingredients like millet and V8-juice have been shown to generate

substantial amounts of spores. Furthermore, C:N ratios between 5:1 and 80:1 have
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been reported ‘optimal’ for sporulation depending on the particular fungus of interest
(Bapat et al., 2003; Gao and Liu, 2009; Harman et al., 1991; Ying and Feng, 2006).

Therefore, a multitude of substrates was evaluated for their applicability to serve as
sporulation media for the production of A.ochraceus spores. In preliminary
assessments, natural substrates and media compositions suggested by reliable sources
were tested for their general potential to serve as substrates for the production of
conidia. Therefore, fruits, vegetables and the different media ingredients were used in
their native state or, in cases where the native state is a powder, prepared as agar plates
as indicated in the reference source. As the spore suspension for inoculation cannot be
spread with a spatula on chunky substrates, inoculation was achieved by spraying the
conidia on the medium. For better comparability this was identically conducted on all

media including the agar plates.

The substrates used in this first step and the results gained therefrom are presented in
table 4.2. Despite their good results, carrot, peach, tomato and wheat beer were not
evaluated any further as they could not readily be processed and integrated into agar
plates. Also, their eventual use in industrial applications seemed unlikely. Peas,
although readily incorporated into agar plates, were also not continued as they showed
poor results after processing. Analysis of sporulation on corn steep liquor, despite
inferior yields in the first assessments, was continued due to outstanding results
previously reported (Chen et al., 2005) and possible facilitation in an industrial context
where corn steep liquor is used in submerged cultivation already and would therefore

reduce the number of stock media needed.

Subsequently, positively selected media were processed in order to resemble
comparable conditions such as even agar surfaces and identical pH which was not
adjusted in solids during preliminary tests. Only this standardization allows the correct
comparison of different substrates as the medium height as well as the surface to
volume ratio had been shown to influence conidiation (Georgiou and Shuler, 1986). It
is also noteworthy that, as explained in Materials and Methods and chapter 4.4, spores
were precultured between cryostorage and the assessment of media effects to eliminate
possible bias through cryodamage. The media of those precultures were of the same
composition as for the main analysis, i.e. MEA for MEA, BAA for BAA etc.
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Tab. 4.2. Tested sporulation media and their results. Czapeck yeast extract

agar (CYEA), malt extract yeast extract agar + 40 % (w/v) glucose (MYEGA),
potato dextrose agar (PDA), yeast extract sucrose agar (YESA), yeast extract
peptone glucose agar (YEPGA).

Substrate Preparation g:zvnvlzlhss Sporulation ::Silzl;ion
Banana Peeled, cut into pieces Ample Ample Yes
Carrot Peeled, cut into pieces Ample Ample No
Chocolate Direct use None None No
Corn steep liquor | To 10 g/L in agar plates Ample Very poor Yes
CYEA According to Atlas (1993) | Average | Average No
Lentil Soaked in MiliQ water Poor Poor No
MYEGA According to Atlas (1993) | Good Ample Yes
Oatmeal Soaked in MiliQ water Ample Ample Yes
PDA According to Atlas (1993) | Average | None No
Pea (canned) Direct use, slightly drained | Ample Ample No
Pea flour To 30 g/L in agar plates Average | Poor No
Peach (fresh) Cut into pieces Ample Ample No
Soy granulate Soaked in MiliQ water Poor Very poor No
Tomato Cut into pieces Ample | Good No
Wheat beer Solidified with agar Ample Ample No
Wheat bran Soaked Average | Ample Yes
Wheat grain Soaked None Very poor No
YESA According to Atlas (1993) | Average | Poor No
YEPGA According to Atlas (1993) | Poor None No

Figure 4.1 illustrates the large differences between the spore yields on different
complex media. Malt extract agar (MEA) as the standard medium takes a middle
position with a spore concentration in the harvest suspension of 21.0+2.0- 10’
spores/mL. The highest spore yield can be obtained on oat bran agar (OBA) giving
25.8+0.5- 10" spores/mL. Wheat bran agar (WBA), banana agar (BAA) and glucose
(MYEGA) with 16.8+0.2-10,
6.1+0.3-10" spores/mL and 11.4+0.5- 10" spores/mL, respectively, show results

enriched malt extract yeast extract agar
below the reference medium although within the same order of magnitude. Corn steep
liquor agar (CSLA), despite superior reported results for the conidiation of C. minitans
(Chen et al., 2005), totally fails for the production of A4. ochraceus spores. Also,
CYEA, PDA YESA and YEPGA yield very low spore concentrations of 6.1, 0.1, 4.7
and 0.6 - 10 spores/mL respectively (data not shown). All reported differences are

significant with p < 0.05.
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Fig. 4.1. Spore yield on different solid media after 8 d of incubation at 24 °C in
the dark. Substrate height in all cases 1.6 cm, oat bran agar (OBA), wheat bran
agar (WBA), banana agar (BAA), malt extract agar (MEA), corn steep liquor
agar (CSLA), malt extract yeast extract agar + 40 % (w/v) glucose (MYEGA).
Presented are arithmetic means of 6 biological and 3 technical replicates £ SEM.

Fig. 4.2. Growth and sporulation of A. ochraceus on selected solid media after
8 d of incubation at 24 °C in the dark. Oat bran agar (OBA), malt extract agar
(MEA), corn steep liquor agar (CSLA), banana agar (BAA), wheat bran agar
(WBA). Substrate height 1.6 cm.

These results correlate well with the naked eye observation of the sporulation plates
which are illustrated in figure 4.2. The entire surface of OBA and WBA plates was
covered with ochre to brownish spores. Also, MEA plates were coated entirely with
spores although not as darkly colored. BAA showed the same pigmentation but

81



Sporulation environome

repeatedly exhibited blank spots where no mycelium and no spores grew while fungal
growth on all other substrates was evenly spread over the entire plate without
exception. Hardly any conidiation occurred on CSLA. However, intensive growth of
white mycelium of up to 3 mm thickness could be noticed. This is significantly more
than witnessed on any other substrate and caused the substrate to wrinkle as moisture
was detracted from the agar plate. Wrinkling was not observed on control plates and to

a much lesser extent, if any, on the other media.

Despite the described ongoing discussion in the literature whether carbon limitation or
excess stimulates conidiation, spore yield of A. ochraceus is enhanced with increasing
carbon content in the solid medium as shown in table 4.3 and figure 4.3. This is in
line with findings of Ooijkaas et al. (1999) and Vega et al. (2003) but contrary to
Schisler et al. (1991). However, as the only known report about the sporulation of
A. ochraceus describes the process for submerged conditions, no further strain specific

comparison can be drawn (Broderick and Greenshields, 1981).

Tab. 4.3. Carbon concentration, nitrogen concentration and spore yield of
selected complex sporulation media.

Carbon. NitrogeI} . Spore yield
Substrate | concentration concentration C:N ratio 1 N /mL]|
[g/L] [g/L]

OBA 15.40 1.38 11:1 25.8
WBA 10.08 0.75 13:1 16.8
BAA 7.73 0.14 55:1 6.1
MEA 12.40 0.73 17:1 21.0
CSLA 7.38 1.07 7:1 0.4
MYEGA 182.75 1.2 152:1 11.4

Data for the calculation of carbon and nitrogen concentrations were obtained from the
website of the ‘Nutrient Data Laboratory’ of the ‘United States Department of
Agriculture’. It i1s clearly visible how increasing carbon concentrations foster the
production of spores. Banana and corn steep liquor with carbon contents below 8 g/L
show lowest spore yield. Wheat bran agar, malt extract agar and oat bran agar with 10,
12 and 15 g/LL carbon, respectively, produce increasing amounts of spores. However,
the yields obtained from the glucose enriched medium MYEGA with 183 g/L carbon
and a harvest concentration of 11+ 0.5 10" spores/mL illustrate that this is not a
strictly linear trend. At the same time this finding demonstrates that even very high
carbon concentrations do not inhibit conidiation in contrast to results found for
C. truncatum (Jackson and Schisler, 1992). Nonetheless, the viability of those spores

was clearly impaired as will be shown in chapter 4.1.7.
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Fig. 4.3. Spore yield over carbon concentration of the sporulation substrate.
MYEGA with 183 g/L glucose removed for better perceptibility. Abbr. as above.
Ooijkaas et al. (1998) reported substantially increased mycelial growth and decreasing
spore yields for high substrate concentrations though it is not entirely clear whether
this declaration relates to the carbon or the nitrogen content. The opposite seems to be
true for A. ochraceus where excess mycelium is formed on CSLA with the lowest
carbon concentration but not on MYEGA. Nevertheless, CSLA also has the lowest
C:Nratio and hence the highest relative nitrogen content. This may suggest lower
relative nitrogen levels to be beneficial for sporulation. This conclusion, however, is
confuted by OBA with the highest absolute and the second highest relative nitrogen
content of 1.38 g/LL and 11:1, respectively, still yielding the best spore concentrations

with 25.8 - 107 spores/mL.

It can hence be concluded that nitrogen limitation does not serve as an essential trigger
for sporulation in A. ochraceus. Spore yield increases with increasing carbon
concentration of the substrate and there is no catabolite inhibition for carbon

concentrations up to 183 g/L.

Furthermore, Georgiou and Shuler (1986) predicted the thickness of the substrate to be
influential on the sporulation process. The effect was therefore investigated for the
standard medium MEA and results are presented in figure 4.4. Height of the medium
was varied in five steps between 0.4 and 2.0 cm by pouring varying amounts of solid
medium into the flask. Media nomination represents amount needed in mL for height

adjustment.
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Fig. 4.4. Spore yield on MEA plates of varying height after 8 d of incubation at

24 °C. MEA-50: 0.4 cm, MEA-100: 0.8 cm, MEA-150: 1.2 cm, MEA-200:

1.6 cm, MEA-250: 2.0 cm. Presented are arithmetic means of 6 biological and 3

technical replicates + SEM.
It can be seen that the effect of substrate thickness is in the same range as that of
substrate composition. Highest yields of 25.3 + 1.8 - 107 spores/mL were obtained with
a substrate height of 1.2 cm (MEA-150). The thinnest (0.4 cm) and the thickest agar
plate (2 cm) generate lowest results with 10.3 and 10.6 - 107 spores/mL, respectively,
being a factor 2.5 below the maximal yield. Sporulation for the media in between, i.e.
MEA-100 with 0.8 cm and MEA-200 with 1.6 cm height, is with 19.8 and

21.0 - 10" spores/mL slightly less compared to the optimum.

These findings in combination with the results obtained from varied media suggest that
standard cultivations on Petri dishes, which typically have a thickness of less than
0.5 cm, provide insufficient nutrient supply. On the other hand, on thick substrates no
nutrient gradient will form which was emphasized to be of paramount importance for
sporulation to occur (Georgiou and Shuler, 1986). Here sporulation is hence also not
optimal. Best results are obtained with intermediate heights of around 1.2 cm, as
illustrated in figure 4.4. However, the influence of secondary effects such as water

content cannot be ruled out.

4.1.2 Spore aggregation depending on sporulation media

As described before, aggregation of conidia during the first hours of submerged
cultivation is a function of pH and power input (Fujita et al., 1994; Grimm et al.,
2005b; Krull et al., 2010). In this study, it is shown that yet the substrate on which the

spores are generated, the sporulation medium, influences the aggregation as well.
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Fig. 4.5. Aggregation behavior of spores generated on different solid media

during 8 d incubation at 24 °C in the dark immediately after harvesting. Oat

bran agar (OBA), wheat bran agar (WBA), banana agar (WBA), malt extract

agar (MEA), corn steep liquor agar (CSLA), Czapeck yeast extract agar

(CYEA), malt extract yeast extract agar + 40 % (w/v) glucose (MYEGA), potato

dextrose agar (PDA), yeast extract sucrose agar (YESA), yeast extract peptone

glucose agar (YEPGA). Shown are the fractions of conidia found as single

spores, aggregates of two, three, four, five and more. Results represent

arithmetic means from 3 biological and 3 technical replicates.
Figure 4.5 shows clearly the large differences in the aggregation behavior of spores
from different media. The one common attribute for conidia irrespective of sporulation
medium is the predominance of single spores with a percentage of consistently over
50 %. This, however, still covers the whole range from 52 % to 96 % single spores for
suspension gained from banana agar (BAA) and potato dextrose agar (PDA),
respectively. Spores from BAA and glucose enriched malt and yeast extract agar
(MYEGA) show a significantly increased tendency to form large aggregates with six
or more spores with 11 and 12 % of spores found in those clusters, respectively. For
conidia from BAA this is not only true for particularly large aggregates. Also groups
of 5 (6 %), 4 (5 %) and 3 (10 %) are significantly increased compared to the average.
The percentage of spores found individually is hence the lowest with only 52 %.
Furthermore, it was noticed, though not statistically significant, that for spores from

MEA aggregation also differs with substrate height.
85



Sporulation environome

Despite the large variance, no correlation can be identified allowing conclusions with
regard to the medium composition or harvestable spore yield. With the exception of
PDA where harvested spore yield was very low no connection between spore
concentration and spore aggregation can be drawn. Also, the pH of the suspension,
which is a major determining factor, can be ruled out as a relevant parameter as it was
identical throughout the samples with a value of 5.5+ 0.3 and can hence not be the
cause of the variance. Moreover, no reasonable correlation of any kind can be found
between the aggregation behavior and the carbon or the nitrogen content of the
medium. As the results were obtained in biological and technical replicates and
differences were proven significant with p <0.05, it can be excluded that the

phenomenon is the result of random statistical event.

It has therefore to be expected that other ingredients in the complex media may have
caused the observed changes in the constitution of the spores’ cell wall. These
alterations may be attributed to the abundance of melanin (Gerin et al., 1993), the
arrangement of surface proteins such as hydrophobins (Kershaw and Talbot, 1998), the
presence of lipids (Latgé et al., 1988), the structure of glucans (Fontaine et al., 2010)
or the activity of wall bound enzymes (Mouyna et al., 2000). The underlying
mechanisms cannot be determined at this point. It can be speculated though that the
expression of cell wall proteins and/or enzymes for the production thereof underlie a
complex regulatory network. This may possibly be triggered by starvation or excess of
nutrients, both causing alterations in the cAMP signal cascade and the MAP-Kinase
pathway, which among others regulate cell wall assembly as suggested previously
(Jeraj et al., 2005; Obaidi and Berry, 1980; Xu, 2000).

4.1.3 Spore metabolites depending on sporulation media

The metabolism of a given set of spores is strongly connected to its history and distinct
clustering of different populations can be witnessed due to significant differences in
the global composition of each spore set’s metabolome as explained in chapter 3.4 and
illustrated in figure 3.12. In contrast to the metabolic fingerprinting analysis conducted

there, here a target analysis is presented.

Figure 4.6 shows the relative concentrations of nine relevant, selected metabolites
detected in freshly harvested spores from oat bran agar (OBA), malt extract agar
(MEA) and wheat bran agar (WBA, for a complete profile see appendix, table 7.1).
Ribitol, sorbitol, inositol and trehalose could be quantified and occur in MEA spores at

concentrations of 55.4, 76.1, 0.1 and 7.4 ng/10° spores, respectively. This is in line
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with parallel conducted determinations employing HPLC analysis where
concentrations between 50 and 300 ng mannitol/10° spores were detected. Even
though no precise determination is possible for the other metabolites, they can be
expected to be present at comparable concentrations due to the similarity of the
molecular structure and the resulting behavior in GC-MS analysis. Inositol and myo-
inositol, which are isomers and show identical biological behavior in the analyzed

samples, are summarized to inositol in the following explanations for improved

perceptibility.
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Fig. 4.6. Relative abundance of nine dominant metabolites per 10° spores in

fresh conidia generated on oat bran agar (OBA, dark grey), malt extract agar

(MEA, black) and wheat bran agar (WBA, light grey). Presented are arithmetic

means of 3 biological and 3 technical replicates = SEM. Note the logarithmic

scale and the base point of 100 of the ordinate. *Sum of the isomers inositol

and myo-inositol.
It becomes obvious that fructose, sorbitol and inositol are present in spores at identical
levels irrespective of the sporulation medium. The difference between the population
with the highest and the lowest content of one of those metabolites is in all cases
below 10 %. In contrast, the erythritol concentrations in OBA and WBA spores differs
by factor 7 and that of threitol (a diastereomer of the first) even by factor 22. Also, the
concentration of glycerol varies by factor 8 depending on the substrate. While the
differences between spores from OBA and MEA alternate, the concentrations of these
important stress protectors and carbon stores is inferior in all cases in WBA. Similar
findings had been reported for 4. nidulans which shows significantly reduced glycerol
and erythritol concentrations under altered growth conditions. However, in that study,

mycelium was investigated, not fungal spores (Dijkema et al., 1985).
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Even though the effect of particular polyols on particular strains may differ, it had
been shown previously that generally high concentrations of polyols enhance the
spores’ resistance to stresses and increase the rate of germination. Particularly,
glycerol and erythritol have been proven to accelerate germination of
Metarhizium anisopliae, Paecilomyces farinosus and Beauveria bassiana (Al-
Hamdani and Cooke, 1987; Pascual et al., 2003). Unlike for several other polyols,
these findings have not been disputed in the literature and it can hence be expected that
they can be transferred to other fungi as well showing conserved, essential functions in
spores. The effect of trehalose, however, is intensively discussed and appears to be not
only dependent on the species but also on the presence of further sugars or polyols
(Hallsworth and Magan, 1995; Hallsworth and Magan, 1996; Harman et al., 1991;
Tereshina et al., 2004). It can therefore be expected that the effect of decreased
trehalose concentrations on the spores’ constitution is not as disadvantageous as that of
decreased threitol, erythritol and glycerol. It can therefore be expected that spores
generated on WBA medium are significantly more susceptible to stress damage and

may show inferior storage competence as will be discussed in chapter 4.4.

These findings emphasize the large dynamic range that metabolites of spores span and
how extensive the effect of different conidiation media can be. This also once again
illustrates the power of metabolite profiling to reveal differences between populations
that cannot be differentiated by classical phenotype analysis but show stunning

metabotypes.

Besides the metabolites detected and described above, it is also noteworthy what was
not detected. Malic acid is the only TCA cycle intermediate and from the 13 detectable
amino acids, none was present in freshly harvested spores. Pyruvic acid as the key
intersection of primary metabolism and alanine as the simplest and second most
abundant amino acid were both below detection limits in all unstored spores
irrespective of the solid medium deployed for their generation. This indicates that

spores are truly dormant immediately after harvest.

Despite its much discussed role as a protector against oxygen and other stresses, its
role as a compatible solute or its function as a carbon and energy reservoir, mannitol
could also not be detected reproducibly in the spores of any substrate. Sorbitol, an
isomer of the first, however, was found at equal concentrations irrespective of the

conidiation substrate.

The fact that significant differences between the metabolite profiles of conidia from

different conidiation substrates become visible is remarkable. This finding illustrates
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that focusing on spore yield alone during the optimization of sporulation conditions
will not necessarily give the best results. Spores from different media are distinct in
their carbon reservoirs and their concentrations of compatible solutes. This
immediately leads to the conclusion that different spore populations can be expected to
show different behaviors depending on the requirement. Spores that show ideal

performance under certain conditions may be inferior under other conditions.

4.1.4 Spore ATP content depending on sporulation media

It has previously been reported that the ATP content in cells can serve as an indicator
for viability (Lane et al., 1988). The effect of the conidiation conditions on the ATP
content of generated spores has never been investigated though. Hence, the influence
of the sporulation substrate on the ATP concentration in A. ochraceus spores was

investigated, results are presented in figure 4.7.
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Fig. 4.7. ATP concentration in freshly harvested spores from oat bran agar

(OBA), wheat bran agar (WBA), banana agar (BAA), malt extract agar (MEA)

and corn steep liquor agar (CSLA). Presented are arithmetic means of 6

biological and 9 technical replicates £ SEM.
As can clearly be seen, the composition of the substrate has a significant impact on the
ATP accumulation in the produced spores. The spores generated on the standard
substrate malt extract agar (MEA) show the highest ATP concentration with
1 699 + 34 pg ATP/10° spores. Spores produced on oat bran agar (OBA), banana agar
(BAA) and wheat bran agar (WBA) are within the same range with ATP
concentrations of 1 469 + 31, 1 175 + 55 and 968 + 45 pg ATP/10° spores even though
differences are significant (p <0.01). Conidia formed on corn steep liquor agar
(CSLA), however, show with only 235+ 17 pg ATP/10° spores very low ATP
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concentrations. It can therefore be expected that conidia generated on CSLA are less

resistant to external stresses.

Figure 4.8 shows the correlation of the carbon content of the sporulation substrate and
the ATP concentration in the generated spores. Even though not strong, a slight trend
can be identified where higher ATP concentrations are achieved with an increasing

carbon content of the conidiation substrate.
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Fig. 4.8. Spore ATP concentration over carbon content of the sporulation
substrate for freshly harvested spores after 8 d incubation at 24 °C on banana
agar (BAA), corn steep liquor agar (CSLA), malt extract agar (MEA), oat bran
agar (OBA) and wheat bran agar (WBA). Presented are arithmetic means of 6
biological and 9 technical replicates.
As the plot suggests a weak correlation between the carbon content and ATP
concentration, it was tested whether the total amount of available nutrients affect the
conidial ATP reservoir. Figure 4.9 hence illustrates the ATP concentration as a
function of the substrate height. It becomes visible that increasing substrate heights
correlate with increasing ATP contents in the generated spores. Conidia harvested
from MEA-50 with a thickness of 0.4 cm show with 134 + 3 pg ATP/10° spores the
lowest concentration of this relevant energy carrier. The reservoirs of the spores from
MEA-100 (0.8 cm), MEA-150 (1.2 cm) and MEA-200 (1.6 cm) increase constantly
with ATP concentrations of 536+ 23, 749+ 19 and 1 699 + 23 pg ATP/10’ spores.
The highest ATP concentration is achieved in spores from the 2 cm thick MEA-250
conidiation substrate. These conidia contain 2 741 £ 274 pg ATP/10° immediately

after harvesting.
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Fig. 4.9. ATP concentration in freshly harvested spores from malt extract agar
(MEA) of varying substrate height. Presented are arithmetic means of 6
biological and 9 technical replicates = SEM.
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The concentration in spores of even thicker substrates cannot be tested as the
sporulation yield rapidly decreased beyond this substrate height as shown in chapter

4.1.1. It may be speculated though that a sigmoid correlation would be seen.

Further, the dry weight of Ilyophilizated spores was determined to be
2.45 ug/10° spores. The concentration in freshly harvested spores from MEA-250 is
hence 0.0011 g ATP/g spores. ATP thus accounts for 0.1 % (w/w) in spores.

Compared to ribitol, sorbitol, inositol and trehalose which could be determined to
account for 2.3, 3.1, 0.01 and 0.3 % (w/w) in freshly harvested spores from MEA,
respectively, the ATP content appears to be in a reasonable range. This once again
emphasizes the applicability of the established extraction and determination methods.
In subchapter 4.4.3 it will be demonstrated how storage of spores affects the conidial

ATP concentration.

4.1.5 Spore NAD(P)H composition depending on sporulation media

As explained before, the fluorescence lifetime of protein bound NAD(P)H is
significantly increased compared to its free state. Measurement of fluorescence decay
behavior and subsequent non-linear fitting of the signals was established by the
Institute for Physical and Theoretical Chemistry (Technische Universitét
Braunschweig), Prof. K. H. Gericke. This allowed precise determination of both,

fluorescence lifetimes and relative abundance for two out of the three postulated
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ingredients. While absolute concentrations, however, have to be regarded error-prone,
relative amounts for free and protein bound NAD(P)H are determined readily with this
method.

Table 4.4 shows the fluorescence lifetimes of free and protein bound NAD(P)H as
well as the percentage of bound NAD(P)H for freshly harvested spores from MEA,
OBA and WBA.

Tab. 4.4. Fluorescence lifetimes of free and protein bound NAD(P)H in freshly
harvested spores from malt extract agar (MEA), oat bran agar (OBA) and
wheat bran agar (WBA). Presented are arithmetic means from 2 biological and
3 technical replicates + SEM.

Lifetime [ps] Fraction of protein
NAD(P)H free NAD(P)H bound bound NAD(P)H [%]
MEA | 814 + 55 3226+233 10+2
OBA | 719431 2 893 £ 158 11+1
WBA | 560 + 24 2351 +100 22+ 1

The fluorescence lifetime of melanin is not shown as calculations yielded lifetimes of
approx 50 - 100 ps. This is within the expected range (Nofsinger and Simon, 2001),
however, detections and hence calculations below 0.1 ns are below the temporal
resolution of the experimental setup and have therefore to be regarded as unreliable.
Therefore, quantification of melanin is also not possible. Free and protein bound
NAD(P)H, however, were identified through comparison with previously published
data where the fluorescence lifetime of the free coenzyme was reported to be between
450 and 800 ps and that of the bound cofactor 3.41 ns, slightly varying depending on
cell conditions (Lakowicz et al., 1992; Zhang et al., 2002).

Most interesting is the concentration of protein bound NAD(P)H. For spores generated
on MEA, it is 10 %, for those from OBA 11 % and for conidia from WBA 22 %
immediately after harvest. It can therefore be concluded that spores from WBA are
significantly more active than spores from the other two substrates (p < 0.01). This is
striking as differences between spore populations would have not been expected to
differ this dramatically. At the same time, these findings are well in line with the
results presented in the previous subchapters where several metabolites varied by the
order of one magnitude or more between freshly harvested spores from different
media. In any case, wheat bran agar spores appear extraordinary suggesting this
population to be significantly different from other populations. The elevated relative

concentration of protein bound NAD(P)H in WBA spores suggests an ongoing
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metabolic activity in these spores rather than being dormant as commonly attributed.
This in turn may explain the decreased amounts of the putative storage polyols
glycerol, threitol and erythritol shown for WBA spores in chapter 4.1.3. It may be
speculated that the more active conidia deplete their reservoirs faster than the more
dormant spores. This immediately influences endurance during storage as well as

cultivation performance of these spores as will be shown later.

It is furthermore possible to reveal variances between single spores of the same
population with the established method (see figure 3.14-C). Fluorescence lifetime and
proportions of bound NAD(P)H were found to vary by more than 20 % between
individual spores for every conidiation substrate. This indicates large heterogeneities
during the production of spores on solid medium, possibly a result of coexisting
younger and older spores as well as a micro-environome on the plates. For meaningful
results, TCSPC data were hence spatially integrated over an entire raster scanned
image containing a minimum of 5 conidia. Randomly selected images were then

regarded as technical replicates.

As a negative control, dead spores were also subjected to the same technology.
Conidia sterilized for 30 min at 100 °C were tested for viability and showed no growth
(data not shown). The fluorescence lifetimes fell from 814 to 448 ps for free and from
3226 to 1775 ps for bound NAD(P)H, a reduction by almost 50 % in both cases. As
decreased fluorescence lifetimes represent decreased protein stabilization of the
coenzyme, this reduction clearly stands for the breakdown of crucial cell structures

and the hence changed intra-conidial conditions.

It can be concluded that the conidiation substrates (MEA, OBA and WBA) strongly
influence the metabolic activity of the produced spores. The ratios of free and protein
bound NAD(P)H vary significantly between the substrates. Particularly, the conidia
generated on WBA show enhanced metabolic activity with ratios of protein bound
NAD(P)H increased by factor 2 compared to the other spores. Since fluorescence
lifetimes of the coenzyme also vary, it becomes obvious that the cofactor not only
exists as either bound or free but can be stabilized through the interaction with other
cellular compounds as well creating a near continuum of possible fluorescence
lifetimes between 1775 and 3226 ps for bound NAD(P)H. Further, population
heterogeneity as well as cell structure breakdown could be detected. Finally, based on
these findings, it may be speculated that spores generated on WBA show the fastest

response when left for germination under favorable conditions.
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4.1.6 Spore visible longwave fluorescence depending on sporulation media

Specific autofluorescence (SAF) in the visible longwave range was measured as
described in chapter 3.7 for freshly harvested spores from different sporulation media.
Figure 4.10 shows the results for conidia from oat bran agar (OBA), wheat bran agar
(WBA), banana agar (BAA), malt extract agar (MEA) and corn steep liquor agar
(CSLA).

20
54
=
3
§ 15 A
S
é’ &
S g 10 -
= =
=
(]
= 5
o
2
2
0
OBA WBA BAA MEA CSLA

Fig. 4.10. Specific autofluorescence of spores from oat bran agar (OBA), wheat

bran agar (WBA), banana agar (BAA), malt extract agar (MEA) and corn steep

liguor agar (CSLA) after incubation for 8 d at 24 °C in the dark. Presented are

arithmetic means of 9 biological and 3 technical replicates = SEM. Excitation

at 366 nm, emission detection > 670 nm.
The SAF of the tested spore populations ranges from 16.5 to 18.5 pm™ for MEA and
CSLA, respectively. The results for OBA, WBA and BAA are 17.6, 17.3 and 18.4,
respectively. Due to the large number of analyzed spores (10 000 per measurement),
the standard error is minute. The differences based on t-test analysis with p <0.01 are
hence significant. However, the mere statistical analysis does not seem appropriate for
the understanding of the phenomenon. As the multiple wavelength shifts in FRET and
the broad absorption of the heteropolymer melanin do not allow a more detailed
allocation of the detected fluorescence signals, any further interpretation would be
sheer speculation. It has hence to be concluded that based on the analysis of visible
longwave autofluorescence by means of flow cytometry, spore populations generated
on different sporulation substrates show similar signals. Based on the explanation
given in chapter 3.7, they can therefore be expected to contain comparable

compositions of secondary metabolites.
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4.1.7 Spore viability as a function of sporulation media

The influence of the sporulation substrate on the viability of the generated conidia was
investigated as described in chapter 3.8. It shall be mentioned again that the suggested
viability assessment includes a time component as the colony forming units (CFU)
were yet determined after 72 h of incubation. This procedure includes the industrially

relevant factor germination time into the viability.

Figure 4.11 shows the viability of the harvested spores as a function of the conidiation
medium. Highest results were obtained with potato dextrose agar (PDA), the common
substrate for production of A. niger spores. A. ochraceus spores harvested therefrom
after 8 d of incubation in the dark show a viability of 95 + 2 %. Conidia harvested
from yeast extract peptone glucose agar (YEPGA) are least viable with a viability of
only 39 +3 %. Also, malt extract yeast extract glucose agar (MYEGA), the second
substrate highly enriched in glucose, shows very low viabilities of only 48 + 3 %. The
recommended standard medium (malt extract agar, MEA) is in the intermediate range
with viabilities of 59 %. No reliable correlation between viability and carbon or

nitrogen content was found though.
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Fig. 4.11. Viability of freshly harvested spores after 8 d incubation at 24 °C in
the dark as a function of sporulation medium. Oat bran agar (OBA), wheat bran
agar (WBA), banana agar (BAA), malt extract agar (MEA), corn steep liquor
agar (CSLA), malt extract yeast extract glucose agar (MYEGA), Czapeck yeast
extract agar (CYEA), potato dextrose agar (PDA), yeast extract sucrose agar
(YESA), yeast extract peptone glucose agar (YEPGA).

Reported viabilities for conidia of fungal spores have been very equivocal depending

on the respective strain and the investigation method applied. A comparison of the
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obtained results is hence difficult. However, published viabilities for Aspergillus spp.
range from 32 % to 92 % (Araujo and Rodrigues, 2004; Ludemann et al., 2010)

confirming the results presented in this work which are within the same range.

Figure 4.12 shows the combination of the viability and the absolute concentration of
harvestable spores. The multiplication of the two indicators gives the yield of viable
spores, an important measure for the characterization of spore populations for

industrial applications. This is shown below:
Spore yield [107/mL] - Viability = Viable spore concentration [10’/mL] (4.1)

Here, it becomes obvious that neither the mere viability nor the sheer concentration of
spores represents meaningful results alone. However, the combination of the two
elucidates the relevant information about the amount of spores which are capable to

quickly germinate and putatively form biomass.
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Fig. 4.12. Concentration of viable spores freshly harvested from various
conidiation substrates. For abbreviations see fig. 4.11.
It can clearly be seen that oat bran agar, wheat bran agar and malt extract agar are the
most promising conidiation substrates producing 14 £2, 10+ 1 and 12+ 2 - 10’ viable
spores/mL, respectively. Despite large error bars due to error propagation, most

differences are still significant (p < 0.05).

Due to their outstanding performance and the hence suitable application in industrial
processes, MEA, OBA and WBA were selected for further detailed analysis. It is
noteworthy though that their absolute viability is with 59, 57 and 58 %, respectively,
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virtually identical. This is particularly striking as large differences were found in the
metabolite profile, the ATP content and the ratio of bound and free NAD(P)H between
the spore populations generated on the different substrates as explained in the previous
subchapters. It has therefore to be speculated that these differences become more
relevant during storage (which will be explained in the following chapters) and that
conidia have a multitude of mechanisms to compensate environmental changes while
maintaining stable viabilities. The findings also suggest that spore yield and viability
exist in equilibrium. Maintaining high viabilities under possibly adverse conditions
results in reduced spore yields as can vividly be seen for PDA and YESA. Best
activities are hence obtained with media that show intermediate performance with
respect to yield and viability individually. Taken together, this combination will

outperform sporulation media that are superior in one or the other characteristic.

Summarized, it can be concluded that the determination of viability is particularly
meaningful in combination with the total spore yield and a time correlated component.
Conidiation substrates have to be rigorously assessed for their applicability to generate
large amounts of quickly germinating conidia. Chen and Sequin-Swartz (2002) stated
similar imperatives but in different contexts and without suggesting appropriate
investigation methods. Even though most authors give details about the amount of
spores generated per substrate and some state viability assessments (Bapat et al., 2003;
Ooijkaas et al., 1999; Vega et al., 2003), the combination of germination rate, viability

and total spore yield has not yet been reported.

4.1.8 Shake flask performance as a function of sporulation media

The effect of the sporulation medium on the performance of the conidia in shake flask
cultivations was analyzed. Figure 4.13 shows the effect of the sporulation medium on
the pH of the cultivation broth inoculated with the hence generated spores. As
indicated in chapter 3.9, the rise of the pH from its initial value of 5.6 can be attributed
to the degradation of feed-peptides and subsequent deamination of amino acid. It is
hence a criterion for metabolic activity. Cultures inoculated with spores from wheat
bran agar (WBA) show with a pH of 8.7+ 0.1 the highest increase indicating that
WBA spores show the highest activity. Lowest activity was detected for cultivations

inoculated with MEA spores reaching a pH of 8.2 £ 0.0 after cultivation for 72 h.
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Fig. 4.13. pH of the cultivation broth 0 h (dotted columns), 48 h (grey columns)

and 72 h after inoculation (black columns). CSL-SP medium, 30 mL, 24 °C,

130 min™, pH 5.6. Oat bran agar (OBA), wheat bran agar (WBA), malt extract

agar (MEA), banana agar (BAA). Presented are arithmetic means of 6

biological and 3 technical replicates £ SEM.
Further, the dry biomass, the wet volume of biomass and the culture morphology were
determined. Figure 4.14 shows the morphology index for cultures inoculated with
freshly harvested OBA, WBA, MEA and BAA spores after 72 h of cultivation. It can
be seen that cultures inoculated with freshly harvested spores from WBA show the
highest morphology index reaching 0.7 = 0.1 which indicates that in average approx.
70 % of the biomass exists as pellets. This is noteworthy as the same cultures also
exhibit the highest pH increase as shown in the previous figure. The dry biomass
formation, however, is the smallest with 1.45 g/ while wet volume of biomass
formation is second highest with 0.29 mL/mL (data not shown). Subsequently, these
cultures are characterized by lowest biomass concentrations that exist in high-volume
pellets. In summary, cultivations inoculated with freshly harvested WBA spores
generate large, fluffy pellets. It has to be stated though that the correlation of pH and
morphology is not strictly linear: MEA shows the smallest pH increase reaching a pH
of 8.2 after 72 h of cultivation but still the second highest morphology index with

0.5 = 0.1. Further input parameters must hence be involved.

However, the formation of pellets in cultures inoculated with WBA spores is not only
due to the self-induced pH ascent. As was explained in subchapter 4.1.2, freshly
harvested WBA conidia are characterized by the second lowest fraction of single
spores (60 %) and the largest fraction of spores that exist in pairs (24 %). It can hence

be concluded that WBA spores show a relatively strong aggregation tendency due to

98



Sporulation environome

specific spore wall properties which further fosters the formation of pellets. The
correlation of the aggregation behavior and the resulting morphology in subsequent

cultivations was already explained in subchapter 3.9.3.
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Fig. 4.14. Morphology index of the cultivation broth 72 h after inoculation with
seed cultures generated on different sporulation substrates (8 d, 24 °C,
darkness): Oat bran agar (OBA), wheat bran agar (WBA), malt extract agar
(MEA), banana agar (BAA). Submerged cultivation: CSL-SP medium, 30 mL,
24 °C, 130 min™', pH 5.6. Presented are arithmetic means of 6 biological and 3
technical replicates £ SEM.

Morphology index [-]

Most interesting, however, is the product formation and the reactant consumption
during submerged cultivations. Figure 4.15 shows the reactant consumption over the
course of cultivations, that have been inoculated with spores harvested from 4 different
conidiation media: banana agar, malt extract agar, oat bran agar and wheat bran agar.
It can be seen that the culture inoculated with WBA spores clearly outperforms any
other cultivation. Reactant consumption after 72 h of cultivation is 79 +5 % and
therefore approx. twice as high as in OBA, BAA and MEA cultivations reaching 41,
45 and 34 %, respectively. The same trend could be observed for the product

formation (data not shown).

The outstanding performance of inocula generated on WBA is the result of several
factors: Due to increased aggregation tendency and increased auto-alkalization of the
cultivation broth, the culture biomass is predominantly present in the morphology of
fluffy pellets which has been reported previously to lower transfer resistances and
hence increase productivity (El-Enshasy et al., 1999; Hille et al., 2005; Lin et al.,
2010). Additionally, the portion of protein bound, and therefore active, NAD(P)H is in
freshly harvested WBA spores with 22 % twice as high as in MEA and OBA spores
with 10 and 11 %, respectively, as explained in chapter 4.1.5. This is perfectly in line
with the reactant consumption witnessed in the cultivation and represents a unique and
novel finding. NAD(P)H composition is hence a remarkable indicator for inoculum

quality and subsequent product formation.
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Fig. 4.15. Reactant consumption over the course of shake flask cultivations.
Inocula generated on wheat bran agar (WBA), banana agar (BAA) oat bran
agar (OBA) and malt extract agar (MEA) during 8 d sporulation at 24 °C in the
dark. Submerged cultivation: CSL-SP medium, 30 mL, 24 °C, 130 min', pH 5.6.
Presented are arithmetic means of 6 biological and 3 technical replicates +
SEM.

4.2 Influence of inoculum concentration on solid media

4.2.1 Spore yield depending on inoculum concentration

Reports about germination behavior of filamentous fungi on solid media as a function
of inoculum concentration have been controversial due to the individual needs of
differing strains. It has been reported that a minimum inoculum density must be
exceeded while too high concentrations lead to germination inhibition through
‘crowding’ (Lax et al., 1985; Lingappa et al., 1973). Araujo and Rodrigues (2004)
found inhibition for A. fumigatus in liquid culture at concentrations higher than
10° spores/mL (area unknown) though Beyer (2004) found no effect of spore density
on germination of Fusarium graminearum on solid media between approx.
2 and 20 spores per mm?. Lately, investigations have revealed some information about
the mechanisms and involved signaling pathways of this quorum sensing effect in

fungi, however, no generalizable trend could be detected so far (Hogan, 2006).

Based on the typical in-house protocol for conidiation of A. niger, agar plates of an
inner diameter of approx. 13 cm were initially inoculated with 100 pl of a
10" spores/mL concentrated suspension. Subsequently, the volume was diluted to
1.5 mL allowing automated distribution. Then, five concentrations were tested for their

influence on the conidiation of 4. ochraceus. The number of spores is most relevant
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related to the area they are applied to. Figure 4.16 therefore shows the harvestable

concentration of spores as a function of seeded spores per mm? of the solid medium.

It becomes visible that the effect of varying spore seeding densities is relatively small.
With one exception, the average harvested spore yields were approx.
19 +2 - 107 spores/mL over the entire tested seeding range of 40 to 750 spores/mm?
and are hence within the standard error and not significant (p > 0.05). Only at the
highest density of 750 spores/mm?, the spore yield decreases significantly (p < 0.05) to
11- 10" spores/mL affirming literature findings predicting germination inhibition
through ‘crowding’ for too high inoculation densities for Aspergilli (Barrios-Gonzalez
et al., 1989). This has also been confirmed by a more copious analysis conducted in

parallel (Sommer, personal communication).

For all future investigations, inoculation was therefore conducted with a concentration
of 320 spores/mm? which was achieved by spreading 1.5 mL of a 2.8 - 10° spores/mL

suspension per agar plate with an inner diameter of 13 cm.
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Fig. 4.16. Spore yield on MEA plates of varying inoculum concentration after
8 d of incubation at 24 °C. Presented are arithmetic means of 2 biological and
3 technical replicates + SEM.

4.2.2 Effect of inoculum concentration on further quality indicators

The effect of a varying inoculum concentration on further quality indicators including
aggregation behavior, viability and ATP content was assessed but showed no
significant changes. Further analyses such as shake flask cultivation, metabolome

analysis and autofluorescence were therefore not conducted.
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4.3 Influence of sporulation duration

The effect of the incubation time during which conidiation is conducted on the
constitution of the produced spores will be analyzed in this chapter. Naturally, this
duration includes the time for germination and sporulation which are successive
processes. As they can hardly be investigated individually and this study focuses on
the identification of optimal sporulation conditions, those two phases are regarded as
one phase, referred to as incubation on solid medium or sporulation time

synonymously including the inevitable germination time into the sporulation time.

4.3.1 Spore yield depending on sporulation duration

Germination and sporulation speed of conidia of filamentous fungi highly depend on
the specific strain. While N. crassa, for example, is reported to form visible colonies
within hours, C. minitans takes several weeks to reproduce (Galagan et al., 2003;
Ooijkaas et al., 1998).

Figure 4.17 shows the course of spore production over the sporulation time. Spore
formation starts from day three onwards and an almost continuous increase can be
witnessed. While no spores can be harvested 2 d after inoculation of the agar plate, at
day three 5.9 + 1.1 - 10" spores can be harvested upon flooding the agar surface with
25 mL sterile saline solution. A continuous, though not strictly linear increase can be
observed with 10.8+1.0, 14.5+0.8, 154+2.1, 16.1+£09, 181+1.1 and
223+ 1.3 - 10" spores/mL from day 4 through day 9, respectively.
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Fig. 4.17. Increase of spore yield with increasing incubation time on 1.6 cm
thick MEA plates incubated at 24 °C in the dark. Presented are arithmetic
means of 3 biological and 3 technical replicates £+ SEM. For day 7 through 9,
data base is reduced to 4 and 3 plates, respectively, as some plates could not be
harvested due to severe crevices.
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It can be speculated that conidiation continues after day 9 and possibly even higher
spore yields can be obtained thereafter. However, the substrate significantly dries out
during the incubation. Also, addition of large water containers to the incubator did not
overcome this problem. As the agar wrinkles, shrinks and forms crevices when it dries,
harvesting is strongly hindered after longer incubation and yet at day 9 spore harvest
was impaired. It is hence recommended to incubate agar plates only for 8 d and further

analyses within this study will based on an 8 day incubation period on solid medium.

4.3.2 Spore aggregation depending on sporulation duration

It was assessed whether the sporulation time, 1.e. the time the culture is incubated at
24 °C in the dark on solid MEA medium has not only an effect on the amount of
produced spores but also on the aggregation behavior of those spores. Figure 4.18
shows that the fraction of spores present as single spores as well as those that are
found in groups of 2, 3, 4, 5 or more is relatively constant throughout the incubation
time during which the spores are produced. Two exception, however, can be
identified: After 9 d of incubation the number of single spores decreases to 62 % and
more conidia are found in aggregates of two or three, 19.4 and 8 %, respectively, while
all other variations remain within the standard error. This indicates that conidia that
have been left on the conidiation medium longer have an increased tendency to

aggregate.
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Fig. 4.18. Aggregation behavior of spores harvested from malt extract agar
after varying incubation times at 24 °C in the dark. Shown are the fractions of
conidia found as single spores, aggregates of two, three, four, five and more.
Results represent arithmetic means from 3 biological and 3 technical
replicates. Variation after 5 d storage is statistically significant (p < 0.05).
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The second exception is even more striking. It can be seen that after 5 d of incubation,
a slightly but significant increase of single spores can be witnessed which is not
detectable after a sporulation time of 4 or 6 d. While the fraction of single spores
varies between 66.7 = 0.4 % for an incubation duration of 3, 4, 6, 7 and 8 d, it is
71.7 % for spores harvested after 5 d. Statistical variation can be excluded because
results are pooled from 3 biological and 3 technical replicates and no outliers were
found in the underlying statistical population with WALSH’s outlier test. Further, the
t-test yields a p-value of 0.02 and hence renders results significant. Finally, a repetition
under slightly changed conditions (Petri dishes instead of flasks) still confirmed the
finding. It has therefore to be concluded that the aggregation behavior of spores
changes during the course of conidiation. It can, however, not be determined at this
point whether the behavior of all spores present on the substrate at that time changes,
whether that of a certain sub-population changes or whether those conidia that are
generated precisely on day 5 differs from the conidia generated before and after the
event. The fact which makes it even more remarkable is that the decreased aggregation
tendency vanishes after day 5 and even more as the phenomenon was not seen to this
extend and significance on other media though a tendency was still visible (data not

shown).

4.3.3 Spore visible longwave fluorescence depending on sporulation time

Figure 4.19 shows the effect of the sporulation time on the specific visible longwave
autofluorescence (SAF) of freshly harvested spores. Analysis was conducted as
described in chapter 3.7. It can be seen that the SAF increases significantly over the
incubation time. Spores harvested from MEA after 3d show a specific
autofluorescence of 5.8 + 0.6 um™, while those harvested 8 d after inoculating the
solid medium are characterized by an almost threefold increased autofluorescence of
16.5+ 0.5 pm™. The increase is almost linear with a minor decrease at day 4 with
5.4+ 0.8 pm™. The trend also levels off towards day 9, where a decrease can also be
witnessed. The analysis of spores generated for more than 9 d was not possible
because the agar plates showed severe crevices and harvest of spores was hence not

possible as described above.

The shown progression of the SAF supports the previously proposed hypothesis that
the detected visible longwave fluorescence is a result of accumulated secondary
metabolites, primarily of the porphyrine and the flavin family as well as associated
complexes (Dichtel et al., 2004). It had been demonstrated that conidia undergo a

ripening process during conidiation in which the cell wall is rearranged and significant
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(though not further specified) changes occur regarding the ingredients of the spore
(Kawanabe, 1986). It is therefore coherent to expect the amount of secondary
metabolites to increase in the conidia which subsequently results in increasing SAF in
the visible longwave range. As will be shown in the next subchapter, these findings are
in line with conidial viability. The detection of increasing amounts of secondary
metabolites in spores is hence a meaningful indicator for the rapid analysis of spore
quality. Also, the correlations between SAF and viability will be presented in the

following subchapter.
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Fig. 4.19. Specific autofluorescence of spores from malt extract agar after
varying incubation at 24 °C in the dark. Presented are arithmetic means of 9
biological and 3 technical replicates + SEM. Excitation at 366 nm, emission
detection > 670 nm.

4.3.4 Spore viability depending on sporulation duration

Araujo and Rodrigues (2004) found equivocal results when investigating the effect of
sporulation duration on the germination rate of A. fumigatus, A. niger and A. flavus.
While the first two strains showed faster germination, i.e. increased viability for
younger conidia (5 d incubation) and impaired growth for older conidia (11d
incubation), A. flavus was not affected by sporulation duration. Kawanabe (1986),
however, reported a more detailed analysis of the correlation of sporulation duration
and viability for N. crassa. Highest viabilities of approx. 60 % were found for cultures
left for 3 to 5d sporulation. Shorter and longer sporulation generates spores with
impaired germination rates. Also, Hall et al. (1994) demonstrated higher viabilities for

young conidia of several pest control fungi. Spores harvested after 2 d of sporulation
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showed up to 5-fold increased infection rates compared to spores harvested after 7 d.
Porcel et al. (2006), in contrast, reported increased activities for older spores of
A. terreus (though not further specified). As indicated above, sporulation rates vary
tremendously between different species. Comparisons have therefore to be conducted
most carefully. While a 5 day incubation may be considered too long for one strain, it
may represent the time where other species show first conidiation. The findings
reported by Kawanabe (1986) are hence the most relevant as they also show too short
sporulation times rather than the plain finding of young conidia outperforming older

spores.

Figure 4.20 shows the development of the viability of A. ochraceus spores over
sporulation time on solid MEA substrate and compares it to Kawanabe’s findings for
N. crassa. Most interestingly, both strains exhibit their optimum after 5d of
sporulation. However, they still show very distinct developments. While the viability
of Neurospora increases continuously from day 2 through day 5 reaching its maximum
of 60 % and decreases thereafter, the sporulation behavior of A. ochraceus differs
significantly. Most remarkable is the sudden though highly reproducible viability
increase at day 5 with 64 £2 % while viabilities at day 4 and 6 are 40 +4 and
46 + 6 %, respectively. Germination potential thereafter increases again reaching a
second maximum at day 8 (59 + 2 %) and eventually decreasing towards day 9. At this

point, the underlying mechanism and regulation for this phenomenon is unclear.
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Fig. 4.20. Progression of viability of spores generated on malt extract agar
over sporulation time for A. ochraceus (solid line) and N. crassa (dashed line,
adapted from Kawanabe, 1986).
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However, this finding is well in line with the out of range behavior found for
aggregation (see subchapter 4.3.2). There spores harvested after 5 d of incubation were
found to show a decreased aggregation tendency and a subsequent increased fraction
of single conidia that was only present after 5 d of incubation. As will be shown later,
the effect was inverted after storage and could be eliminated by vigorous washing of
spores indicating to be a surface related occurrence. However, this can be excluded for
the increased viability after 5 d of sporulation as the effect persisted vigorous washing.
L.e., the viability curve appears similar for spores that have been washed prior to the
assessment of their viability (CFU). This indicates an interior accumulation of
secondary metabolites and/or metabolites that have not yet been identified by means of
GC-MS to be responsible for the observed, interesting phenomenon. As sporulation
times exceeding 9 d could not be analyzed due to the drying of the agar plates, a long-
term trend cannot be determined at this point. Also, comparisons to previously
published reports are difficult as their findings are equivocal. However, it became
obvious that the effect of sporulation duration on viability is highly specific to the

strain under investigation.

Figure 4.21 shows the correlation of viability and visible longwave autofluorescence
of spores freshly harvested from malt extract agar. The relationship is noteworthy as
both graphs are parallel, except that the specific autofluorescence does not follow the
sharp decrease of the viability from day 5 to day 6. Instead it hardly changes during
this interval and subsequently from day 6 onwards continues to follow the viability at
an ‘elevated level’. This indicates, as suggested previously, that the SAF is a measure
for accumulated secondary metabolites within the spore. The viability, however, can
be expected to be a function of intrinsic metabolite reservoirs and several additional
effects. While one of those effects, for example the rearrangement of spore wall
properties (in line with the altered aggregation behavior at the same time), may have
caused the decrease of viability, the specific autofluorescence is not affected by this
sway. The wviability hence collapses briefly while the specific autofluorescence
continues unaffected. This indicates that for the holistic characterization of a spore
population not only absolute measures are relevant but also developments of the
culture over time. Also, more than one indicator is necessary to analyze the properties
of a spore population. While, in the stated example, the mere analysis of viability
would have neglected the unaltered metabolite reservoir while exclusive application of

fluorescence analysis would have ignored the drastic loss of viability.
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In conclusion, it can be stated that the sporulation duration significantly affects the
viability of the generated spores. Further, a correlation of viability and conidial
specific autofluorescence in the visible longwave range could be determined.

However, assessment of SAF alone is not sufficient to explain the observed changes.
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Fig. 4.21. Correlation of spore viability and specific autofluorescence at
A > 670 nm over sporulation time. Incubation at 24 °C in the dark on malt
extract agar.

4.4 Effect of storage on the constitution of conidia

Reports about the effect of spore storage have been, again, equivocal. While some find
conidia to be unaltered after storage (Beyer et al., 2004), others witnessed a decrease
in thermo tolerance (Ying and Feng, 2006) and again others found increasing
germination rates (Porcel et al., 2006). As before, this can most likely be attributed to
different strains and even more to different investigated aspects. While the viability
may be unaffected, the infectious efficacy, a consequence of particular surface

proteins, can be altered.

No effect, however, was clearly witnessed for the repeated subculturing of
A. ochraceus for up to 40 passages (Vezina et al., 1963). Therefore, cryostocks were
plated and brought to sporulation on precultures whose harvest was successively
cultured and subject to further analyses. By this any bias of possibly introduced spore
alteration through prolonged storage at -80 °C was eliminated and the effect of spore

storage was limited to the controlled storage under investigation.
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4.4.1 Spore aggregation after storage

The aggregation behavior of spores changes significantly when they are stored. This is
not surprising as the formation of aggregates is mediated by the properties of the cell
wall which 1s the most susceptible to extrinsic sways. Release of melanin, degradation
of cell wall proteins or rearrangement of the glucan structure may be provoked during
the storage, possibly affecting the aggregation of the conidia. Also, as described before
(see chapter 1.5) and as will be explained later (see subchapter 4.4.2), spores are
metabolically active during storage in suspension at 4 °C. As an active metabolism
almost immediately requires an exchange of substrates between the cells and their
surrounding, the spore wall has to be dynamic rather than a solid, static and inert
structure. This in turn proposes that aggregation behavior is not just a function of
unchangeable physical properties but a result of active cell wall alterations. Therefore,
the aggregation was analyzed as a function of storage duration with all other
parameters kept constant. Next, it was analyzed as a function of covaried sporulation

time and storage duration and finally with covaried sporulation medium.

Changes in conidial aggregation during storage

Fontaine et al. (2010) provided evidence that aggregation of conidia is mediated
through glucans in the intermediate wall of fungal spores. It was also recently shown
that the negatively charged melanin present in the conidial wall is responsible for
aggregation during the first hour of submerged cultivation (Eisenman et al., 2007,
Priegnitz, personal communication). It had also been proven before that hydrophobins
cause conidial aggregation and initiate the formation of pellets in aqueous
environments (Dynesen and Nielsen, 2003). Hence, three factors of the cell wall have
been shown to be relevant for aggregation. As shown in previous chapters, the
constitution of the conidial wall is altered during storage. It may hence be expected

that the storage of spores in suspension also affects the aggregation behavior.

Figure 4.22 shows how the aggregation behavior continuously changes over the
course of three weeks during which spores were stored suspended in saline solution at
20 °C. Germination was prevented by the absence of nutrients and in random
examinations no germ tubes were visible. It can be seen in the plot how the portion of
single spores decreases constantly from 67.1 % single spores in suspension
immediately after harvesting the conidia to 49.3 % after 21 d of storage. In parallel, the
abundance of aggregates increases. There is, however, no trend detectable towards the
formation of a particular class of aggregates. Only the presence of 15 % of the conidia

in aggregates larger than 5 after 21 d of storage is statistically significant.
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Fig. 4.22. Aggregation behavior of spores harvested from solid media after

incubation at 24 °C in the dark and subsequent storage in saline suspension at

20 °C. ‘W’ represents freshly harvested spores, vigorously washed. Shown are

the fractions of conidia found as single spores, aggregates of two, three, four,

five and more. Results represent arithmetic means from 3 biological and 3

technical replicates.
Assuming a linear correlation during the investigated period, the daily loss of single
spores is 0.84 percentage points. Even better correlation can be achieved with
polynomial fitting, which is also more likely to represent natural behavior as otherwise
all spores would have to be aggregated after three months which is unlikely.

Polynomial fitting hence explains the behavior as shown below:
Percent single spores = 67.05 - 1.409 - d + 0.0268 - d? (4.2)
where d is the storage time in days.

It was further tested if the effect is triggered by the release of cell wall material such as
melanin and hydrophobins as suggested previously. Therefore, spores were washed 5
times with cold saline solution. Before analysis, they were left to settle 30 min to allow
‘reaggregation’ as vortexing during washing per se broke most aggregates. The result
1s also depicted in figure 4.22 (indicated with “W’) and it can be seen that storage can

be resembled by washing the spores even in absence of detergents.

It can hence be concluded that the loss of conidial wall material mediates aggregation
of spores in aqueous solution. However, whether this is primarily a result of the
reduced repulsion of spores covered with negatively charged melanin, as suggested by

Priegnitz, or primarily the consequence of exposed glucans, as proposed by Fontaine et
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al. (2010), cannot be concluded at this point. It is likely, however, that it is a
combination of both while the effect of hydrophobins, as described by Dynesen et al

(2003), seems to play only a minor role.

Changes in conidial aggregation during storage with covaried sporulation time

The effect of varying storage duration was also analyzed with covaried sporulation
time. Here, the interesting finding reported in chapter 4.3.2 was affirmed, however, in
an unexpected manner: Figure 4.23 depicts the fraction of single spores over the
storage duration (0 to 21 d) for conidia harvested 3, 5 or 7 d after inoculation shown in
grey, black and striped, respectively. While the portion of single spores is significantly
higher in populations harvested after 5 d that were not stored, it dramatically decreases
for all tested storage durations. As can be seen, yet after storage of 1 d, the fraction of
single spores from cultures that were incubated for 5 d drops from 71.7 to 53.2 %.
During the following storage period, aggregation increases further until after 21 d the
percentage of single spores has fallen to 41.1 %.
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Fig. 4.23. Aggregation behavior of spores harvested from solid media after
incubation at 24 °C in the dark for 3 d (grey), 5 d (black) or 7 d (striped) and
subsequent storage in saline suspension at 20 °C for 0 to 21 d. Shown are the
fractions of conidia found as single spores, aggregates of two, three, four, five
and more. Results represent arithmetic means from 3 biological and 3 technical
replicates.
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The above suggested polynomial fit of equation 4.2 describes the data for the
populations harvested at day 3 and 7 with a correlation index of above 90 %. The
conidial population from day 5, however, cannot adequately be described with the
linear or the polynomial fit. Also, removal of the first data point still does not allow

correlation indices above 70 %.
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For the explanation of this remarkable population, the hypothesis is proposed that
spores which have germinated for 5d are coated with an aggregation impairing
substance. This putative substance is highly efficient in maintaining single spores and
it replaces melanin (or other putative ‘standard’ aggregation inhibitors) to a certain
extent. However, it is released readily during storage. Again, the effect of washing was
assessed and resembled the findings explained above. It seems therefore likely that the
population from day 5 loosely carries an additional substance that prevents
aggregation rather than the explanation that those conidia lack a substance which is
later restored through metabolic activities of the spores themselves during the first day

of storage.

Changes in conidial aggregation during storage with covaried sporulation medium

Further, it was analyzed whether conidia that have been generated on different
conidiation substrates are differently affected by storage. Therefore, spores from
MEA, OBA and WBA were stored at 4 °C for 7 d and the aggregation behavior was
determined before and after storage. The results are compared in Figure 4.24. It can be
seen that spores which were initially generated on MEA show the largest change of
their aggregation behavior after storage. Here, the fraction of single spores decreases
from 67.1 to 42.1 %. Also, the percentage of spores that can be found in pairs of 2
decreases slightly from 17.1 to 15.0 %. Particularly, aggregates with four and those
larger than 5 spores increase significantly from 4.7 to 11.5 and from 2.4 to 21.4 %,
respectively. The change which OBA spores undergo is similar but not as drastic.
Single spores decrease from 60.9 to 57.4 and couples of spores decrease from
18.4 to 14.6 %, respectively. Larger aggregates with 3, 4, 5 or more spores increase by
approx. 2 percentage points each. This, however, is not the case for WBA spores. Here
the fraction of single spores increases from 60.1 to 65.2 % during the storage period.
Spores in pairs of 2 decrease from 23.9 to 18.0 %. Only aggregates with 4 spores also
show an increase from 3.1 to 7.7 %.

The aggregation behavior of spores from MEA and OBA can hence be summarized in
the way that during cooled storage in suspension the fractions of single spores and
those in pairs of two decrease while larger aggregates become more common. Overall,
the tendency to form aggregates increases. WBA spores, on the other hand, show a
contrary behavior. Their tendency to form aggregates slightly decreases and hence the
fraction of single spores increases. It has therefore to be expected that the composition
of the conidial wall with respect to the aggregation determining factors melanin,
glucan and hydrophobin differs between different spore populations. As some

compounds are more stable and possibly show stronger resistance against washout
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than others, a differing shift can be observed between spore populations. For MEA and
OBA, it can be expected that washout of melanin and/or hydrophobins during storage
fosters aggregation through changed surface charge and exposure of glucans as
suggested by Fontaine et al. (2010) and Priegnitz (personal communication). WBA
spores, in turn, show stronger pigmentation and can hence be expected to have larger
amounts of melanin incorporated into their cell wall which, as described before,
impairs aggregation. It is also plausible that an additional compound other than
melanin, glucan and hydrophobins, e.g. a putative ‘aggregation-protein’, is present on
or in the wall of spores from WBA which promotes aggregation. This protein also
underlies extrinsic sways and is degraded or washed out during storage. While in
spores from MEA and OBA the washout of melanin may prevail and therefore
determine the increased aggregation behavior, the washout of melanin may be
overcompensated by the degradation and/or loss of this putative ‘aggregation-protein’
in spores from WBA. This, even though speculative, is in line with results presented in
chapter 3.2.2 where three (though faint) high molecular weight proteins were detected
in the wall of fresh spores from WBA that were neither found in spores from MEA nor

in stored spores from WBA.
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Fig. 4.24. Aggregation behavior of spores from malt extract agar (MEA), oat
bran agar (OBA) and wheat bran agar (WBA) freshly harvested (f) compared to
aggregation after subsequent storage in saline suspension at 4 °C for 7 d (s).
Shown are the fractions of conidia found as single spores, aggregates of two,
three, four, five and more. Results represent arithmetic means from 3 biological
and 3 technical replicates.

It is therefore suggested here that the aggregation behavior of fungal conidia is not
only determined by the ratio and exposure of melanin, hydrophobins and glucans as
described previously but a fourth parameter may be involved. This putative
aggregation protein may be located on the outer wall, may promote aggregation and its

expression is dependent on particular growth conditions during conidiation.
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From an ecological and evolutionary perspective, it is of greatest importance for an
organism to be able to respond to changing environmental conditions in a multitude of
patterns. As spores, among others, serve the survival of adverse conditions and the
dispersal to more favorable habitats, it appears sensible that differing growth
conditions cause different molecular responses and hence generate variations of the
fungal phenotype. This increases the possibility to successfully escape poor growth

environments and colonize new haunts.

4.4.2 Spore metabolite profile after storage

Spores generated on MEA before and after storage

When comparing the metabolite profile of spores freshly harvested from MEA to those
that have been stored for 7 d at 4 °C, drastic changes become visible. The targeted
approach described in chapter 3.4 allows the comparison of 41 metabolites between
fresh and stored spores. Out of those, 20 appear after storage that have not been
detectable before. In contrast, only 5 metabolites decrease during storage and another 4
disappear entirely being no longer detectable. 12 metabolites remain relatively
unchanged during storage. Of the 20 emerging metabolites, 14 are TCA cycle
intermediates, amino acids or closely related molecules. This vividly illustrates that
spores are much more than a dormant, negligible state. It proves on a metabolic level
that ungerminated spores show a distinct metabolism and catabolize intrinsic
reservoirs. Figure 4.25 shows the changes for 10 selected metabolites.
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Fig. 4.25. Abundance of dominant metabolites in freshly harvested spores
(black) and spores that have been stored for 7 d at 4 °C (grey) from malt
extract agar (MEA). Presented are arithmetic means of 3 biological and 3
technical replicates £ SEM. Note the logarithmic scale and the base point of
100 of the ordinate.
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One of the most striking observations is the fact that erythritol (along with three
others, see appendix) reproducibly disappears from spores over the course of one week
at 4 °C. Before storage, it was found in concentrations of up to 20 ng/10’ spores
though differing significantly between the different populations generated on MEA,
OBA and WBA substrate (see subchapter 4.1.3). As there was no erythritol found in
the storage suspension, leakage of the spores can be excluded. The loss of this 4-
carbon polyol can therefore only be explained by its metabolic usage. This is
indicative for its role as a carbon and energy reservoir rather than primarily
functioning as a compatible solute. However, it is unclear at this point whether it was
metabolized completely for the supply of energy, whether it was converted into one or
several other polyols or whether it was converted to building blocks of the cellular
metabolism. Still, as none of the detected polyols showed an increase after storage, it
is most likely that erythritol serves as a reservoir of carbon and energy for the
metabolic activities of spores. This is in line with erythritol’s role suggested by
Dijkema et al. (1985) in their pioneering work. However, those studies were conducted
with fungal mycelium grown in submerged cultivation rather than spores. Further, it is
noteworthy that threitol, a diastereomer of erythritol, remains virtually unchanged
during storage. This indicates that the cataplerosis of erythritol is conducted by an

enzyme specifically responsible for the metabolization of erythritol.

It was further witnessed that xylitol, a 5-carbon polyol, decreases by factor 5 while its
isomer ribitol remains unaltered during storage. Like with freshly harvested spores,
mannitol was still not detected though its isomer sorbitol remains unchanged at high
levels. This again is interesting as sorbitol, a 6-carbon polyol, is the least soluble in
this homologous series and is therefore expected to serve primarily as a carbon store
where the smaller representatives like erythritol act as compatible solutes. The here
presented findings suggest that the opposite is true for spores of A. ochraceus.
Glycerol, the smallest member of the group, however, is highly abundant in fresh and
stored spores and only shows a minor decrease throughout keeping of spores

suspended in saline solution for 7 d.

Pyruvic acid, lactic acid, succinic acid and citric acid all arise after storage. Also,
alanine, valine, serine, glycine, aspartic acid and phenylalanine were below detection
limits in freshly harvested spores but emerged after storage, all emphasizing the onset
of cellular metabolism. Further, urea, a byproduct of amino acid degradation, is also
only present after storage. This may be indicative for protein breakdown as it had been
suggested previously that under certain conditions, proteins may serve as the main

energy reservoir in spores (Cliquet and Jackson, 2005).
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The appearance of spermidine in spores stored at 4 °C for 7 d is also of interest. It has
been shown for A. midulans that the germination rate of strains incapable of
synthesizing this relatively large polyamine is dramatically decreased but can be
restored by the addition of spermidine to the medium (Jin et al., 2002). Besides its
known role for DNA stabilization (Nsoukpoe-Kossi et al., 2008), it has been proposed
that spermidine is involved in the complex signal transduction pathways regulating
sporulation and germination in dependence of available nutrients, light and other
parameters (Guzman-de-Pefia et al.,, 1998; Leroy et al., 1997). Variations in its
concentration within the spore may therefore be important indicators for germination

and further development of the particular spore population.

Combining the semi-quantitative results in a very preliminary manner, it can be stated
that the total emergence of amino acids, TCA cycle intermediates and related
metabolites accounts for 47 % of the total loss of storage compounds, such as
erythritol. These findings which have to be verified by truly quantitative measures
suggest that 53 % of the storage reservoirs are converted to energy, carbon dioxide and
water while 47 % can be found in converted forms within the cellular metabolism.
Further, it has to be stated that the applied separation and detection methodology of
GC-TOF-MS is most suitable for the detection of substrates from the primary
metabolism. Complex molecules from secondary metabolism which are better
monitored by means of LC-TOF-MS may be lost in this analysis and account for a
portion of the difference between storage reservoir’s decrease and the appearance of

primary metabolites.

Comparison of stored spores from MEA, OBA and WBA

The abundance of citric and pyruvic acid is similar for stored spores from OBA, WBA
and MEA irrespective of the conidiation substrate. For the latter, the concentration
could be determined to approx. 0.1 ng/10° spores. Amongst the metabolites appearing
during spore storage, 4-aminobutyric acid (also known as gamma-aminobutyric acid,
GABA) plays an outstanding role. It shows a factor five lower concentration in stored
spores from WBA compared to analogues from OBA. Even though this non-
proteinogenic amino acid is mostly characterized as an inhibitory neurotransmitter in
mammals, a few reports elucidate its role in fungi. Its concentration was for example
found to increase during acidogenesis in parallel with citric acid formation in
manganese deficient cultures of 4. niger (Kubicek et al., 1979). It has also been shown
that glutamate decarboxylase (GAD, generating GABA from glutamate) is

significantly upregulated during germination of Bacillus spores, replenishing succinate
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and hence accelerating the TCA cycle (Foerster and Foerster, 1973). It is hence not
surprising that in stored spores from WBA the concentration of succinate (in this
catabolytic pathway downstream of GABA) is also significantly lower compared to
the succinate concentration in spores from OBA though the decrease is only factor
three (and no longer five). This confirms the connection between GABA and succinate
for A. ochraceus affirming its role in driving the TCA cycle. Principally, the direct
introduction of desaminated glutamate into the TCA cycle at alpha-ketoglutarate
would also be possible. However, the link to glutamate (upstream of GABA) which at
least in N. crassa spores had been shown to be the most important nitrogen store
(Kumar and Punekar, 1997) cannot be drawn as virtually no glutamate was detected in
fresh or stored spores. It has therefore to be speculated that GABA in A. ochraceus is
either fueled from a different (unknown) source or that glutamate is stored for example
as a polymer. This is likely as numerous microorganisms have been proven capable of
producing polyglutamic acid and it has been found particularly in the spores of
Bacillus spp. (Shih and Van, 2001). The fact that stored WBA spores show the highest
concentrations of urea, a byproduct of protein degradation, also argues in favor for this
speculation. Finally, the addition of glutamic acid to the sporulation medium has been
shown to significantly increase spore yield and quality, again supporting this

speculation (Sommer, personal communication).

For N. crassa, it had been shown that GAD is one of the key enzymes allowing fungi
to catabolize amino acid reservoirs and hence provide energy, conveniently sized
carbon skeletons as well as nitrogen, but does not decarboxylate glutamate despite
simultaneous presence until the onset of germination. Even more remarkable is the
finding that its activity constantly declines during germination and does not reappear
until the asexual life cycle has completed entirely (Christensen and Schmit, 1980).
This, once more, supports the proposal that differences introduced during conidiation
affect the entire ‘future’ of a spore and the mycelium developing out of it as it was also

observed in this study.

As illustrated in figure 4.26, succinic acid and malic acid show significant changes
between the differentially generated spore populations. WBA spores contain the
lowest and OBA spores the largest reservoir of those TCA cycle intermediates.
However, the relatively similar concentration of pyruvic and citric acid, also key
intermediates in the TCA cycle, suggests that the anaplerotic and/or cataplerotic
pathways may be regulated differentially between the spore populations. Citric acid
exits the TCA cycle as a precursor for fatty acid synthesis while malic acid can be

replenished from amino acid breakdown via fumaric acid or serve as a starting point
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for gluconeogenesis itself. The parallel response of malic and succinic acid with an
overall higher concentration of malic acid has also been reported for mycelial growth
of A.niger in submerged -cultivation (Scherling and Driouch, personal
communication). Also, threitol which in MEA spores remains unchanged during

storage shows dramatically decreased concentrations in WBA spores.

The arousal of shikimic acid in stored spores compared to fresh spores not containing
shikimic acid is also noteworthy as it is not only the precursor for aromatic amino
acids but also a building block for ochratoxin A (O'Callaghan et al., 2003). The
concentration differs by a factor of 25 between the populations of stored spores from
different substrates. The exact pathway of ochratoxin formation from shikimic acid,

however, is unclear and therefore no further conclusions can be drawn at this point.
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Fig. 4.26. Abundance of the most relevant metabolites in spores from oat bran
agar (OBA, grey), malt extract agar (MEA, black) and wheat bran agar (WBA,
striped) that have been stored at 4 °C for 7 d. Presented are arithmetic means
of 3 biological and 3 technical replicates + SEM. Note the logarithmic scale
and the base point of 10 of the ordinate. *Sum of the isomers inositol and myo-
inositol.
Despite the described significant differences between stored spores from WBA, OBA
and MEA, some metabolites are similar irrespective of the conidiation substrate.
Aspartic acid, as one of the detected amino acid, and ribitol, a 5-carbon polyol, were

for example found at comparable concentrations over all populations of stored spores.
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Overall, it can be concluded that spores show tremendously increased metabolic
activity after storage at 4 °C for 7 d in saline solution. With almost the entire set of
TCA cycle intermediates and amino acids detectable, it is no longer justifiable to call
spores ‘dormant’. It has rather to be recognized that conidia of 4. ochraceous are
highly active and that their components see significant changes during this time. It has
previously been shown that spores are capable of catalyzing complex reactions
(Wolken et al., 2003), now metabolic evidence from within the spores is provided. In
fact, storage may be looked at from a totally different perspective, like Dillon and
Charnley (1990) suggested: They found tremendously increased germination rates
with increasing duration of ‘soaking’ rather than storage. It is further most interesting
that vast differences between the metabolite profile of stored spores from different

conidiation substrates were detected.

4.4.3 Spore ATP content after storage

Figure 4.27 shows the decline of intra-conidial ATP reservoirs during storage in
suspension at 4 °C after 7d. It can clearly be seen that the ATP concentration is

significantly reduced in all samples.
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Fig. 4.27. ATP concentration in spores from different conidiation substrates. Oat
bran agar (OBA), wheat bran agar (WBA), banana agar (BAA), malt extract agar
(MEA), corn steep liquor agar (CSLA) after harvesting (black columns) and after
subsequent storage in saline solution (7 d, 4 °C, grey columns).
Spores generated on OBA exhibit the largest decrease. The initial concentration of
1469 + 31 pg ATP/10° spores drops by 72 % to 412+ 18 pg ATP/10° spores. The
smallest decrease is witnessed for spores from CSLA where loss is only 24 % to
178 £ 26 pg ATP/10° spores compared to 235+ 17 before storage. ATP content

decreases significantly irrespective of the initial sporulation substrate. It is noticeable
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that, except for spores from CSLA, the ATP concentration differences between the
conidia are leveled off during storage. The range between the highest and the lowest
ATP concentration (except for CSLA) before storage is 968 to 1 699 pg/10° spores,
hence a variance of 55 % around the mean. After storage, variance is only 40 %
around the mean of the 4 presented populations (except CSLA). This may be caused
through differences in the conidial activity: Assuming biological ATP degradation
during storage to be a first order reaction dependent on the concentration of ATP, the
observed behavior can readily be explained. The reaction rate would be higher in
spores with high ATP concentrations resulting in faster breakdown of the reservoir.
Conidia with low initial ATP concentrations in contrast show low conversion rates
right from the start. This also explains the minimal decrease of the ATP reservoir in
spores from CSLA. The observable result is an alignment of the ATP pools of spores
from different conidiation substrates. At the same time, this hypothesis suggests that
no further regulatory mechanism is active in the spore. As explained above, spores
stored in suspension show tremendous metabolic activity (Wolken et al., 2003). At the
same time, respiration is limited to a minimum through the crystalline conidial wall
and pseudo-anaerobic storage conditions. Regeneration of metabolized ATP through
the respiratory chain cascade is hence not possible and a constant depletion of the ATP
pool is subsequently witnessed, in line with prediction previously published (Giulivi et
al., 2006). However, to this point, no correlation to findings regarding the metabolome
could be drawn.

It has also previously been reported that the ATP content in spores decreases as
conidia are stored over several months. The breakdown was reduced through storage at
very low temperatures. The authors attribute this finding to the fact that the
metabolism is no longer active below 0 °C and only physico-chemical degradation
occurs (Gindro and Pezet, 2001). These findings are in line with the results presented
in this work. Furthermore, several authors find positive correlations between the ATP
concentration and the viability of cells in general and spores in particular (Gindro and
Pezet, 2001; Lane et al., 1988; Przybylski and Bullerman, 1980). Based on the findings
of Lai et al. (2011) who demonstrated ATP’s relevance under conditions of external
stresses, it has to be expected though that spores with yet initially low ATP

concentrations are less capable to withstand stress.

Even though colder storage at e.g. -20 °C may decelerate ATP breakdown, this freeze-
thawing would represent an additional external stress per se (Beyer et al., 2004) and
hence introduce further damage. Therefore, the common short term storage of conidia

at 4 °C between harvest and inoculation has to be regarded most suitable.
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4.4.4 Spore NAD(P)H composition after storage

The effect of storage on the ratio of free and protein bound NAD(P)H in conidia of
A. ochraceus was analyzed by means of two-photon fluorescence microscopy.
Table 4.5 shows the relevant results for stored spores and compares them to freshly
harvested spores from MEA, OBA and WBA.

Tab. 4.5. Fluorescence lifetimes of free and protein bound NAD(P)H in freshly
harvested spores from malt extract agar (MEA), oat bran agar (OBA) and
wheat bran agar (WBA) compared to stored spores originating from the same
conidiation substrate (storage: 7 d, 4 °C in suspension). Presented are
arithmetic means from 2 biological and 3 technical replicates + SEM.

Lifetime [ps] Fraction of protein
NAD(P)H free NAD(P)H bound | bound NAD(P)H [%]
MEA fresh 814 £ 55 3226+ 233 10+2
MEA stored | 796 £ 8 3823+62 23+1
OBA fresh 719 £ 31 2 893 £ 158 11+1
OBA stored | 617 £46 2 855 +201 20+ 1
WBA fresh 560 + 24 2351 +£100 22+1
WBA stored | 158 +26 1436+61 13+£1

It becomes clearly visible that stored MEA spores have an activated metabolism
compared to freshly harvested, unstored MEA spores. With 23 % of the conidial
NAD(P)H bound to proteins after storing the spores for 7 d in suspension at 4 °C, the
ratio of bound NAD(P)H has increased significantly from its initial value at 10 %. This
can be the result of two processes. Either, more NAD(P)H of an unchanged total pool
is bound altering the numerator of the ratio. Or the concentration of unbound
coenzyme has decreased, for example through breakdown or leakage. Yet Vezina et al.
(1963), however, demonstrated the ability of ungerminated A4. ochraceus spores to
catalyze the hydroxylation of steroids. Even though, the actual metabolism of spores
was not investigated, numerous further activities of ungerminated spores have been
reported since then (Wolken et al., 2003). It is therefore profound to speculate that the
increased ratio of bound NAD(P)H in conidia which have been stored in suspension
for 7 d at 4 °C is a result of increasing metabolic activity and hence of a shift of the
coenzyme towards the bound state through increasing protein interactions. For the
determination of absolute concentrations, however, further elaborate investigations are

necessary.

121



Sporulation environome

It can further be seen that the behavior differs significantly for spores from different
conidiation substrates. In spores from OBA, the portion of bound NAD(P)H increases
similar to the effect described above for MEA spores. The portion of bound cofactor
increases from 11 to 20 % while the fluorescence lifetime of free and bound NAD(P)H
remains unchanged within the measuring tolerance. The shift of NAD(P)H from the
free state towards its protein bound state by almost factor 2 unmistakably indicates

increased stabilization and metabolic activity.

WBA spores, however, show the contrary behavior. Here, a drastic decrease of protein
bound NAD(P)H from 22 to 13 % can be witnessed accompanied by an also dramatic
decrease of the fluorescence lifetimes of free and protein bound NAD(P)H from 560 to
158 and 2 351 to 1436 ps, respectively. It becomes obvious that the activity of the
spores is decreased throughout the storage period of 7 d at 4 °C in suspension. This is
again perfectly in line with the findings presented in the previous subchapters, where

decreased concentrations for threitol and GABA were reported for WBA spores.

It can be concluded that spores from MEA and OBA show increasing activities during
storage in suspension. After 7 d, increased amounts of protein bound NAD(P)H
representing high metabolic activity were detected. In contrast, spores generated on
WBA show high activity prior to storage and decreased metabolic activity after storage
with very low amounts of protein bound NAD(P)H. This is parallel to decreasing
amounts of storage substances explained above and can therefore be attributed to an

overall depletion of carbon and/or energy reservoirs within spores.

4.4.5 Spore visible longwave fluorescence after storage

Specific autofluorescence of conidia in the visible longwave range as a function of
storage was analyzed. As described above, the autofluorescence detected by means of
flow cytometry in the wavelength bandwidth > 670 nm can be correlated to the

abundance of high molecular secondary metabolites, primarily flavins and porphyrins.

Figure 4.28 illustrates how the spores’ SAF increases during the first 3 d of storage in
suspension from 16.5 um™ to 18.6 um™ and 18.5 um™ for the population kept at 4 °C
and the one kept at 30 °C, respectively. Interestingly, this trend is independent of the
storage temperature but the increase is slightly faster for the population kept at 30 °C
(higher SAF after 1 d storage). After day 3, conidial SAF decreases for both storage
temperatures. Autofluorescence of the cooled spores returns to its initial value after
10 d and hardly changes during prolonged storage for 21 d. The population kept at
30 °C shows a significant decrease of SAF to 11.6 um™ after storage for 10 d and
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2 after 21 d at 30 °C. Based on previous explanations, it can be

further to 5.2 pm’
speculated that the detected effect is caused by the accumulation, activation and

possible final degradation of secondary metabolites in the spores during storage.
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Fig. 4.28. Specific autofluorescence of stored spores. Conidiation on malt

extract agar, incubation 8 d, 24 °C in the dark. Subsequent varying storage at

4 °C (solid line) and 30 °C (dashed line). Presented are arithmetic means of 9

biological and 3 technical replicates = SEM. Excitation at 366 nm, emission

detection > 670 nm.
Multiple explanations for the cause of conidial autofluorescence focus on the
contribution of flavins and their role in the respiratory chain for the regeneration of
ATP (Laflamme et al., 2006). Even though flavoproteins are of utmost importance in
the cell and contribute to the overall fluorescence, the direct link between
autofluorescence and ATP regeneration (Amat et al., 2005) has to be questioned. As
shown in subchapter 4.4.3, the ATP pool is drastically decreased after storage of
spores for 7 d. Autofluorescence, however, is still within the same range as before,
especially for conidia stored under cooled conditions. Figure 4.29 shows the SAF of
conidia from different substrates that were stored at 4 °C for 7 d. It can be seen that the
SAF is virtually unchanged for all populations. Moreover, a tendency towards
increasing autofluorescences can be witnessed while the ATP concentrations of the

same populations were drastically depleted to approx. 50 % (see figure 4.27).
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Fig. 4.29. Specific autofluorescence of stored spores (suspension, 7 d, 4 °C),
harvested from oat bran agar (OBA), wheat bran agar (WBA), banana agar
(BAA), malt extract agar (MEA) and corn steep liquor agar (CSLA). Presented
are arithmetic means of 9 biological and 3 technical replicates = SEM.
Excitation at 366 nm, emission detection > 670 nm.

Hence, no conclusion to the activity of the respiratory chain may be drawn from the
SAF alone. However, flavins and porphyrins, the most relevant fluorophores in
conidia, are involved in a multitude of enzymes and reactions, for example the
hydroxylation of steroids by Cyt P450 which is highly active in spores as has been
stated previously. The specific autofluorescence can hence serve as an indicator for the
metabolic potential of a spore. This again is in line with the increased metabolism
during storage in suspension at 4 °C compared to freshly harvested spores (see chapter
4.4.2).

4.4.6 Spore viability after storage

Figure 4.30 shows the development of conidial viability during storage at 4 , 20 and
30 °C over a period of 21 d. While cooled storage for 21 d in suspension does not
affect the wviability of A. orchaceus conidia, uncooled storage at 20 and 30 °C
significantly decreases the viability of the spores. Initial viability of freshly harvested
spores from MEA is 59 £2 %. During cooled storage at 4 °C, the viability slightly
increases to 61 +2 % after 7d and subsequently decreases to its initial value.
According to t-test analysis, the change is not significant (p > 0.05). Also, conidia
stored at 20 °C experience a slight increase of viability during the first 10 d to 63 %.
Continued storage eventually causes the viability to decrease to 36 % though. The
viability increase during short-term storage can also be witnessed for conidia stored at
30 °C. Here the maximum is significantly higher, in contrast to the previous
observations significant with p <0.05 and also reached faster. After 3 d of storage,
viability reaches 69 +2 %. However, it rapidly and almost linearly decreases

subsequently to 3.5 + 1 % after storage for a total of 21 d.
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Fig. 4.30. Viability of conidia stored in suspension at 4 °C (triangle, solid line),

20 °C (square, dashed line) or 30 °C (diamond, dotted line) for up to 21 d post

harvest from MEA. Presented are arithmetic means of 9 biological and 3

technical replicates + SEM.
These results are well in line with previously reported findings. Beyer et al. (2004), for
example, found no effect of age (19 to 98 d) when assessing conidia activity of
Fusarium graminearum on solid media. Also, Vezina et al. (1963) found no effect of
cooled storage on biotransformation rates with ungerminated spores. Similar results
are found investigating the viability of stored conidia of different media as shown in
figure 4.31.
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Fig. 4.31. Viability of conidia generated on oat bran agar (OBA), wheat bran
agar (WBA), banana agar (BAA), malt extract agar (MEA) and corn steep
liguor agar (CSLA) freshly after harvesting (8 d, 24 °C in the dark, black
columns) and after subsequent storage (7 d, 4 °C, saline suspension).
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It can be seen that except for wheat bran agar (WBA) all tested spore populations
show slightly increased viability after storage for 7 d in suspension at 4 °C. Even
though this 1s only significant for spores from banana agar (p <0.05), the trend is
obvious throughout the analysis. As indicated in the previous subchapters, the
perspective may hence have to be changed and ‘storage’ in suspension shall rather be
regarded as ‘soaking’ as suggested by Dillon and Charnley (1990). They found
increased germination rates for spores that were soaked in distilled water prior to
inoculation. In subchapters 4.4.2, 4.4.3 and 4.4.4, it was further elucidated that
significant metabolic activity occurs in conidia during their storage as can be seen by
high ratios of TCA cycle intermediates and increased interaction of NAD(P)H with
proteins. All this affirms the perception that spores are not ‘dormant’ during storage

but they are preparing for rapid germination upon detection of favorable conditions.

It can be said though that the spore takes a risk when maintaining the metabolism on
relatively high levels. It was shown in the previous subchapters that the intracellular
level of ATP and several important storage metabolites significantly decreases during
storage. A parallel decrease of intracellular ATP concentrations and viability during
storage for up to 50d at 4 and 20 °C was previously reported for blastospores of
Paecilomyces farinosus (Lane et al., 1988). It was also stated that declining ATP
concentrations do not affect conidial viability unless it falls below a certain threshold.
Minor losses seem not to impair conidial activity. However, prolonged storage with

high metabolic activities may lead to depleted reservoirs and cause spore death.

Hence, it is not surprising that spores with longer sporulation times show better
resistance against loss of viability during storage. Figure 4.32 shows the course of
viability over storage at 30 °C for conidia harvested after 4, 5, 7 or 8 d of incubation.
The spores that had more time to accumulate metabolite reservoirs during sporulation
show significantly higher viabilities. The population harvested from the conidiation
substrate after 8 d has 46 +4 % viable spores after storage for 7d at 30 °C in
suspension. In contrast, spores that were harvested yet after 4 d and were subjected to
subsequent storage for 7 d at 30 °C in suspension only have 20+ 3 viable spores.
Partly, this is again in line with the results presented by Kawanabe (1986) explaining
the beneficial effect of secondary metabolite accumulation during prolonged
conidiation. Further, Tereshina et al. (2004) related better storage survival to larger

carbohydrate reservoirs in A. niger spores.

126



Sporulation environome

0
[e)

o)
e

Viability [%]
N
(@)

[\
(]

O ] T T T T 1

0 2 4 6 8 10
Storage time [d]

Fig. 4.32. Viability as a function of storage time (0 — 10 d) and previous

sporulation time (4 — 8 d). Sporulation conditions: MEA, 24 °C in the dark for

all cases. Subsequent storage in suspension at 4 °C.
Even though the declining viability of wheat bran agar spores after storage is
statistically not significant, it is interesting as it is the only decreasing viability of the
analyzed media. This is particularly striking as spores from wheat bran agar also show
significantly lower initial concentrations of glycerol, threitol and erythritol as
extensively discussed in subchapter 4.1.3. Polyols have been reported to be important
carbon reservoirs and stress protectors at the same time. Decreased viability post
storage may hence be expected for those populations with the smallest initial
reservoirs of polyols. Further, glycerol, threitol and inositol show decreased
concentrations in WBA spores after storage, strongly suggesting that the decreased

viability in WBA spores is a result of low initial polyol reservoirs.

At the same time, it is noteworthy that the decrease in viability is only 2 percentage
points (58 to 56 %) while the total initial carbohydrate reservoir is decreased to 50 %.
This suggests that compensation mechanisms regulate the activity and maintain the
spores’ viability despite reduced carbon reservoirs. Additionally, as also suggested in
previous subchapters, conidia generated on wheat bran agar may have alternative

reservoirs such as the proposed oligopeptide polyglutamic acid.
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The presented findings correlate well with the observed specific autofluorescence over
the course of storage. Figure 4.33 shows SAF and viability over the course of 21 d
storage at 30 °C in suspension. It can clearly be seen how both characteristics initially
increase to reach their maximum after 3 d and subsequently almost linearly decline.
The initial rise i1s indicative of increasing metabolic activity, particularly fostered
through the high temperature of 30 °C. Spores, however, did not germinate as the
storage suspension was sterile 0.9 % NaCl solution and did hence not contain any
nutrients. Germination was also excluded by random sampling and microscopic
investigation. The following decline in putative secondary metabolites, reservoirs,
metabolic activity and viability is vividly illustrated by the almost parallel decrease of

the two graphs from day 3 until day 21.
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Fig. 4.33. Viability and specific autofluorescence of A. ochraceus conidia over

storage in suspension at 30 °C. Presented are arithmetic means of 3 biological

and 3 technical replicates + SEM.
Overall, it became obvious that spore viability is a function of sporulation medium,
sporulation time and storage temperature. Strong correlations can be drawn between
the viability and the metabolite analysis and hence the specific autofluorescence of the
respective spore. However, the correlation to the spores” ATP concentration is despite
previous reports not as obvious. Further, the suggested viability assessment includes
the industrially relevant factor germination time. In combination with the total spore
yield, this introduces the total viable spore concentration and is a meaningful criterion

for the characterization of conidial populations and sporulation substrates.
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4.4.7 Shake flask performance after storage

It was not only analyzed whether the storage of conidia in suspension at 4 °C over 7 d
affects the properties of the spores but also whether it influences the performance of
the spores in a subsequent submerged cultivation. This is relevant as it is common in
industrial applications that conidia have to be stored for one or several days. Typically,
this is executed believing that spores are not affected by short term storage in cooled

conditions. However, as will be shown here, this is not the case.

As described in chapter 3.9, all parameters were monitored over the course of the
shake flask cultivations but for better perceptibility end-point determinations will be
presented here. Figure 4.34 shows the pH of the cultivation broth 72 h after
inoculation. The differences between cultures inoculated with freshly harvested spores
and conidia that have been stored in suspension for 7 d at 4 °C can be seen. Further,
the effect is displayed for spore populations generated on four different sporulation
substrates. It becomes obvious that storage has no significant effect on the
cultivations’ pH for most sporulation substrates. Cultivations inoculated with spores
from WBA, however, show a sharp decrease. While spores freshly harvested from
WBA cause the largest increase in pH (reaching 8.7), stored spores exhibit the weakest
response, reaching a pH of 8.1 +0.1. A pH of 8.6 + 0.0 and hence highest activity is

now observed in cultivations inoculated with spores from BAA.
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Fig. 4.34. pH of the cultivation broth 72 h after inoculation. Freshly harvested
spores (grey columns) and spores that have been stored in suspension (4 °C,

7 d, black columns) were used as inocula. CSL-SP medium, 30 mL, 24 °C,

130 min™', pH 5.6. Conidiation on oat bran agar (OBA), wheat bran agar
(WBA), malt extract agar (MEA), banana agar (BAA). Presented are arithmetic
means of 6 biological and 3 technical replicates + SEM.
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Recalling that rapid alkalization was discussed as an indicator for metabolic activity,
this finding suggests spores from WBA to be adversely affected by storage. In fact,
this is confirmed by the reactant consumption. While freshly harvested WBA spores
showed the highest activity and transformed 80 % of the reactant during the first 72 h
(shown in chapter 4.1.8, figure 4.15), stored WBA spores only convert 40 % during
the same interval and with all further parameters being unchanged. Figure 4.35 shows
clearly how stored spores from WBA exhibit by far the weakest performance of all

stored inocula.
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Fig. 4.35. Reactant consumption over the course of shake flask cultivations.

Inocula generated on banana agar (BAA), oat bran agar (OBA), malt extract

agar (MEA) and wheat bran agar (WBA) during 8 d sporulation at 24 °C in the

dark were subsequently stored for 7 d in suspension at 4 °C. Submerged

cultivation: CSL-SP medium, 30 mL, 24 °C, 130 min'l, [19-NorAD]y = 2 g/L.

pH 5.6. Presented are arithmetic means of 6 biological and 3 technical

replicates = SEM.
The finding becomes even more obvious when comparing the morphology index and
the reactant consumption after 48 and 72 h of submerged cultivation for all four
sporulation media as shown in figure 4.36 and figure 4.37. It clearly becomes obvious
that both, morphology index and reactant consumption, increase over the duration of
the cultivation and then again when comparing cultivations inoculated with stored
spores to their counterpart with freshly harvested spores. This indicates that the
morphology shifts towards more pellet growth during the course of the cultivation and
that stored spores show a stronger tendency to form pellets upon the start of the
cultivation. Most interestingly, the reactant consumption is drastically increased
through storing the inoculum at 4 °C for 7 d. Even though surprising at first, this is

well in line with results presented earlier in the study as well with previously reported
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findings. For example, Porcel et al. (2006) found increased lovastatin production for
briefly stored spores. Further, Vezina et al. (1963) reported steroid conversion with

A. ochraceus conidia to be unaffected by prior storage of the same.
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Fig. 4.36. Morphology index of shake flask cultures after 48 h (darker colored
columns) and 72 h (lighter colored columns) inoculated with spores generated on
oat bran agar (OBA), wheat bran agar (WBA), banana agar (BAA) and malt
extract agar (MEA). Sporulation at 24 °C for 8 d in the dark. Further,
cultivations inoculated with freshly harvested spores can be distinguished from
those that have been stored for 7 d at 4 °C in suspension in the dark. Submerged
cultivation: CSL-SP medium, 30 mL, 24 °C, 130 min'l, [19-NorAD]y, =2 g/L. pH
5.6. Presented are arithmetic means of 6 biological and 3 technical replicates

+ SEM.
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Fig. 4.37. Reactant consumption for shake flask cultivations. All other details
as in the figure above.
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It was shown in subchapter 4.4.2 that conidia exhibit a highly active metabolism
during storage, possibly preparing for faster germination upon detection of favorable
conditions. The poor cultivation performance of cultures inoculated with stored spores
from WBA can hence readily be explained with their inferior metabolite profile,
showing reduced concentrations of carbon reservoirs and TCA cycle intermediates.
Further, the ratio of bound NAD(P)H drops from 22 to 13 % in spores from WBA
during storage while it rises roughly in the same range in spores from OBA and MEA.
Eventually, also the pellet formation tendency of conidia from WBA decreases,
possibly due to altered surface protein properties. This represents a novel and

remarkable correlation between inherent spore properties and cultivation results.

However, shifting the focus from the predominant drop in WBA spores’ performance,
it 1s just as noteworthy how productivity increases for OBA, BAA and MEA spores
after storage. In average, the fraction of single spores, determined as described in
chapter 3.2, decreases from 65 to 55 % during 7 d storage in suspension at 4 °C (data
not shown) while the portion of aggregates of three or more spores increases from
17 to 27 % indicating significantly increasing aggregation tendency. Even though the
hence generated primary aggregates are several orders of magnitude smaller than
pellets, yet they determine, in combination with pH and mechanical power input, the
morphological development of the cultivation of this coagulative fungus as they

represent starting points for pellet formation.

It has to be stated though that uncooled storage is clearly detrimental for spores and
impairs productivity in subsequent cultivations. Figure 4.38 shows the course of the
reactant consumption and the pH of a cultivation that has been inoculated with 7 d old
spores that were stored at 30 °C rather than 4 °C. For comparison, aliquots of the fresh
population were stored at 4 °C and are depicted in the same graph. It can clearly be
seen how the cultivations significantly differ and the inoculum stored at 30 °C shows
dramatically decreased metabolic activity. While cultivation inoculated with the
cooled spores transforms 66 % of the reactant, its counterpart only transforms 21 %.
Also, the pH rises only to 6.7 instead of 8.3 for the cooled seed culture. Results for
biomass are similar (not shown). A simple generalization that storing spores prior to
their application increases the yield is hence not possible. Moreover, this finding
vividly shows how important proper spore treatment is for reproducible, high

cultivation yields.
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Fig. 4.38. Reactant consumption (solid line) and pH (dashed line) over the
course of shake flask cultivations. Inoculum: Spores generated on media and
subsequently stored for 7 d at 4 °C (full squares) or at 30 °C (open squares).
Submerged cultivation: CSL-SP medium, 30 mL, 24 °C, 130 min’l,
[19-NorAD]y = 2 g/L. pH 5.6. Presented are arithmetic means of 3 biological
and 3 technical replicates + SEM.

4.5 Effect of early germination

4.5.1 Change of metabolite profile during early germination

Conidia from A. ochraceus were incubated in liquid medium under standard
conditions. The analysis of the metabolite profile revealed a significant increase of
intermediates from the primary metabolism accompanied by the decrease of storage
components, similar but not identical to the findings with stored spores presented in
subchapter 4.4.2. However, some dramatic differences were uncovered between
germinating spores from different conidiation substrates, between spores that have
been left for germination for 4, 6 and 12 h as well as between spores left for
germination in the presence and absence of the reactant steroid 19-NorAD. These

findings will be presented in the following subchapters.
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Metabolite profile of germinating spores from MEA, OBA and WBA

Figure 4.39 shows how the entire TCA cycle awakes during germination and cellular
metabolism emerges. As seen with fresh and stored spores in the previous chapters,
conidia produced on OBA and MEA show similar behavior over the majority of
metabolites. WBA, however, is no longer inferior but shows activity at the same or an
increased level. Pyruvic acid, the main metabolic intersection, is present in all three
populations at comparable levels. This is in line with the findings reported for stored
spores in subchapter 4.4.2. Further, with citric acid, alpha-ketoglutarate, succinic acid

and malic acid almost all of the TCA cycle intermediates could be detected (data not

shown).
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Fig. 4.39. Abundance of the most relevant metabolites in spores from oat bran

agar (OBA, grey), malt extract agar (MEA, black) and wheat bran agar (WBA,

striped) after germination in liquid culture (MEL medium, 30 mL, 24 °C,

130 min™', 6 h). Presented are arithmetic means of 3 biological replicates

+ SEM. Note the logarithmic scale and the base point of the ordinate of 1 000.
The interesting difference, however, is that spores from WBA show no longer
decreased concentrations of TCA cycle intermediates in the second half (alpha-
ketoglutarate, succinic acid and malic acid) but the highest abundance of those
metabolites compared to OBA and MEA spores. Furthermore, 4-aminobutyric acid
(GABA), which is alongside with alpha-ketoglutarate a major link to amino acid
metabolism, also shows highest concentrations in germinated WBA spores.
Additionally, the concentrations of kojic acid (a common by-product of fungal
cultivations), nicotinic acid (an important building block for the generation of the

cofactors NADH and NADPH), uridine (for RNA synthesis) and glycerol-3-phosphate
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(for phospholipid synthesis) are increased in fresh, germinating WBA spores

compared to their OBA and MEA counterparts.

These results fuel the speculation that spores generated on WBA show a shifted
composition with regard to their carbon, energy and nitrogen storage. As shown in
subchapter 4.1.3, WBA spores have smaller polyol reservoirs. Larger peptide pools are
here postulated. During storage at 4 °C, these peptide pools are then not as stable and
show less protection against environmental stresses compared to polyols. Peptides are
thus depleted for maintenance metabolism or subject of other breakdown mechanisms
over the course of the storage period. Therefore, spores from wheat bran agar, show
inferior composition and performance after storage. However, when fresh WBA spores
are left for germination, they make use of those readily available reservoirs serving as
building blocks and energy supply concomitantly. This renders WBA spores ideal for
immediate germination after harvesting but inferior when conidia are required to be

stored between harvest and application.

An over interpretation of the results has to be avoided though as the differences
between the levels of concentration are around factor 2 which is the threshold
commonly chosen to speak of significant changes in the up- and downregulation of
metabolism. Also, two important amino acids (glutamic acid and glycine, see
figure 4.39) are found at lower concentrations in spores from WBA undermining the
above stated hypothesis. Furthermore, wheat bran shows an intermediate nitrogen level
in the same range as malt extract and oat bran. For detailed information, flux analyses
with °C labeled carbon would hence have to be conducted as only these allow the

precise tracking of reservoirs and subsequent metabolization thereof.

Metabolite profiles of spores germinating for 4, 6 and 12 hours

Freshly harvested spores from MEA were left for germination under standard
conditions for 4, 6 and 12 h. The metabolite profile was subsequently assessed as
described before. Figure 4.40 shows the changes of the most relevant metabolites of
unstored spores immediately after harvest as well as after 4, 6 and 12 h of germination
in liquid culture. Erythritol and ribitol which are both highly abundant in untreated
spores from MEA show a constant decrease during early germination. This resembles
the expected. However, compared to conidia that have been kept at 4 °C for 7 d, this
states a remarkable difference. There, the 4-carbon polyol erythritol is depleted
entirely over the course of one week whereas ribitol, a 5-carbon polyol, remains

absolutely unchanged throughout the storage period (see chapter 4.4.2).
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Therefore, it can be stated that erythritol serves as a carbon and energy supply during
storage and germination while ribitol is retained and only consumed during
germination. This indicates that they cater distinct functions within the conidial

metabolism and are not interchangeable.

The observation that pyruvic acid, succinic acid, malic acid and lactic acid show
parallel increasing concentrations is a clear indicator for the onset of the central carbon
metabolism in more and more spores during the first 12 h of germination. Of those,
malic acid, however, is the only TCA cycle intermediate that was already detectable in

freshly harvested spores.
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Fig. 4.40. Abundance of the most relevant metabolites in freshly harvested

spores from malt extract agar (MEA). Untreated (black), germinated in liquid

culture for 4 h (dark grey), 6 h (light grey) and 12 h (striped). Presented are

arithmetic means of 3 biological replicates = SEM. Note the logarithmic scale

and the base point of 100 of the ordinate.
The behavior of glutamic acid, alpha-ketoglutarate, pyroglutamic acid and
4-aminobutyric acid (GABA) is outstanding. While none of those metabolites can be
detected in untreated spores, they very rapidly appear after 4 h of germination, rise
towards 6 h and then decrease. Glutamic acid and alpha-ketoglutarate, which serve
central roles in the normal cellular metabolism, fall to intermediate concentrations.
Pyroglutamic acid and GABA, however, disappear entirely. It can hence be suspected
that these metabolites are intermediates of peptide catabolism and amino acid

degradation. Therefore, they only appear during the short period where the degradation
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rate of the putative reservoir-oligomer exceeds the consumption by downstream
pathways. This represents a novel concept for the explanation of reservoir changes in
fungal spores during germination. However, for bacterial spores it had been shown that
hexosamine containing peptides are secreted into the suspending medium during
germination (Powell and Strange, 1953; Strange and Powell, 1954). Aimanianda et al.
(2009) found that hydrophobins, typically covering the dormant spore, are not released
into the suspending medium during germination but entirely degraded. The fact that
hydrophobins are small proteins with highly conserved, repeating amino acid motives
would make rapid degradation for the supply of building blocks additionally
convenient for germinating conidia. As shown in chapter 3.2.2, changes of the proteins
in the conidial wall were also reported within this work. Further, the composition of
spore wall proteins of Syncephalastrum racemosum has been reported to be rich in
aspartic acid, glutamic acid, glycine and serine, all representing amino acids that are
readily metabolized (Hobot and Gull, 1981a). Also, Lamarre et al. (2008) found
parallel upregulation of GAD and isocitrat dehydrogenase in germinating spores of
A. fumigatus suggesting the close link between the regulation of TCA cycle and amino
acid metabolism. These findings can be regarded as further indications in favor of the

suggested theory.

In summary, the presented findings support the hypothesis that amino acid based
reservoirs with distinct roles during the onset of germination and metabolism are likely

to be present in fungal spores.

Metabolite profile of spores germinating in the presence of 19-NorAD

Significant differences between germinating MEA spores in the presence and absence
of the reactant steroid 19-NorAD were revealed. As shown previously, several steroids
exhibit strong anti-fungal activity, particularly on germinating spores (Deacon and
Mitchell, 1985). Lately, it has been reported that progesterone may even convey its
inhibitory effects via G protein coupled signaling pathways in mycelia (Jeraj et al.,
2005). Furthermore, 19-NorAD is dissolved in dimethylformamide (DMF) which has
also proven toxic (Stratton, 1985). It can hence be expected that spores germinating in
the presence of the reactant show an impaired response and slower growth. The

results, however, exceed the anticipation and are depicted in figure 4.41.
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Fig. 4.41. Abundance of selected metabolites in 6 h germinating spores in the

absence (black) and presence (grey) of the reactant steroid 19-NorAD.

Presented are arithmetic means of 3 biological replicates = SEM. Note the

logarithmic scale and the base point of 1 000 of the ordinate.
Of the 45 detected metabolites, 22 were only present in the culture grown without
steroid addition, 19 were abundant in similar or lower concentrations in the shake
flasks with added steroid and 4 were found in higher concentrations in the 19-NorAD
positive cultures (data not shown). Interestingly, the 4 metabolites found in higher
concentration are sucrose, glucose and fructose as well as an unknown substance. This
is especially noteworthy as the liquid medium has no added sugars. Also, lactose,
trehalose, isomaltose, maltotriose, glycerol, erythritol, xylitol, ribitol, sorbitol and
inositol are found at comparable levels. Interestingly, pyruvic acid and lactic acid also
show only minor differences between the two germination conditions. However,
amino acid and related metabolites (e.g. alanine, valine, serine, threonine, glycine,
glutamic acid and pyroglutamic acid) as well as TCA cycle intermediates (succinic
acid, malic acid, alpha-ketoglutarate and citric acid) were not found in germinating

spores with added 19-NorAD but only in cultures in the absence of the reactant.

However, as cultivations were readily conducted in the presence of 19-NorAD, both,
from the beginning as well as added after germination, it has to be concluded that the
steroid does not inhibit but delay and/or retard the onset of fungal growth. This
indicates that cultivations are better conducted with the steroid absent during the initial
phase, so that conidia germinate faster and develop rapidly into active mycelium. Later
addition of the steroid should therefore allow faster transformation rates as also lately

suggested for biotransformations in general (Adams et al., 2003).
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4.5.2 Change of NAD(P)H distribution during early germination

Germinating spores of A. ochraceus were investigated by means of two-photon
fluorescence microscopy in order to reveal changes in the NAD(P)H distribution.
Measurements were taken after incubating the spores for 6 h in submerged culture in
malt extract liquid medium (MEL). Figure 3.14-D and figure 4.42 illustrate that at this
point spores are still clearly visible while very few germ tubes and short hyphae can
also already be witnessed. As described before though, image analysis was conducted
for entire images integrating TCSPC decays over the whole scan. The results of the

subsequent fit and data analysis are presented in table 4.6.

It becomes visible that germinating spores show high ratios of protein bound
NAD(P)H and hence high metabolic acitivities. Irrespective of the conidiation
substrate, the portion of free NAD(P)H decreases while the bound NAD(P)H becomes
more abundant. MEA showed with an increase from 10 to 22 % the largest shift
towards the bound coenzyme. Also, spores from OBA increased significantly from
11 % bound NAD(P)H immediately after the harvest to 17 % during germination.
Even WBA spores that showed with a ratio of 22 % bound NAD(P)H in freshly
harvested spores already the level of metabolic activity that MEA spores reached after
6 h of germination increased further. They now show a ratio of protein bound
NAD(P)H of 29 %, the highest abundance of bound cofactor determined in this study.

10um

Fig. 4.42. Fluorescent lifetime images (FLIM) of A. ochraceus spores
germinated for 12 h. Color code represents average fluorescence lifetime per
pixel in ns. Data acquisition and analysis with SymPhoTime.
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Tab. 4.6. Fluorescence lifetimes of free and protein bound NAD(P)H in
germinating spores (MEL, 6 h, 24 °C, 100 min™) originally harvested from malt
extract agar (MEA), oat bran agar (OBA) and wheat bran agar (WBA).
Presented are arithmetic means from 2 biological and 3 technical

replicates = SEM.

Lifetime [ps] Fraction of protein
NAD(P)H free | NAD(P)H bound | bound NAD(P)H [%]
MEA germinated | 532+ 19 3285+37 22+0
OBA germinated 427+ 18 3310+83 17+0
WBA germinated | 546 + 15 3714 +£41 29+2

It is further noteworthy that some FLIM images also exhibited comparably reliable
results for biexponential fitting (instead of triexponential) indicating the abundance of
melanin in the cell wall to be decreasing during germination. Detailed analyses,
however, were not possible as the fluorescence lifetime of melanin is too short to be
resolved reliably.

These findings are again very well in line with the results presented in the previous
subchapter where the onset of conidial metabolism during early germination is
described based on the metabolite profile. It can be seen how TCA cycle intermediates
as well as numerous additional metabolites increase. With the hence increasing overall
metabolic activity, the rapid generation of NADH in glycolysis and TCA cycle as well
as cell growth, as depicted in figures 3.14 and 4.42, more NAD(P)H is therefore bond
to active enzymes. It may be speculated that the shift towards protein associated
cofactors is exponential until it reaches its maximum because the abundance of
enzymes increases during germination and hence the concentration of possible partners
for interaction. At least during the first hours, this will immediately accelerate
transcription and translation of early germination genes, again increasing the
concentration of possible binding sites (Lamarre et al., 2008). Only when the required
enzymes for the generation of NAD(P)H become available and the total pool of
NAD(P)H is increased in a regulated manner, this process will turn into a dynamic

equilibrium.

It will hence be interesting to investigate the entire germination process until the
formation of hyphae and mycelium. Also, the scrutiny of the effect of different growth
conditions (power input, oxygen supply, nutrient availability) appears fascinating as
the localization of metabolically active and inactive hyphal regions should be
detectable due to high or low ratios of NAD(P)H, respectively in the mycelium. Due to

its unique properties, two-photon fluorescence microscopy is particularly practical for
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such analysis. The low energy infrared excitation light can readily penetrate fungal
structures and hence provide information about the inside of pellets. The hurdle to

overcome for this task though is the immobilization of the pellet.

In this study, for the first time, the distribution of NAD(P)H in conidia was shown by
means of two-photon fluorescence microscopy. It was not only possible to demonstrate
differences between spores of different media (MEA, OBA and WBA) but also
between spores in different growth states (freshly harvested, stored and germinated).
Further, even differences between individual spores could be revealed and analyzed.
The findings are well in line with the metabolite profiles of the corresponding spores
and emphasize the meaningful applicability of two-photon fluorescence for the
detection, the wvisualization of localization and the determination of relative
concentrations of free and protein bound NAD(P)H which is a suitable, versatile

indicator for fungal metabolic activity.
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5 Summary and conclusion

The goal of this study was the comprehensive characterization of fungal spores in
order to correlate their properties with the outcome of submerged cultivations
inoculated with these spores. Therefore, spore quality indicators had to be determined
and methods for their respective assessment had to be established. Subsequently, this
allowed the revelation of the triad between sporulation environome, spore properties
and cultivation performance. Seven major spore quality indicators were verified as
meaningful and validated for the portrayal of a conidia population. It could be shown
that the spore aggregation tendency, readily assessed microscopically, correlates with
the later morphology during the cultivation, possibly through altered spore wall
properties. In order to allow the analysis of the ingredients of spores a method for the
preservative extraction of spore metabolites was established and successfully applied,
permitting metabolic profiling in fungal spores for the first time and giving deep
insights into the reactions inside the spores that have been claimed ‘dormant’ for many
years. Further, the metabolically relevant co-factor NAD(P)H was spatially resolved
and semi-quantitatively determined by means of two-photon fluorescence microscopy
(2pFLIM). Especially the ratio of free and protein bound NAD(P)H proved to be a
valuable indicator for the quality of a seed culture. Similar trends could be found when
studying the visible longwave fluorescence. While being not as specific as the 2pFLIM
measurements, their determination can be conducted rapidly and routinely. The same
1s true for the here presented methods for the ATP analysis as well as the
determination of the spore viability. Hence, a comprehensive set of methods was
established to investigate spore quality indicators for quality control assessments and

fundamental research alike.

In a second step, the effect of the sporulation environome, which also had not been
previously described as such, on these spore quality indicators was elucidated. It was
shown that the carbon content of the sporulation medium positively correlates with the
concentration of harvestable conidia within reasonable boundaries. The highest spore
yield of 26 - 107 spores/mL was achieved using oat bran agar (OBA) with a carbon
concentration of 15 g/L. Increasing the carbon content to 183 g/L through the addition
of glucose though did not further foster conidiation but did also not inhibit the same.

The effect of nitrogen appears to be minor.

Further, fresh spores were found to contain high concentrations of several polyols and
sugars. Individual polyol species, such as inositol and ribitol, were detected at

concentrations between 0.1 and 55 ng/10’ spores, respectively, each representing
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between 0.05 and 2 % of the spore matter. While fructose, inositol, and sorbitol for
example are present at almost identical concentrations across the tested spore
populations independent of the sporulation medium, glycerol, threitol and erythritol
vary significantly with differences of up to factor 22. In these cases, spores generated
on wheat bran agar (WBA) showed the lowest concentrations of those important
metabolites that mediate stress tolerance and serve as carbon reservoirs compared to
those from malt extract agar (MEA) and OBA. The metabolite profile of spores that
have been stored in saline solution for 7 d at 4 °C doubtlessly reveals the onset of the
TCA cycle and amino acid metabolism. For example, pyruvic acid, citric acid, alanine
and spermidine are found in large concentrations in stored spores while they were
below detection limits in freshly harvested conidia. Their generation is observed at the
expense of reservoir compounds which significantly decrease during storage. This
finding has relevant implications for industrial applications as the short term storage of

spores at 4 °C was generally expected to not alter the spores’ properties.

Also, fresh spores originating from WBA show the highest ratio of protein bound
NAD(P)H. While only 10 % of all NAD(P)H in spores from MEA and OBA was
conjugated with proteins, the fraction is at 22 % in spores from WBA indicating an
increased metabolic readiness. However, this observation changed entirely after
storing the spores for 7 d at 4 °C in suspension. Spores from WBA then show low
levels of protein bound NAD(P)H while spores from the other substrates exhibit higher
activities with fractions of bound NAD(P)H up to 20 %.

This behavior was mirrored completely by the performance in subsequent submerged
biotransformations. Cultivations inoculated with fresh spores from WBA showed the
largest reactant consumption of approx. 80 % after 72 h. Those started with spores
from banana agar (BAA), MEA or OBA only converted approx. 40 %. In line with the
findings for NAD(P)H distribution and metabolite profile, this revolves after storage:
Performance of stored spores from WBA decreases while the activity of cultivations
inoculated with stored spores from all other substrates increases significantly. For
stored spores, best results were obtained with conidia generated on banana agar
converting 78 % of the reactant after 72 h of cultivation. This again emphasizes the

significant changes that spore populations undergo during storage.

Furthermore, reactant turnover in the cultivation broth could be related to the culture
morphology which itself is a result of the conidial aggregation behavior. It was
revealed that yet the primary aggregation of spores influences the morphology of the

following cultivation. It could be demonstrated that the fraction of single spores
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decreases from 67 to 42 % during storage of conidia. Subsequently, cultivations
inoculated with stored spores show a considerable shift towards pellet morphology
which in turn positively correlates with the culture productivity. Aggregation is hence
no longer only a function of the pH, the power input and the addition of microparticles

but also of the spore properties.

It became obvious that the selection of the optimal sporulation substrate depends on
the required application of the conidia. For immediate inoculation, spores freshly
harvested from WBA are recommended as therewith the highest metabolic activity,
reactant consumption and product formation were witnessed. Sporulation on OBA is
favorable if the sheer concentration of spores is of largest relevance. If spores are
needed to show a well-balanced performance and stability during storage, MEA is the

recommended conidiation substrate.

This illustrates that the evaluation of a conidiation medium only by the amount of
harvestable spores is inadequate. Also, the description of a spore population’s quality
by the mere assessment of their viability can only serve as a preliminary indicator. As
the ultimate culture performance is a function of several conidial properties, the
determination of a single criterion would in any case not be sufficient for the holistic
characterization of the spore population. Only the combined analysis of macroscopic
changes such as aggregation behavior and molecular properties like the NAD(P)H
distribution and the metabolite profile allows a comprehensive understanding of the
spore population. This work hence represents a relevant step towards a better
understanding of fungal cultivation processes as it represents the first elucidation of an

important but previously neglected parameter in this multivariant system.

The fact that these findings were also related to the performance of subsequent
submerged cultivations makes the results additionally interesting for industrial
applications. Routine introduction of selected techniques may aid in the detection of
inferior seed cultures. Early discharge of those inocula may consequently reduce
suboptimal cultivation runs, improve workload capacity utilization and ultimately

minimize costs.
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6 Outlook

The knowledge of the significant influence of the sporulation environome on the
properties of conidia and their subsequent behavior in submerged cultivations opens a
large field for future investigations. In order to understand the underlying genetic
reasons for the observed differences, the changes of mRNA level in mycelia and
conidia during the formation of spores are of largest interest. As currently international
efforts are being combined to understand the overall genetic regulation of sporulation,
a fruitful intercommunication can be expected here. However, the extraction of intact

mRNA from conidia for subsequent qRT-PCR analysis has proven difficult in the past.

Also, knowledge about the development of the metabolome over the course of spore
formation would be an important keystone for the interpretation and subsequent
optimization of conidiation processes. Particularly, the introduction of LC-MS analysis
for the improved detection of secondary metabolites appears promising. Further, the
determination of absolute concentrations of NAD(P)H in spores would provide a
deeper insight into the conidial composition of cofactors. In addition, the existing
model for the correlation of aggregation and morphology may be extended to include
the influence of the primary aggregation. Therefore, it may be of interest to further
assess the spore wall properties (particularly glucan, melanin and hydrophobins) and

how they are affected by the sporulation environome.

Also, the application of defined media would assist in the understanding of
intracellular processes and exhibit the possibility to correlate the found changes to
individual ingredients of the sporulation medium. As shown, spores yet within a given
population still show significant variances, for example in NAD(P)H distribution and
size. This has to be attributed to the existence of a putative ‘micro-environome’ during
sporulation on solid media. It would therefore be beneficial to select individual spores
for the inoculation of successive cultivations. This may for example be achieved by
means of fluorescence activated cell sorting. Additionally, it shall be investigated

whether the micro-environome can be controlled for.

For the holistic understanding of the overall process, the final step would be the
inclusion of the determined results into a comprehensive mathematical model. This
shall incorporate cultivation parameters, such as pH and power input, as well as
sporulation parameters and spore characteristics, like the ATP content or the
aggregation behavior. The model would then allow the prediction of the cultivation

outcome only based on these input parameters.
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7.2 List of metabolites

Tab 7.1. Detected metabolites, their retention index (RI), quantifying mass
(OM) and occurrence (y = present, 0 = not found). Sorted by RI.

Metabolite RI QM Category Fresh |Stored|Germinating
Pyruvic acid 1036.7 |174 Glycolysis/TCA (and related) |0 y y
Lactic acid 1042.8 |117 Glycolysis/TCA (and related) |0 y y
Glycolic acid 1062.3 |205 Glycolysis/TCA (and related) |y y y
+177
Alanine 1086.6 |116 Amino acid (and related) 0 y y
Butyro-1,4-lactam 1142.7 1142 Amino acid (and related) 0 y 0
Unknown RI 1163 1164.2 |84 unknown y y y
Succinic semialdehyde  |1178.8 [113 Glycolysis/TCA (and related) |0 0 y
Valine 1207.8 |144 Amino acid (and related) 0 y y
+218
Butanoic acid 1231.0 |147 Glycolysis/TCA (and related) |0 0 y
Unknown #sst-cgl-008 1237.6 |110 unknown 0 0 y
Urea 1241.9 |189 Amino acid (and related) 0 y 0
+171
Serine 1255.1 |116 Amino acid (and related) 0 y y
+132
Glycerol 1267.2 1205 Fat (and related) y y y
Phosphoric acid 1267.9 1299 Multiple Functions y y y
Nicotinic acid 1279.1 106 Vitamin y y y
Threonine 12924 {117 Amino acid (and related) 0 0 y
Glycine 1303.7 |174 Amino acid (and related) 0 y y
Succinic acid 1312.0 |147 Glycolysis/TCA (and related) |0 y y
+247
Unknown RI 1341 1338.3 {106 unknown y y y
Unknown RI 1401 1406.3 |147 unknown y y y
Erythrose 1438.4 |117 Sugar/Polyol (and related) 0 0 y
Malic acid 1478.7 |73 Glycolysis/TCA (and related) |y y y
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+233
Threitol 1487.3 1103 Sugar/Polyol (and related) y y 0
Erythritol 1493.1 217 Sugar/Polyol (and related) y 0 y
Aspartic acid 1513.1 {232 Amino acid (and related) 0 y 0
Pyroglutamic acid 1521.2 |156 Amino acid (and related) 0 y y
4-Aminobutyric acid 1525.0 {174 Amino acid (and related) 0 y y
Glutamic acid 1530.5 |84 Amino acid (and related) 0 0 y
2-Hydroxyglutaric acid  [1568.9 129 Glycolysis/TCA (and related) |0 y y
+203+247
alpha-Ketoglutarate 1572.6 |198 Glycolysis/TCA (and related) |0 0 y
Unknown RI 1612 1612.8 |138 unknown y 0 0
Phenylalanine 1632.0 |218 Amino acid (and related) 0 y 0
Kojic acid 1661.2 |271 Fungus specific 0 0 y
Xylitol 1690.9 |217 Sugar/Polyol (and related) y y 0
+103
Ribitol 1712.2 1103 Sugar/Polyol (and related) y y y
Putrescine 1738.8 |174 Stabilization 0 y y
Shikimic acid 1752.6 204 Amino acid (and related) 0 y 0
Glycerol-3-phosphate 1756.7 1299 Fat (and related) 0 0 y
Citric acid 1811.9 1273 Glycolysis/TCA (and related) |0 y y
Fructose 1857.4 1103 Glycolysis/TCA (and related) |y y y
Gluconic acid-1,5-lactone [1875.5 |220 Sugar/Polyol (and related) y 0 y
Glucose 1883.9 |160 Sugar/Polyol (and related) 0 0 y
Sorbitol 1913.2 |319 Sugar/Polyol (and related) y y y
Inositol 2015.3 |318 Sugar/Polyol (and related) y y y
Hexadecanoic acid 2045.7 1117 Fat (and related) 0 y y
myo-Inositol 2080.7 1217 Sugar/Polyol (and related) y y y
Spermidine 2192.9 (174 Stabilization 0 y 0
+200
Octadecanoic acid 2242.7 1117 Fat (and related) y y y
Uridine 2468.4 217 Other 0 0 y
Sucrose 2623.5 |361 Sugar/Polyol (and related) 0 y y
Disaccharide RI 2663 2663.4 |361 Sugar/Polyol (and related) y 0 0
Lactose 2722.7 1204 Sugar/Polyol (and related) 0 0 y
Trehalose 2726.7 |191 Sugar/Polyol (and related) y y y
Isomaltose 2846.7 |361 Sugar/Polyol (and related) 0 0 y
Maltotriose 3496.2 {204 Sugar/Polyol (and related) 0 0 y
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