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Summary

Summary

The need to develop renewable raw materials for industrial chemistry as a substitute for oil
has been growing over the last decades. In this context, the use of plant biomass is
considered a cheaper, less polluting alternative, and a model for adding value to agro-
industrial product chains, such as soybeans, sugarcane/sugar beet, and corn but also
forestry. These feedstock materials mainly consist of cellulose, which is embedded in a
matrix of covalently linked hemicelluloses and lignin. Fungi have the ability to sense the
presence of such polymers and rewire their regulatory networks to secrete enzymes that
efficiently convert these into fermentable sugars. However, the high degree of cross-linking,
the natural heterogeneity and consequent chemical complexity of plant biomass render it
recalcitrant to degradation and increase the costs associated with such processes. The key
challenge therefore is to make biomass depolymerization more rapid and less costly. The
optimization of feedstock materials to better suite fermentation processes and the rational
engineering of fungal strains to efficiently produce degrading enzymes will be highly
beneficial for biorefinery applications. However, efforts to this end are still hampered by
incomplete knowledge of how fungi perceive the substrates and integrate the respective
signals to form enzyme cocktails that are tailored to the composition of the biomass in
proximity.

This thesis followed a combined approach to decipher the interaction between filamentous
ascomycetes and (hemi-)cellulosic substrates. In the first part of the thesis, the model
filamentous fungus Neurospora crassa and the industrially optimized strain Trichoderma
reesei RUT-C30 were used to assess the impact of the differences in the physicochemical
characteristics of microcrystalline and powdered cellulose substrates on the production of
(hemi-)cellulases. The results indicated that particularly crystallinity and hemicellulose
content are major determinants of substrate performance. In vitro digestions, for example,
demonstrated that the powdered cellulose, as the most hemicellulose-contaminated and
least crystalline substrate, was the most readily hydrolysable. Intriguingly, while the fungi
were able to perceive even small hemicellulosic contents in the substrates, the results
indicated that the chemical composition alone does not reflect the fungal response, but
other factors, such as substrate bioavailability, are also important. Moreover, only the
carbon catabolite de-repressed strain, RUT-C30, was able to take full advantage of the
hemicellulose impurities. Nevertheless, comparing carbon catabolite repressed and de-
repressed strains of both fungi indicated that the perception differences are not solely due
to carbon catabolite de-repression, but are also dependent on the species-specific

regulatory networks as well.
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The second part of the thesis focused on the fungal perception of the hemicellulose
impurities often present in the substrates. The results provided novel insights into the
overlap between cellulose and mannan (a major hemicellulose) perception pathways in N.
crassa. This cross-talk was shown to be competitive both at the level of uptake by
cellodextrin transporters and at the level of intracellular signaling, thereby causing a sort of
“confusion” that is inhibitive for cellulase production. An intracellular balance between the
inducing and inhibiting molecules, cellodextrins and mannodextrins, respectively, was
shown to be important for the wildtype cellulolytic response. Importantly, the potential for
inhibition was shown to be conserved in the industrially used strains Myceliophthora
thermophila and T. reesei RUT-C30.

In summary, this thesis highlighted key factors to consider when choosing the optimal
substrate for lignocellulolytic enzyme production in filamentous fungi. Furthermore, because
of the importance of substrate crystallinity and hemicellulose content, they are considered
possible targets for enhancing substrate effectiveness in saccharification processes.
Additionally, the thesis provided novel insights that advance the fundamental understanding
of the cross-talk between perception pathways governing plant cell wall utilization by fungi.
The cellulase-inhibitive overlap between mannan and cellulose pathways is important to be
addressed. The inhibition relief through rational engineering of mannan-insensitive strains
is a critical step in the biotechnological (hemi-)cellulase production process.
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Zusammenfassung

Der Bedarf an nachwachsenden Rohstoffen fiir die industrielle Chemie als Ersatz fir Ol ist
in den letzten Jahrzehnten gestiegen. In diesem Zusammenhang wird die Nutzung
pflanzlicher Biomasse als billigere, umweltfreundlichere Alternative und als Modell fiir die
Wertschopfung in agroindustriellen Produktketten wie Sojabohnen,
Zuckerrohr/Zuckerriiben, Mais aber auch in der Forstwirtschaft angesehen. Diese
Ausgangsstoffe bestehen hauptsachlich aus Cellulose, die in eine Matrix aus kovalent
gebundenen Hemizellulosen und Lignin eingebettet ist. Pilze haben die Fahigkeit, das
Vorhandensein solcher Polymere zu erkennen und ihre regulatorischen Netzwerke neu zu
vernetzen, um Enzyme zu sekretieren, die diese Polysaccharide effizient in fermentierbare
Zucker umwandeln. Der hohe Vernetzungsgrad, die nattrliche Heterogenitat und die damit
verbundene chemische Komplexitat der pflanzlichen Biomasse machen sie jedoch
widerstandsfahig gegen Degradation und erhéhen die mit solchen Prozessen verbundenen
Kosten. Die grofite Herausforderung besteht daher darin, die Depolymerisation von
Biomasse schneller und kostengunstiger zu gestalten. Die Optimierung der Ausgangsstoffe
fir eine bessere Anpassung der Fermentationsprozesse und die rationale genetische
Modifizierung von Pilzstammen zur effizienten Herstellung von abbaubaren Enzymen
werden fur Bioraffinerieanwendungen von grof3em Nutzen sein. Unvollstandiges Wissen
daruber, wie Pilze die Substrate wahrnehmen und die entsprechenden Signale zu
Enzymcocktails integrieren, die auf die Zusammensetzung der Biomasse in der N&he
zugeschnitten sind, erschwert dies jedoch noch.

Diese Arbeit folgte einem kombinierten Ansatz zur Entschlisselung der Interaktion
zwischen filamentésen Ascomyceten und (hemi-)cellulosischen Substraten. Im ersten Teil
der Arbeit wurden der filamenttdse Pilz und Modellorganismus Neurospora crassa sowie der
industriell optimierte Stamm Trichoderma reesei RUT-C30 verwendet, um die
Auswirkungen der Unterschiede in den physikalisch-chemischen Eigenschaften von
mikrokristallinen und pulverférmigen Cellulosesubstraten auf die Produktion von
(Hemi-)Cellulasen zu beurteilen. Die Ergebnisse zeigten, dass insbesondere Kristallinitat
und Hemicellulosegehalt wichtige Determinanten der Substratleistung sind. In-vitro-
Fermentationen zeigten zum Beispiel, dass die pulverisierte Cellulose als das am stérksten
mit Hemicellulose verunreinigte und am wenigsten kristalline Substrat am leichtesten
hydrolysierbar ist. Interessanterweise zeigten die Ergebnisse, dass die chemische
Zusammensetzung allein nicht die Pilzreaktion widerspiegelt, obwohl die Pilze selbst kleine
hemicellulosische Inhaltsstoffe in den Substraten wahrnehmen konnten. Stattdessen
spielen weitere Faktoren, unter anderem die Bioverfiigbarkeit des Substrats, eine wichtige

Rolle in der Induktion von lignocellulolytischen Enzymen. Darlber hinaus konnte nur der




Zusammenfassung

von Kohlenstoffkatabolit-Repression befreite Stamm RUT-C30 die Vorteile der
Hemicelluloseverunreinigungen voll ausschopfen. Der Vergleich von
Kohlenstoffkatabolismus reprimierten und nicht reprimierten Pilzen zeigte jedoch, dass die
zwischen den Pilzen nicht nur auf Unterschiede in der Repression des
Kohlenstoffkatabolismus zurtickzufuhren sind sind, sondern auch durch die artspezifischen
regulatorischen Netzwerke Wahrnehmungsunterschiede beeinflusst werden.

Der zweite Teil der Arbeit konzentrierte sich auf die pilzliche Wahrnehmung der
Hemicelluloseverunreinigungen, die haufig in Substraten vorhanden sind. Die Ergebnisse
lieferten neue Erkenntnisse tber die Uberschneidung zwischen Cellulose- und Mannan-
(eine der wichtigsten Hemicellulosen) Wahrnehmungspfaden bei N. crassa. Die
beobachtete Signalwegstberlagerung konkurrierte sowohl auf der Ebene der
Substrataufnahme durch Cellodextrin-Transporter als auch auf der Ebene der
intrazellularen Signallibertragung und verursachte damit eine Art "Verwirrung", mit
hemmender Wirkung auf die Cellulaseproduktion. Ein intrazellulares Gleichgewicht
zwischen den induzierenden Cellodextrinen und hemmenden Mannodextrinen erwies sich
als wichtig fur die cellulolytische Reaktion des Wildtyps. Des Weiteren konnte diese
Hemmung in den industriell verwendeten Stammen Myceliophthora thermophila und T.
reesei RUT-C30 ebenfalls nachgewiesen werden.

Zusammenfassend lasst sich sagen, dass diese Arbeit wichtige Faktoren aufzeigt, die bei
der Auswahl des optimalen Substrats fur die Produktion von lignocellulolytischen Enzymen
in filamentdsen Pilzen zu bericksichtigen sind. Die Substratkristallinitait und der
Hemicellulosegehalt gelten aufgrund ihrer Bedeutung als mdgliche Ziele fir die
Verbesserung der Substratwirkung wéhrend der Polysaccharid-Depolymerisation. Dariiber
hinaus lieferte diese Arbeit neue Erkenntnisse Uber Signallberlagerungen zwischen
Wahrnehmungspfaden, die die Nutzung der Pflanzenzellwand durch Pilze regulieren. Die
Cellulaseaktivitat-inhibierende Uberlappung zwischen Mannan- und Cellulose Signalwegen
ist hierbei besonders hervorzuheben. Die Mannan-bedingte Hemmung des
Celluloseabbaus kann in nachsten Schritten durch rationale genetische Modifikation zu
Stammen hin gemindert werden, welche unempfindlich fur die Mannan-induzierte Inhibition
sind. Diese Stdmme wuirden einen entscheidenden Fortschritt fiir die biotechnologische

Produktion von (Hemi-)Cellulasen darstellen.
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Introduction

1. Introduction

1.1. Importance of lignocellulosic biomass for Bio-based refineries

The ever-increasing energy demands resulting from population growth and socio-economic
development, as well as the continuously rising price of fossil fuels, necessitate the
reformation of global energy policies in support of cleaner sources (Vaz Jr 2017). For
instance, liquid transportation fuels, such as ethanol and biodiesel, are the most popular
biomass-based energy alternatives (Demirbas 2009). Bio-based refineries, thus, are
gaining importance because of their potential for supplying eco-friendly fuels, products, and
value-added chemicals (Hatti-Kaul et al. 2007; Nigam and Singh 2011). The economic
feasibility of biorefineries demands the use of non-edible, renewable, and cheap substrates
(Ragauskas et al. 2006; Somerville et al. 2010). Lignocellulose is the most abundant
biomass on Earth (Kuhad and Singh 1993), and its degradation has significant impacts on
agriculture, biofuel production, and the environment (Ragauskas et al. 2006; Isikgor and
Becer 2015; Vaz Jr 2017). More than 150 billion tons of plant biomass (carbon) are
produced each year through photosynthesis. Eventually, those materials are mineralized by
microorganisms into CO; that is released into the atmosphere (Demirbas and Arin 2002).
In agricultural practices, decomposition of crop residues in fields is critical to soil productivity
and fertility (Bationo and Mokwunye 1991). In industry, lignocellulosic feedstock is an
environmentally friendly fossil fuel alternative for the production of next generation biofuels
(Naik et al. 2010). The industrial utilization of lignocellulosic material requires its degradation
into simple fermentable sugars (Mussatto and Teixeira 2010). However, the high degree of
cross-linking, the natural heterogeneity and consequent chemical complexity of plant
biomass render it recalcitrant to degradation and increase the costs associated with such
processes (Sun and Cheng 2002; Himmel et al. 2007; Zhou et al. 2011; Zhao et al. 2012).
Multiple approaches have been developed for more effective lignocellulose degradation in
order to reduce the cost of biofuel production. Several efforts went into the directions of 1)
the enhancement of substrates via pretreatment (Arevalo-Gallegos et al. 2017), 2) the
development of industrial strains for efficient bioconversion of biomass (Kumar et al. 2008),
and 3) the improvement of enzymatic activity by means of protein engineering (van Beilen
and Li 2002; Zhang et al. 2006).

1.2. Composition of lignocellulosic biomass

The exact composition of lignocellulosic biomass differs greatly. Different factors contribute
to this variability, including plant species, growth environment, harvesting method, storage

conditions, densification, and pretreatment techniques (Tumuluru et al. 2011; Kenney et al.
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2013; Williams et al. 2016). However, lignocellulosic biomass mainly consists of cellulose,
which is embedded in a matrix of covalently linked hemicelluloses and lignin that provide
strength and mechanical support to the plant tissues (Somerville et al. 2004; Zhong and Ye
2014; Lampugnani et al. 2018). The biopolymers are differentially distributed across the
plant cell wall layers (Figure 1-1). For instance, the middle lamella is a highly lignified outer
layer. It connects the different cells to each other. Inside it is the primary cell wall, a thin
layer of highly lignified cellulose fibrils oriented in all directions and embedded in a matrix
of hemicelluloses and pectin (Mohnen 2008; Lampugnani et al. 2018). The secondary cell
wall is less lignified and segmented into three different layers, a thin outer and inner layers,
and a thick middle layer. The thicker layer makes up the major part of the cell wall and

comprises the major part of the carbohydrates (Gibson 2012).

secondary cell wall

=
primary cell wall [ (\:__ i L \ Lignin
middle lamella E

Figure 1-1. Structure of plant cell wall.

Plant cell wall structure showing the middle lamella, the primary cell wall, and the secondary cell wall.
The latter is constructed between the primary cell wall and the plasma membrane. It typically consists
of more arranged cellulose microfibrils, hemicellulose, and lignin, the complex phenolic polymer. This
figure was modified from Palmqvist 2014.

Cellulose is the most abundant organic compound on earth (Klemm et al. 2005). It has a
simple structure which is made up of repeating D-glucose monomers linked together by [3-
(1,4)-glycosidic bonds and forming linear unbranched chains (Fig 1-2) (Frey-Wyssling
1954). The degree of polymerization (DP) of cellulose extends between 2000 to 14000
residues (Joseleau and Pérez 2016). These linear polymer chains form sheets due to strong
hydrogen bonding (Gardner and Blackwell 1974). The sheets are held together by hydrogen
bonding and hydrophobic interactions (O'sullivan 1997). These sheets aggregate to form
microfibrils containing both crystalline and amorphous (para-crystalline) regions (Payne et
al. 2015; Joseleau and Pérez 2016). The microfibrils are then packed together to form fibrils

which in turn form the cellulose fiber (Payne et al. 2015).
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On the contrary to cellulose, hemicelluloses are a heterogeneous group of complex
polysaccharides. This category of biopolymers includes xyloglucans, xylans, mannans, and
glucomannans. Xylans, the major hemicelluloses in hardwood (Timell 1967), are a diverse
group of polysaccharides with the common feature of a backbone of B-(1,4)-linked D-xylose
residues (Bastawde 1992). Xylan polymers can be substituted and branched with D-
galactose, L-arabinose, and (4-O-methyl-)glucuronic acid residues to form other polymers
such as arabinoxylans and glucuronoxylans (Figure 1-2) (Scheller and Ulvskov 2010). On
the other hand, mannans are the major hemicelluloses in softwoods (Timell 1967) and are
mainly made up of B-(1,4)-linked b-mannose chains. The linear backbone of mannan and
galactomannan consists entirely of b-mannose residues, while it is often interrupted by D-
glucose residues in (galacto-)glucomannan (Kato and Matsuda 1969; Teramoto and
Fuchigami 2000). Galactomannan and galactoglucomannan polymers are further branched

by a-linked D-galactose residues.

Pectins are a family of complex polysaccharides with D-galacturonic acid as the main
monomeric component (Figure 1-2). They branch into four substructures:
homogalacturonan, xylogalacturonan, and rhamnogalacturonan | and Il (Mohnen 2008).
Homogalacturonan has a linear backbone chain of a-linked D-galacturonic acid residues. In
addition to the a-linked D-galacturonic chain, xylogalacturonan contains B-linked D-xylose
residues as side chains. Rhamnogalacturonan | (RG-I) has a backbone of mixed D-
galacturonic acid and L-rhamnose residues with side chains of D-galactose and L-arabinose
linked to the L-rhamnose residues. Branched polymers such as arabinogalactan and
arabinan can also form side chains of rhamnogalacturonan |, which therefore are often
referred to as the “hairy” structures of pectin (Schols et al. 1990). Rhamnogalacturonan I
consists of a D-galacturonic acid backbone decorated with approximately 12 different
monomers (reviewed in Willats et al. 2006; Joseleau and Pérez 2016).

Lignin is a polyaromatic, highly branched, biopolymer consisting of phenylpropane
compounds (Vanholme et al. 2010). Although 15-25% of total biomass dry matter is made
up of lignin (Kenney et al. 2013), lignin content and composition vary within the different cell
types in the plants (Hatakeyama and Hatakeyama 2009). Besides cellulose, hemicelluloses,
pectin, and lignin, the biomass also contains many other compounds, for example, fats,
resin acids, proteins, and inorganic compounds, but in lower mass fractions than the above-

mentioned polymers.
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Figure 1-2. Structural and chemical compositions of (hemi-)cellulosic polysaccharides and
the enzymes required for their degradation.

Enzyme activities are represented by major CAZy classes. This figure was modified from Glass et
al. 2013.
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1.3. Filamentous fungi as lignocellulose degraders

Many microorganisms have evolved strategies to utilize lignocellulosic biomass as a
nutritional source for growth. Lignocellulolytic organisms are found throughout the bacterial
and the fungal kingdoms. Filamentous fungi are efficient degraders of polysaccharides
(Figure 1-3). They have the ability to sense the presence of such substrates and rewire their
regulatory networks to secrete enzymes that efficiently degrade the polymers in their
proximity (Glass et al. 2013; Tani et al. 2014; Benocci et al. 2017). Several fungal species
such as Aspergilli and Trichoderma reesei are being used for enzyme production on an
industrial scale (Cullen 2007; Schuster and Schmoll 2010; Meyer et al. 2011). In recent
years, multiple transcriptomic and proteomic analyses of cellulolytic fungi, such as
Neurospora crassa, served to promote the understanding of the mechanisms that are
involved in cellulose degradation and utilization (Znameroski and Glass 2013; Roche et al.
2014; Huberman et al. 2016; Seibert et al. 2016).

Basidiomycota Ustilago maydis

_| Cryptococcus neoformans
Schizosaccharomyces pombe
Aspergillus nidulans
Eurotiomycetes| L——Aspergillus fumigatus

Aspergillus oryzae

Ascomycota Pezizomycotina

Aspergillus terreus

Magnaporthe grisea
Neurospora crassa

Trichoderma reesei

Sordariomycetes L Fusarium graminearum
Botrytis cinerea

Candida albicans
Saccharomyces cerevisiae
Ashbya gossypii

Saccharomycotina

Kluyveromyces lactis

Figure 1-3. Phylogenetic tree showing the relation of N. crassa and T. reesei to a selection of
industrially and scientifically relevant fungal species.
This figure was modified from Seibert et al. 2016.
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1.3.1. Neurospora crassa as a model organism

Neurospora crassa (Figure 1-4) is a filamentous fungus of the ascomycete subphylum that
has been studied for decades. It is easy to grow, has a haploid life cycle, and creates an
ordered arrangement of products in meiosis facilitating genetic analysis (Dunlap et al.
2007). The fungus first received major attention in 1843, upon a Neurospora infestation in
French bakeries (Davis and Perkins 2002). N. crassa is known as a saprotroph, and most
of its isolates have been obtained from vegetation or trees after a forest fire (Jacobson et
al. 2004). However, the exact lifestyle of the fungus is still under investigation (Kuo et al.
2014; Gladieux et al. 2015). Recent observations suggest that the lifestyle of N. crassa may
change in adapting to changing environments. For instance, the isolation of Neurospora
from Amur maple (Acer ginnala) in China proposed an endophytic lifestyle for the fungus
(Qi et al. 2012). Additionally, some field
observations and experimental inoculations of
pine seedlings (Pinus sylvestris) also suggested
that the fungus may be living as an endophyte or
a saprotroph (Jacobson et al. 2004; Kuo et al.
2014).

Neurospora is considered a model filamentous
fungus. It has been the subject of extensive
investigations and developments since its

selection by Beadle and Tatum to develop the

“one gene-one enzyme” hypothesis (Beadle and
Tatum 1941). The rise of modern molecular Figure 1-4. Propagation of N. crassa wild-
biology techniques and transformation of genetic tyPe strain on sucrose medium.

material in Neurospora led to the discovery of gene silencing and improved DNA
manipulation and sequencing technology (reviewed in Roche et al. 2014). N. crassa was
the first filamentous fungus to have the whole genome sequenced (Galagan et al. 2003).
The development of molecular tools for targeted gene disruption and integration of
recombinant DNA during the recent years enabled the production of a whole genome
deletion library for N. crassa (Colot et al. 2006; Dunlap et al. 2007). The invaluable genetic
resource is publicly available at the Fungal Genetics Stock Center (FGSC) (McCluskey et
al. 2010).

N. crassa is capable of degrading plant cell wall material and use its sugars as primary
carbon sources. The first systematic analysis of N. crassa during growth on (hemi-)cellulosic
materials was conducted in 2009 (Tian et al. 2009). Since then, N. crassa has been used

as a model organism for understanding how filamentous fungi degrade and utilize plant cell
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walls (reviewed in Seibert et al. 2016 and Chen et al. 2018). Neurospora can secrete various
functional groups of proteins including enzymes for plant cell wall deconstruction such as
carbohydrate-active enzymes (CAZymes) (Figure 1-2), oxidoreductases, proteases, and
lipases (Glass et al. 2013).

1.3.2. Trichodermareesei as an industrial organism

N. crassa and T. reesei (Figure 1-5) are phylogenetically related, as both belong to the class
of Sordariomycetes (Figure 1-3) (Fitzpatrick et al. 2006).

Trichoderma reesei (Hypocrea jecorina) is a
mesophilic filamentous fungus that is widely used in
industry as a source of (hemi-)cellulases for the
hydrolysis of plant cell wall polysaccharides. It was
first recognized during World War Il through the
deterioration of cotton fabrics of the United States
Army. The strain QM6a was isolated from the cotton
canvas of an army tent on the Solomon Islands. The
fungus was put under quarantine in the eponymous

Quartermaster collection of the US army. The

isolated strain was later named after its principal

Figure 1-5. Propagation of T. reesei

investigator Elwyn T. Reese (Reese 1976). The RUT-C30 strain on malt extract
whole-genome sequence of the strain QM6a was medium.

published in 2008 (Martinez et al. 2008).

After the fungus was recognized as cellulase producer (Mandels and Reese 1957), strain
development programs were initiated using random mutagenesis of the wild-type strain
QM@6a in order to isolate mutants with high cellulase production (Mandels et al. 1971). The
successful mutant, QM9414, had an extracellular protein and cellulase production levels
two to four times that of the wild-type but was still under catabolic repression. Consequently,
a plate screening method for high cellulase activity and catabolite derepression was used
in conjunction with UV and chemical mutagenesis to generate more efficient mutants
(Montenecourt and Eveleigh 1977; Montenecourt and Eveleigh 1977). The hypercellulolytic
strain RUT-C30 was then obtained at Rutgers University, New Jersey, through a three-step
mutagenesis procedure (reviewed in Peterson and Nevalainen 2012).

Comparative studies between RUT-C30 and QM6a genome revealed several genetic
changes in RUT-C30, among which are a truncation in the gene of the key transcription
regulator of carbon catabolite repression (CCR) in fungi, crel (Iimen et al. 1996; Seidl et al.
2008; Le Crom et al. 2009; Rassinger et al. 2018) (see also section 1.4). Another mutation
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is a large genomic lesion of 85 kb, affecting 29 genes, including transcription factors and

enzymes of the primary metabolism (Seidl et al. 2008; Le Crom et al. 2009).

1.3.3. Brief overview of fungal (hemi-)cellulases

Many fungal species have the ability to degrade cellulose by producing extracellular
cellulose-degrading enzymes including endo-cleaving (endoglucanases) and exo-cleaving
(cellobiohydrolases) enzymes (Goyal et al. 1991; Payne et al. 2015). Endoglucanases
hydrolyze the internal glycosidic bonds of the cellulose chains whereas cellobiohydrolases
preferentially act on chain ends (Figure 1-2). The products of the enzymatic hydrolysis of
cellulose are mostly the disaccharide cellobiose and, to a lesser extent, cello-
oligosaccharides. These sugar dimers and oligomers are further hydrolyzed by the third
group of enzymes called B-glucosidases (Payne et al. 2015). Cellulases mostly have a small
independently folded carbohydrate binding module (CBM) which is connected to the
catalytic domain by a flexible linker. The CBMs are responsible for binding of the enzyme
to the crystalline cellulose and thus enhance the enzyme activity (Bayer et al. 1998).
Additionally, a newly categorized class of enzymes called Iytic polysaccharide
monooxygenases (LPMOs) employ copper, oxygen, and a reducing agent to oxidatively
cleave cellulose (Phillips et al. 2011; Horn et al. 2012).

The major enzymes involved in the hydrolysis of linear mannans and glucomannans are (3-
mannanases, [-mannosidases, and B-glucosidases (Van Zyl et al. 2010). The B-
mannanases are endo-acting hydrolases that attack the internal glycosidic bonds of the
mannan backbone chain, releasing short (-(1,4)-manno-oligosaccharides. [3-
Mannosidases, on the other hand, are exo-acting hydrolases that attack the terminal linkage
at the non-reducing end to release mannose from the oligosaccharide. Also, B-
mannosidases cleave mannobiose into mannose units. The B-glucosidases remove the
(1,4)-glucopyranose units at the non-reducing end of the oligomers during the degradation
of (galacto-)glucomannans (Moreira 2008). Xylan hemicelluloses, on the other hand, are
degraded by the action of xylanases including endo-xylanases that cleave inside the
backbone of the polymer, and B-xylosidases that cleave xylose oligomers into xylose
residues (Collins et al. 2005; Polizeli et al. 2005).

For pectin degradation, endo- and exo-polygalacturonases act on the homogalacturonan
backbone of the polymer by cleaving either inside it or at the non-reducing ends,
respectively. Endo-polygalacturonases release oligogalacturonides, while exo-
polygalacturonases generate galacturonic acid monosaccharides through enzymatic

hydrolysis. The de-esterification of pectin into pectate and methanol is carried out through
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the action of pectin methylesterases. Pectate and pectin lyases perform an eliminative
cleavage of either pectate or pectin, respectively (van den Brink and de Vries 2011). The
rhamnogalacturonan-l backbone is hydrolyzed by the action of rhamnogalacturonan lyases,
rhamnogalacturonan acetylesterases, and unsaturated rhamnogalacturonyl hydrolases
(van den Brink and de Vries 2011).

1.4. Polysaccharide perception and degradation by filamentous

fungi

Fungi have the ability to sense the presence of carbon sources and rewire their regulatory
networks to utilize them efficiently (Glass et al. 2013; Tani et al. 2014; Huberman et al. 2016;
Benocci et al. 2017). In the presence of an easily metabolizable substrate, such as glucose,
the fungus represses the production of lignocellulosic enzymes to prevent wasting energy
and enters a state of CCR (Ronne 1995; Ruijter and Visser 1997; Ebbole 1998; Gancedo
1998). CCR is mainly mediated by the well conserved Migl/CRE-1/Crel/CreA zinc finger
transcription factor (TF) (Bailey and Arst 1975; Strauss et al. 1995; llmen et al. 1996; Ebbole
1998; de Vries et al. 1999; Portnoy et al. 2011; Sun and Glass 2011). CRE-1 and its
orthologs repress the induction of genes involved in (hemi-)cellulose degradation by binding
to motifs in the promoter region of those genes and probably interfering with the binding of
the positive regulator (Sun and Glass 2011). Additionally, different transcription regulator
genes have CRE-1/Crel/CreA binding sites in their promoter regions, among which multiple
have shown to be directly regulated by this TF (Tamayo et al. 2008; Portnoy et al. 2011;
Sun and Glass 2011; Antoniéto et al. 2014). For the induction of the (hemi-)cellulolytic
response, genes encoding enzymes must be both released from repression and activated
by TFs that are regulated specifically by components of the nearby plant biomass. A recent
study described two TFs, vegetative incompatibility blocked (VIB-1) and colonial 26 (COL-
26), to act at the induction stage of the cellulolytic response as negative regulators of CRE-
1-mediated CCR (Figure 1-6) (Xiong et al. 2017). VIB-1 and COL-26 were initially described
as regulators of extracellular protease secretion in response to both carbon and nitrogen
starvation (Xiong et al. 2014) and to be involved in glucose sensing and starch degradation

(Xiong et al. 2014; Xiong et al. 2017), respectively.
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Figure 1-6. Multiple regulatory networks integrate to control fungal lignocellulosic response.
At the nutrient-sensing pathways: The fungus utilizes preferable C-sources through the transcription
factor CRE-1/CreA/CREL, which is regulated in part by VIB-1/XprG. When activated, the TF
represses transcription of the (hemi-)cellulolytic regulators and enzymes. The cAMP-dependent
protein kinase A (PKA) also plays a role in nutrient sensing, although its effect is species dependent.
The presence of inducer molecules, liberated by the action of scouting enzymes on the
polysaccharides, activates the (hemi-)cellulolytic regulators. At the level of direct lignocellulolytic
regulators: In T. reesei and A. niger XYR1/XInR activates transcription of genes of both the cellulolytic
and hemicellulolytic pathways. In N. crassa and A. nidulans, XLR-1/XInR only regulates transcription
of hemicellulase genes. Cellulase gene transcription in N. crassa, A. nidulans, and A. niger is
regulated by CLR-1/CIrA and CLR-2/CIrB. In N. crassa, CLR-1 activates transcription of some genes
necessary for cellulose utilization as well as the main transcriptional activator of cellulase
transcription, CLR-2. The CLR-2 homolog, CIrB is involved in cellulase transcription in A. nidulans
and A. niger. Pectin utilization is regulated by several transcription factors: GaaR regulates
galacturonic acid utilization, RhaR regulates rhamnose utilization, and AraR regulates arabinose
utilization. (A.nr.: Aspergillus niger, A.ns.: Aspergillus nidulans, N.c.: Neurospora crassa, P.o.:
Penicillium oxalicum, and T.r.: Trichoderma reesei). This figure was modified from Huberman et al.
2016.

In the general model of polysaccharide perception by fungi, it is proposed that when the
preferred C-source is depleted, the fungus gets into a starvation state. During this state, a
small set of hydrolases and sugar transporters are expressed. The hydrolases, called
scouting enzymes, are then secreted into the extracellular environment. Scouting enzymes
then initiate a small-scale digestion of the available substrates to liberate small quantities
of sugar monomers and oligomers. These molecules, in turn, are transported by sugar
transporters into the hyphae where they act as inducers (Znameroski et al. 2012;
Znameroski and Glass 2013), triggering the tailored large-scale induction of the fungal
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lignocellulosic degradative machinery (Melo et al. 1997; Delmas et al. 2012; Benz et al.
2014; van Munster et al. 2014, Xiong et al. 2014, Daly et al. 2016).

The majority of plant cell wall degradation regulators belong to the zinc cluster family and
are conserved in ascomycetes (Coradetti et al. 2012; Benocci et al. 2017). This TF family
is characterized by the presence of zinc finger(s) in their binding domains. In N. crassa, the
cellulolytic response is mainly regulated by two transcription factors: cellulose degradation
regulators CLR-1 and CLR-2 (Coradetti et al. 2012; Coradetti et al. 2013). In the absence
of an inducer, the activity of CLR-1 is repressed by the repressor CLR-3 (Huberman et al.
2017). In the presence of cellulose, the polymer is degraded potentially by the action of
scouting enzymes, into smaller oligomers such as cellobiose. Cellobiose molecules are
transported into the cytosol via the cellodextrin transporters CDT-1 and CDT-2
(Galazka et al., 2010). In the presence of the cellobiose acting as inducer molecule
(Znameroski et al., 2012), unknown mechanisms govern the release of CLR-1 from
repression (Huberman et al. 2017). CLR-1 induces the expression of several cellulolytic
genes including CDT-2, B-glucosidases, and CLR-2 (Coradetti et al. 2012; Coradetti et al.
2013; Craig et al. 2015). Homologs of CLR-1 and CLR-2 are present in almost all genomes
of filamentous ascomycetes, however, their roles in plant cell wall degradation seem to be
different from what was described for N. crassa (Figure 1-6) (Coradetti et al. 2013 and
reviewed in Benocci et al. 2017). Recently, CLR-4 was described as a new regulator of the
(hemi-)cellulolytic response in N. crassa and Myceliophthora thermophila, regulating both,
genes of the cAMP signaling pathway and genes encoding the (hemi-)cellulolytic TFs clr-1,
Mtclr-2, and Mtxyr-1 (Liu et al. 2019).

The major regulator of the xylanolytic response is the Zn binuclear cluster transcription
factor xylan degradation regulator XLR-1. In N. crassa, XLR-1 induces the expression of
xylanases (Sun et al. 2012). The orthologs of this TF in T. reesei and some Aspergilli
species, XYR1 and XInR, respectively, additionally regulate genes of the cellulolytic
pathway (Figure 1-6) (van Peij et al. 1998; van Peij et al. 1998; Gielkens et al. 1999; Marui
et al. 2002; Hasper et al. 2004; Stricker et al. 2006; Mach-Aigner et al. 2008; Stricker et al.
2008; Noguchi et al. 2009). Additional positive regulators of the cellulolytic and xylanolytic
responses in T. reesei are the activators of cellulase expression ACE2 and ACE3 (Aro et
al. 2001; Hakkinen et al. 2014). On the contrary, ACE1 acts as a repressor of both cellulase
and xylanase genes (Aro et al. 2003; Wang et al. 2012) and the hemicellulase regulator

HCR-1 acts as a repressor of xylanase genes in N. crassa (Li et al. 2014).

Among the transcription factors that are involved in pectin degradation, RhaR regulates

rhamnose utilization in Aspergilli (Gruben et al. 2014). Also, in Aspergillus niger, the
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transcription factor GaaR is the regulator of homogalacturonan degradation and
galacturonic acid utilization (Alazi et al. 2016). AraR, Aral, ARA-1, and ARALl are the
regulators of the arabinolytic response and arabinose catabolism in A. niger, M. oryzae, N.
crassa and T. reesei, respectively (Battaglia et al. 2011; Klaubauf et al. 2016; Thieme et al.
2017; Benocci et al. 2018; Thieme 2019). Recently, the pectin degradation regulators PDR-
1 and PDR-2 were characterized in N. crassa. PDR-1 and PDR-2, being homologs of RhaR
and GaaR, respectively, regulate the transcription of genes involved in pectin degradation,

rhamnose catabolism and galacturonic acid catabolism (Thieme et al. 2017; Thieme 2019).

1.5. Aims of this study

The employment of plant biomass as renewable raw materials has been considered the
most successful strategy to produce biorefinery products due to their abundance and
convertibility into fermentable sugars. Due to the heterogeneity and complexity of these
feedstock materials, they are of high natural recalcitrance towards decomposition. Yet, plant
cell wall polysaccharides are considered applicable substrates for lignocellulose-degrading
fungi because of their high carbohydrate content. Fungi have the ability to sense the
presence of such substrates and rewire their regulatory networks to secrete enzymes that
efficiently degrade the polysaccharides in their proximity. Thus, the optimization of the
performance of lignocellulosic polysaccharides as substrates and the rational and targeted
engineering of fungal production strains, is a major desire. However, the knowledge of how
fungi perceive the substrate and regulate their enzymatic production to fit the composition
of the biomass at hand is still incomplete. To address these issues, this thesis work focused
on two approaches:

1) The first approach aimed to analyze both the physicochemical and molecular
biological aspects of cellulase production in filamentous fungi when grown on
different cellulosic substrates. For this, the physicochemical properties of three
representative celluloses, a hardwood- and a softwood-derived MCC, as well as a
hardwood-derived powdered cellulose, were to be examined. To this end, the
specific surface area, hemicellulose content, and the crystallinity of the substrates
were to be recorded and compared. In addition, the model filamentous fungus N.
crassa and the industrially optimized strain T. reesei RUT-C30 were to be used to
assess the impact of the differences in the physicochemical characteristics of the
substrates on (hemi-)cellulase production. To assess the fungal performance,
cellulase and xylanase productivity, as well as the molecular response were to be
recorded.

2) The second approach focused on the fungal perception of the hemicellulose (mannan)

impurities often present in plant substrates. Indications for potential overlaps between
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cellulose and mannan perception pathways were to be investigated. Additionally, using
the genetic toolbox available for N. crassa alongside biochemical and rheological
approaches and uptake studies, the possible sites of overlap were to be determined. In
addition to N. crassa, the two industrially relevant strains M. thermophila and T. reesei
RUT-C30 were to be used to assess the effect of mannan presence on the cellulolytic
production by the fungi.
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2. Materials and Methods

2.1. Materials

2.1.1. Organisms

Table 2-1. List of strains.

strain stock name enotype source
number 9 yp
1 WT oak ridge (OR) 74 (Colot et al. FGSCa #2489
2006)
b
clr-2 oex his-3::Pccg-1-clr-2 rid-1 Asad-1; EBP, Gla.ss lab
3 (PC2) Aclr-2 (Coradetti et al.
2013)
5 Acdt-1 ANCU00801::hph FGSC2 #16575
6 Acdt-2 ANCUO08114::hph FGSC2 #17868
7 Aclr-1 ANCUOQ7705::hph FGSC2 #11028
8 Aclr-2 ANCU08042::hph FGSC2 #15834
ANCU00801::hph, .
9 Acdt-1 Acdt-2 ANCU08114::hph PhB
ANCUO00130::hph,
10 3BG ANCU04952::hph, EBI®, Glass lab
ANCUO08755::hph
ANCUO00130::hph,
11 Agko ANCU04952::hph, PhB¢
ANCU08755::hph, ANCU0890::hph
N. crassa 12 Agh5-7 ANCU08412::hph FGSC2 #23488
15 gh2-1-gfp pCSR/GPD::NCU0O0890cDNA-GFP | PhB¢
22 WT, his- his-3-, mat A FGSC2 #6103
61 Aghl-1 ANCUO00130::hph FGSCa #
62 Agh2-1 ANCU00890::hph FGSCa #
68 Acre-1 ANCU08807::hph EBI°, Glass lab
ANCUOQ7705::hph, .
70 Aclr-1 Aclr-2 ANCU08042::hph this study
clr-1 oex ANCUO7705::hph, csrl-::Pgpdl-clr- .
75 (PC1) gDNA this study
Agh2-1 Aghl- | ANCUO00890::hph, _
8 1 ANCU00130::hph this study
Agh2-1 clr-2 his-3::Pccg-1-clr-2 rid-1 Asad-1; .
88 | ex Aclr-2, ANCU00890:-hph this study
Agh2-1 Acre- | ANCUO00890::hph, .
18 1, ANCU08807::hph this study
ANCU00890, pCSR-knockin/native .
136 | gh2-1-comp prom::NCU00890gDNA PhB
T reesei 16 QM6a ATCC 13631 AITd, M. Schmoll
' 18 RUT-C30 ATCC 56765 AITd, M. Schmoll
P 111 | Pehia gh2l- | b7 B NCU00890CDNA PhBe
pastoris 1
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E. coli
DH5a

2) Fungal Genetics Stock Center (FGSC; http://www.fgsc.net/), (McCluskey et al. 2010); ®) Energy
Biosciences Institute, Berkeley, USA; °) generated by Prof. Dr. J. Philipp Benz; 9) AIT Austrian

F— ®80lacZAM15 A(lacZYA-argF)
U169 recAl endAl hsdR17 (rK-,
mK+) phoA supE44 A— thi-1gyrA96

relAl

Institute of Technology GmbH, Vienna

2.1.2. Media and solutions

Double distilled water (ddH2O) was used to dissolve the substances used for media

preparation.

Table 2-2. List of media and solutions.

Thermo Fisher
Scientific

(Waltham, USA)

Vogel’s Minimal Medium (MM)

10x FIGS solution

bottom agar (BA)

top agar (TA)

dissolve in water)

D-biotin stock solution (0.1 mg/ml)
trace elements stock solution
Sucrose

50x Vogel’s solution
agar-agar (only solid medium)
L-sorbose

D-fructose

D-glucose

filter sterilize

50x Vogel’s solution
agar-agar (only solid medium)
autoclave, then add 10x FIGS
solution

50x Vogel’s solution
agar-agar (only solid medium)

name Substances concentration

D-biotin stock solution D-biotin 0.1 mg/ml
filter sterilize

Vogel’s trace elements stock citric acid monohydrate 60.0 mM

solution zinc sulfate heptahydrate 42.0 mM
ammonium iron(ll) sulfate 6.5 mM
hexahydrate
copper (l) sulfate pentahydrate 2.5mM
manganese (Il) sulfate 0.75 mM
monohydrate
boric acid 2.0mM
sodium molybdate dihydrate 0.52 mM
filter sterilize

50x Vogel’s solution (Vogel trisodium citrate dihydrate 0.43 M

1956) potassium dihydrogen phosphate 1.84 M
ammonium nitrate 1.25M
magnesium sulfate heptahydrate 40.0 mM
calcium chloride dihydrate (pre- 34.0 mM

0.25% (Vv/v)
0.50% (v/v)
2.0% (w/v)
2.0% (viv)
1.5% (wiv)
20.0% (w/v)
0.5% (w/v)
0.5% (w/v)

2.0% (viv)
1.5% (w/v)
10.0% (v/v)

2.0% (viv)
1.0% (wiv)
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2x Westergaard’s solution
(Westergaard and Mitchell
1947)

Westergaard’s medium

Lysogeny Broth (LB) Medium
(Bertani 1951)

LB low salt medium (Bertani
1951)

super optimal broth with
catabolite repression (SOC)
medium (Hanahan 1983)

Mandels Andreotti trace
element solution

Mandels Andreotti buffer
(citrate phosphate buffer)

Mandels Andreotti Medium
(Mandels and Andreotti 1978)

autoclave, then add 10x FIGS
solution

potassium nitrate

di-potassium phosphate
potassium dihydrogen phosphate
magnesium sulfate heptahydrate
sodium chloride

calcium chloride dihydrate (pre-
dissolve in water)

D-biotin stock solution (0.1 mg/ml)
trace elements stock solution
filter sterilize

2x Westergaard'’s solution
Sucrose

agar-agar

yeast extract

tryptone/peptone

sodium chloride

agar-agar (only solid medium)
yeast extract

tryptone/peptone

sodium chloride

agar-agar (only solid medium)
yeast extract

tryptone/peptone

sodium chloride

potassium chloride

magnesium chloride

magnesium sulfate monohydrate
set pH to 7.0 and autoclave
D-glucose

iron(ll) sulfate heptahydrate

manganese(ll) sulfate monohydrat
zinc sulfate heptahydrate
cobalt(ll) chlorate dihydrate

citric acid

adjust the pH to 5.0 with disodium
phosphate dihydrate

ammonium sulfate

dipotassium phosphate
magnesium sulfate heptahydrate
calcium chloride dihydrate
peptone

urea (5mM)

10.0% (v/v)

0.2% (w/v)
0.14% (w/v)
0.1% (w/v)
0.1% (w/v)
0.02% (wiv)
0.02% (w/v)

0.01% (v/iv)
0.02% (v/v)

50.0% (v/v)
1.5% (wiv)
2.0% (wiv)
0.5% (w/v)
1.0% (w/v)
1.0% (wiv)
1.5% (wiv)
0.5% (w/v)
1.0% (w/v)
0.5% (w/v)
1.5% (wiv)
0.5% (w/v)
2.0% (w/v)
10.0 mM
2.5 mM
10.0 mM
10.0 mM

20.0 mM
250 mg/l

85 mg/l
70 mg/l
100 mg/I
0.2M

0.2M
2.8/l

4.04gl/
0.6 g/l
0.8 g/l
14/

0.3 g/l
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phosphate-Citrate Buffer 480 ml
trace element solution 20ml
YPD medium yeast extract 1% (w/iv)
peptone 2% (w/v)
D-glucose 20.0 mM
agar-agar 2%(wiv)
5x Taq buffer Tris HCI pH 8.5 0.25 M
sodium chloride 0.1M
magnesium chloride hexahydrate 10.0 mM
Ficoll 400 12.5% (wiv)
BSA 0.25% (wiv)
Xylene Cyanol FF 0.1% (w/v)
50x Tris Acetate EDTA (TAE) Tris 20M
stock solution acetic acid 100% 1.0M
EDTA disodium salt dihydrate 50.0 mM
citrate phosphate buffer citric acid monohydrate 50.0 mM
adjust the pH to 5.0 with sodium
phosphate dibasic
gDNA extraction lysis buffer sodium hydroxide 50.0 mM
EDTA disodium salt dihydrate 1.0 mM
Triton X-100 1.0% (viv)
cells lysis buffer monosodium phosphate 50 mM
sodium chloride 300 mM
PMFS 1 mM
Lysozyme (dissolved in 15 mM 20 mg/ml
NaH2PO4)
spore solution sodium chloride 0.4%
Tween 80 0.025%
mycelia lysis buffer trisodium phosphate 50 mM
EDTA disodium salt dehydrate pH 1 mM
7.5
Glycerol 5%
PMSF 1mM
elution buffer sodium dihydrogen phosphate 50 mM
sodium chloride 300 mM

Table 2-3. List of selection marker.
All additives and supplements were sterile filtered.

name selection markers concentration
1000x Ampicillin stock solution Ampicillin sodium salt 100 mg/ml
1000x Cyclosporin A stock solution Cyclosporin A 5 mg/ml

100x histidine stock solution L-histidine 20 mg/ml

500x Hygromycin B stock solution Hygromycin B Gold 200 mg/ml
1000x Kanamycin stock solution Kanamycin sulfate 30 mg/ml

1000x Zeocin stock solution Zeocin 25 mg/ml
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2.1.3. Primers

Table 2-4. List of cloning and quantitative real-time PCR (RT-qPCR) primers.
Restriction sites are underlined and with boldface letters. The oligonucleotides were purchased from
Eurofins Genomics (Ebersberg, Germany).

purpose name sequence Tm
short fragment of gPCR_actin_fwd | CATCGACAATGGTTCGGGTATGT | 58.0 °C
actin (NCU04173) 2 G
gPCR_actin_rev | CCCATACCGATCATGATACCATG | 56.9°C
2 ATG
short fragment of 5853RT-Fwd CGCCCTGACCTACACCTAC 56.0 °C
cbt-1/clp-1
(NCU05853) 5853RT-Rev GGCCAAACGACCAAAGAGC 56.3 °C
short fragment of 11353RT-Fwd GGCACATCATCGCTTCACTG 55.8 °C
D-xylulose kinase
(NCU11353) 11353RT-Rev CAAGGGAGATGCGCGAGG 57.9°C
short fragment of 9416RT-Fwd GGTGCTGCTCCCATCTACTAC 56.7°C
cel6-1 (NCU09416)
9416RT-Rev GTACTTGGCGATGGCGAC 54.9 °C
clr-1 overexpression in | clr-1_CSR- ATCGCCTGCAGGATGTCGCCGTCTT | 68.8 °C
CSR locus, Sbfl and GPD_F CCAAC
Pacl restriction sites clr-1_CSR- AGTCITAATTAATCAACCACTCAGG | 60.5°C
GPD_R AACGTTCG
2.1.4. Instruments and tools
Table 2-5. List of instruments.
name model manufacturer
autoclave Varioklav 135 S Thermo Fisher Scientific (Waltham, USA)
ball mill MM 200 Retsch (Haan, Germany)
BeadBug homogenizer 24 D1030 Sud-Laborbedarf (Gauting, Germany)
confocal laser scanning TCS SP5 Leica Microsystems (Wetzlar, Germany)
microscope
electroporator Eporator Eppendorf (Hamburg, Germany)

gel imaging system
heating block

heating block with cover
high-performance anion-
exchange
chromatography with
pulsed amperometric
detection (HPAEC-PAD)
Incubator 30 °C
Incubator 37 °C
Incubator shaking

Fusion solo S

TSC ThermoShaker
ThermoMixer C
Dioncex ICS-3000

Heratherm 1GS100
IR 1500
Excella 24

Vilber Lourmat (Eberhardzell, Germany)
Analytik Jena (Jena, Germany)
Eppendorf (Hamburg, Germany)

Thermo Fisher Scientific (Waltham, USA)

Thermo Fisher Scientific (Waltham, USA)
Flow Laboratories (Inglewood, USA)
New Brunswick Scientific (Edison, USA)
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laboratory bead mill

large scale centrifuge
light Incubator 25 °C
light incubator shaking
Microwave

oven

pH-meter

Pipettes

plate incubator

plate reader

Real-time PCR System

rocking machine
sequencing system
stereo microscope
sterile bench

tabletop centrifuge
tabletop centrifuge
(cooled)

thermocycler
thermocycler gradient
tube revolver

Water bath

water purifier

BeadBug 24 D1030

Megafuge 40R
BK 5060 EL
Innova 42

MW 7803

Jouan
SevenEasy
Research plus
INCU-Mixer MP
Infinite 200 PRO
NanoQuant reader
Mastercycler® ep
realplex

RT 26

MiSeq

S8APO

BDK-S

Centrifuge 5424
Centrifuge 5427 R

ProfessionalTRIO
pegStar 2x Gradient
Rotator

1083

mini-UP+

Sid-Laborbedarf Gauting (Gauting,
Germany)

Heraeus (Hanau, Germany)

Heraeus (Hanau, Germany)

New Brunswick Scientific (Edison, USA)
Severin, Sundern

Thermo Fisher Scientific (Waltham, USA)
Mettler Toledo (Columbus, USA)
Eppendorf (Hamburg, Germany)
Benchmark Scientific (Edison, USA)
Tecan (Mannedorf, Switzerland)

Eppendorf (Hamburg, Germany)

Analytik Jena (Jena, Germany)

lllumina (San Diego, USA)

Leica Microsystems (Wetzlar, Germany)
BDK Luft- und Reinraumtechnik
(Sonnenblhl-Genkingen, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)

Analytik Jena (Jena, Germany)
VWR (Radnor, USA)

Analytik Jena (Jena, Germany)
GFL, Burgwedel

Berrytec (Grinwald, Germany)
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Table 2-6. List of software and online tools.

name

Purpose

manufacturer

AnnHyb V4.946

Basic Local Alignment
Search Tool (BLAST)

Chromeleon
Chromatography Data
System V7.2 SR3
fungal and oomycete
genomics resources
(FungiDB)

Fungal Genetics Stock
Center (FGSC)

Microsoft Office and
excel 2013
Plotly 2015

Realplex 2.2
Rstudio 1.1.453 (2016)

Rstudio 1.1.453 (2016)

SnapGene Viewer
v3.2.1

determination of primer melting
temperatures

search for and comparison of
nucleotide and amino acid
sequences, determination of
sequence identity

recording and analysis of HPAEC-
PAD data

nucleotide and protein sequence
retrieval, homology searches

collection of N. crassa strain
information, navigation for the
N. crassa deletion strain stock
collection

statistical analysis, manuscript
preparation

Plotly

RT-gPCR results analysis
statistical analysis, figure
preparation

statistical analysis, figure
preparation

primer design, in silico plasmid
assembly

Olivier Friard (Torino, Italy)

National Center for
Biotechnology Information
(NCBI) (Bethesda MD, USA)

Thermo Fisher Scientific
(Waltham, USA)

National Institute of Allergy and
Infectious Diseases (NIAID)
(Maryland, USA) and University
of California, Riverside
(Riverside, USA)

Kansas State University,
Department of Plant Pathology
(Manhattan KS, USA)

Microsoft (Redmond, USA)

Plotly Technologies Inc.
(Montreal, QC)

Eppendorf (Hamburg, Germany)
RStudio: Integrated
Development for R. RStudio,
Inc.

RStudio: Integrated
Development for R. RStudio,
Inc.

GSL Biotech LLC (Chicago,
USA)

2.1.5. Consumable

Table 2-7. List of used carbon sources and chemicals.

name order number Manufacturer

Avicel PH-101 11365 Merck (Darmstadt, Germany)

D-glucose anhydrous X997 Carl Roth (Karlsruhe, Germany)

sucrose S7903 Merck (Darmstadt, Germany)

glucomannan 37220-7-0 Konjac Foods

mannan - Megazyme (ivory nut)

mannobiose O-MBI Megazyme

acetic acid 100% 3738 Carl Roth (Karlsruhe, Germany)

agar-agar, Kobe | 5210 Carl Roth (Karlsruhe, Germany)

agar-agar, bacteriological 2266 Carl Roth (Karlsruhe, Germany)

agarose AGO02 Nippon Genetics Europe (Dueren,
Germany)

ammonium chloride 5470 Carl Roth (Karlsruhe, Germany)
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ammonium iron(ll) sulfate
hexahydrate

ammonium nitrate
ammonium sulfate
Ampicillin sodium salt
D-biotin

bovine serum albumin (BSA)
fraction V

calcium chloride dihydrate
citric acid monohydrate
copper (I1) sulfate
pentahydrate

Cyclosporin A
di-potassium phosphate
di-sodium phosphate
ethylenediaminetetraacetic
acid

(EDTA) disodium salt
dihydrate

ethanol >96%

ethanol >99%

Ficoll 400

D-fructose

glycerol

L-histidine

hydrochloric acid
4-hydroxybenzhydrazide
Hygromycin B Gold
Kanamycin sulfate
magnesium chloride
hexahydrate

magnesium sulfate
heptahydrate

manganese (ll) sulfate
monohydrate

potassium acetate
potassium chloride
potassium dihydrogen
phosphate

potassium nitrate
2-propanol

Roti-
phenol/chloroform/isoamyl-
mix

Roti-Quant 5x

sodium acetate anhydrous
sodium chloride

sodium dihydrogen
phosphate dihydrate
sodium hydroxide solution
50%

P728

K299
5606
HP62
3822

8076

5239
20276

23174

100507
P749
4984

X986

T171
9065
F2637
4981
3783
H5659
4625
H-9882
ant-hg-1
T832

M2670
P0O27

25303

T874
P9333

3904
P0O21.1
6752
A156

K015
6773
3957

T879

87938290

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
VWR (Radnor, USA)

VWR (Radnor, USA)

VWR (Radnor, USA)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)

Carl Roth (Karlsruhe, Germany)
Megazyme (Bray, Ireland)

Thermo Fisher Scientific (Waltham, USA)
Carl Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)
Carl Roth (Karlsruhe, Germany)

VWR (Radnor, USA)

Carl Roth (Karlsruhe, Germany)
Merck (Darmstadt, Germany)

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

VWR (Radnor, USA)
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sodium molybdate dihydrate | 0274 Carl Roth (Karlsruhe, Germany)
sodium nitrate A136 Carl Roth (Karlsruhe, Germany)
sodium sulfate decahydrate T108 Carl Roth (Karlsruhe, Germany)
sodium thiosulfate anhydrous | APPCA6830 VWR (Radnor, USA)
D-sorbitol S6021 Merck (Darmstadt, Germany)
sulfuric acid 96% 4623 Carl Roth (Karlsruhe, Germany)
trifluoroacetic acid (TFA) T6508 Merck (Darmstadt, Germany)
Trlg(hydroxymethyl)- AE15 Carl Roth (Karlsruhe, Germany)
aminomethane
trisodium citrate dihydrate 3580 Carl Roth (Karlsruhe, Germany)
Triton X-100 T8787 Merck (Darmstadt, Germany)
tryptone/peptone from casein | 8952 Carl Roth (Karlsruhe, Germany)
Tween 20 P9416 Merck (Darmstadt, Germany)
yeast extract 2363 Carl Roth (Karlsruhe, Germany)
Zeocin ant-zn-1 Thermo Fisher Scientific (Waltham, USA)
zinc sulfate heptahydrate 29253236 VWR (Radnor, USA)

Table 2-8. List of consumables and kits.

name

order number

Manufacturer

100 bp Quick-Load DNA
ladder

24 deep well plate
CarboPac PA20 analytical
column for HPAEC-PAD
CarboPac PA200 column for
HPAEC-PAD
Deoxynucleotide solution set
DNA ladder 1 kb

DNase | (RNase-Free)
ELISA 96 well micro test
plate, F

Filtropur BT 50, 0.2 um filter
GeneJet RNA Purification Kit
glass fiber filter 1

High Capacity cDNA Reverse
Transcription Kit

Hi-Yield Plasmid Mini Prep
DNA Isolation kit

Midori Green Advance

One Taq DNA polymerase
Pacl restriction enzyme
PeqGOLD Trifast
DNA/RNA/protein-purification
kit

Phusion High-Fidelity PCR Kit
gPCR BIO SyGreen Mix
Separate-ROX

NO467

742926
60142

62895
NO0447
N3232
M0303
82.1581
83.1823.101
K0731
5056823
10400745

30 HYDF100

MGO04
M0480

R0547
30-2010DE

EO0553

PB20. 14

New England Biolabs (Ipswich, USA)

Biozym (Hessisch Oldendorf, Germany)
Thermo Fisher Scientific (Waltham, USA)

Thermo Fisher Scientific (Waltham, USA)

New England Biolabs (Ipswich, USA)
New England Biolabs (Ipswich, USA)
New England Biolabs (Ipswich, USA)
Sarstedt (NUmbrecht, Germany)

Sarstedt (NUmbrecht, Germany)

Thermo Fisher Scientific (Waltham, USA)
Schubert & Weiss Omnilab (Marktoberdorf,
Germany)

Thermo Fisher Scientific (Waltham, USA)

Sud-Laborbedarf Gauting (Gauting,
Germany)
Nippon
Germany)
New England Biolabs (Ipswich, USA)
New England Biolabs (Ipswich, USA)
VWR (Radnor, USA)

Genetics Europe (Dueren,

New England Biolabs (Ipswich, USA)

Nippon  Genetics

Germany)

Europe  (Dueren,
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quartz cuvette, 10 mm layer
thickness

Shfl restriction enzyme
Sealing Film, for 96 and 384
Well Microplates

syringe filter 0.2 um Filtropur S
syringe filter Millex 5 uM

T4 DNA Ligase

Vivaspin 20 centrifugal
concentrators, 10 kDa

Wizard SV Gel and PCR
Clean-up System
Zero Blunt cloning Kit
Zirkonium

(4 =0.5 mm)

beads

2276650

R3642
CORNBF400S

83.1826.001
10054850
M0202
2614602

A9281

440302
24 D1132-05

Merck (Darmstadt, Germany)

New England Biolabs (Ipswich, USA)
Schubert & Weiss Omnilab (Marktoberdorf,
Germany)

Sarstedt (NUmbrecht, Germany)

Thermo Fisher Scientific (Waltham, USA)
New England Biolabs (Ipswich, USA)
Merck (Darmstadt, Germany)

Promega (Fitchburg, USA)
Thermo Fisher Scientific (Waltham, USA)

Sud-Laborbedarf Gauting (Gauting,
Germany)
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2.2. Methods

2.2.1. Preparation of bacterial cellulose

For the preparation of bacterial cellulose, the commercially available Nata de coco was
purchased. The latter is a jelly-like food produced by the fermentation of coconut water by
Komagataeibacter xylinusbacteria. The gel-like parts of the substrate were soaked
overnight in ddH»O and then washed extensively again with ddH.O. The gel-like parts were
then grinded, and the grinded material were washed again with ddH-O and collected
through vacuum filtration. The substrate underwent extensive rounds of grinding, washing,
and filtering. After the last round, the filtered particles were collected and subjected to freeze
drying. The resulting powder substrate was used as a C-source in growth experiments.

2.2.2. Propagation of the used organisms

Neurospora crassa

Slanted tubes containing 2 ml of solid Vogel's Minimal Medium (MM) (Vogel 1956) were
inoculated with conidia either from previously growing N. crassa strains or glycerol stocks.
The slants were then incubated for 2 days at 30 °C and in dark. Afterwards, the tubes were
further incubated for additional 5 to 8 days at 25 °C and in light. For the preparation of
conidial solution, 1 ml ddH.O were added to the slant, followed by vigorous vortexing. The
conidial suspension was then transferred to a 1.5 ml reaction tube and centrifuged for 1 min
at 1000 rpm then the supernatant was discarded. Lastly, 0.5 ml ddH.O were used to

resuspend the conidia.

Trichoderma reesei

Trichoderma reesei QM6a and RUT-C30 strains were grown on solid malt extract medium
plates for 3 days at 30°C and then incubated for additional 5 days at 25 °C and in dark. For
the preparation of conidial solution, 2 ml of spore solution (Table 2-2) was distributed over
the T. reesei plates. The solution was gently mixed with the spores, then it was recollected
and filtered through sterile glass wool into new reaction tubes. The reaction tubes were
centrifuged for 1 min at 1000 rpm then the supernatant was discarded. Lastly, 0.5 ml ddH.0O

were used to resuspend the spores.

Pichia pastoris
Pichia pastoris X-33 strain was used as protein expression system. The maintenance of

Pichia strain was done as described in the Invitrogen expression in Pichia protocol

(https://assets.thermofisher.com/TES-Assets/LSG/manuals/pgapz man.pdf).
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2.2.3. Growth assays

Starting from conidia

Ten days old N. crassa or T. reesei conidia were used to inoculate 1% (w/v) C-source in 1x
Vogel's solution or 1x Mandels-Andreotti solution (Mandels and Andreotti 1978),
respectively. A concentration of 1 x 106 conidia/ml was used for the inoculation. A Tecan
plate reader was used to measure the concentration of the conidia at 600 nm. The volume
of conidial suspension necessary to achieve the required concentration was calculated

using the equation below:

0.0123
ODggoXxdilution

Vconidia suspension — Vtotal

Where:

e 0.0123: a constant that was determined by cell counting with a hemocytometer
and correlating to a standard series of cell counts with measured optical
densities at 600 nm

o Viotar: 3 Ml medium in 24 deep-well plates and 100 ml in 250 ml flasks.

The N. crassa (at 25 °C) and T. reesei (at 30 °C) strains were incubated at the indicated
temperatures, 200 rpm, and in constant light in the corresponding C-source. The incubation
was terminated after the indicated number of days, and biomass and culture supernatants

were harvested afterwards for further analysis.

Two-step cultivation

For this mode of cultivation, N. crassa and T. reesei were pre-incubated in 50 ml of MM or
2% (w/v) glucose with Mandels-Andreotti solution, respectively, as described above (2.2.2).
The cultures were incubated for 3 days in constant light, 200 rpm and at 25°C (N. crassa)
and 30°C (T. reesei). The cultures were collected through vacuum filtration and about 0.5 g
of mycelia were added to 100 ml 1% (w/v) C-source with 1x Vogel's or 1x Mandels-Andreotti
medium and then the cultures were further incubated at 25°C and 200 rpm for two days (N.
crassa) or at 30°C and 200 rpm for three days (T. reesei), respectively. For N. crassa
cultures to be used in RT-PCR or uptake assays, the cultures were incubated for 16 h at
25 °C, 200 rpm and constant light. N. crassa mycelia were then collected and washed three
times in 1x Vogel's no carbon for 15 min. Afterwards, Mycelia were transferred to the
indicated C-sources and incubated for additional 4 h for induction. Biomass and samples of

culture supernatants were collected at the end of the assays.

2.2.4. Mycelial dry weight

After the end of incubation time, N. crassa mycelia were collected and washed once with

ddH»0. The excess liquid was removed by shortly putting the mycelia over a tissue. The
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mycelia were then transferred to pre-weighted aluminum pans and dried for 16 h at 105 °C.
After drying, the aluminum pans containing the mycelia were weighted again and the

differences between both measurements were calculated.

2.2.5. Crossing of N. crassa strains

N. crassa crossing were performed using one of the crossing partners as female crossing
partner and inoculated on a Westergaard’'s medium plate. Subsequently, the other crossing
partner was used as male and inoculated on MM slants (2.2.20). Both strains were
incubated for 2 days at 30 °C in dark then transferred to RT in daylight. After additional
incubation over 9 to 14 days, stereo microscope was used to confirm the formation of
protoperithecia of the female crossing partner. Then, the conidia of the male crossing
partner were harvested by adding 1 ml ddH.O to the slants and vortexing. Afterwards, about
150 pl of the conidial suspension was pipetted on the Westergaard’s medium plate with the
female crossing partner. The suspension was spread equally over the plate by moving it
with a pipette tip. The crossed strains on the plate were then incubated for additional 2 to 3
weeks, until the ascospores were visualized. Subsequently, the ascospores were harvested
by adding about 2 ml ddH.O on the petri dish and transferring the ascospore suspension
into a 1.5 ml reaction tube. The spores were stored at 4 °C. After dilution, an amount of 250
to 500 ascospores were heat activated for 30 min at 59 °C and plated on a MM plate with
hygromycin (200 pg/ml each). The plates were incubated for 16 h at RT. Germinated
ascospores were picked under the stereo microscope, and incubated on slanted tubes
containing 2 ml of MM with hygromycin (2.2.2). The genotype of the crossed strains were
confirmed by selection on media with Hygromycin, with/without L-histidine. Lastly, gDNA of
the positive candidates were extracted from conidia (2.2.6) and genotyping PCR was
performed (2.2.10).

2.2.6. Genomic DNA extraction

The isolation of genomic DNA was performed using 7 to 10 days old conidia. First, the cells
were resuspended and grinded in 400 pl gDNA lysis buffer (Table 2-2) in a 2 ml screw cap
reaction tube where 250 mg 0.5 mm silica beads were added. The grinding was done using
a laboratory bead mill at maximum speed for three times 30 s with a resting period of 30 s
in between. The cells-buffer samples were incubated for 30 min at 65 °C and vortexed three
times in between. The lysis reaction was then stopped by adding 80 pl of 1 M Tris HCI
pH 7.5 and inverting the reaction tubes several times. The samples were centrifuged for
1 min at 13,000 x g and RT. Afterwards, the supernatant was transferred to a new 1.5 ml

reaction tube. A volume of phenol:chloroform:isoamylalcohol (25:24:1) equal to the sample
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volume was added to the supernatant and mixed by vortexing. Phase separation was
allowed by centrifugation for 10 min at 13,000 x g and RT. The upper agueous phase
containing DNA was transferred to a new reaction tube, where about three sample volumes
of ice cold 95% (v/v) ethanol was added and immediately mixed by inversion to precipitate
the DNA. After 10 min incubation at RT, the samples were centrifuged again for 15 min at
13,000 rpm and RT. The supernatant was discarded and the DNA pellet was washed with
600 pl 70% (v/v) ethanol. The reaction tubes were centrifuged for 5 min at 13,000 rpm and
RT. Residual ethanol was removed by air drying under the laminar flow sterile bench. About
50 pl of ddH20 were used to dissolve the DNA pellet.

2.2.7. Total RNA extraction

Mycelia of N. crassa strains used for RT-gPCR were harvested after the induction on
respective C-sources. The following steps were performed on ice or in centrifuges cooled
to 4 °C. About 250 mg of wet-weight biomass was transferred into a 2 ml screw cap tube
together with 250 mg 0.5 mm silica beads and 1 ml PeqGOLD Trifast DNA/RNA/protein-
purification solution or TRIzol Reagent. The mycelia were lysed using a laboratory bead mill
at maximum speed for two times 30 s with a resting period of 30 s in between. The samples
were gently shaken for 10 min at RT. Afterwards, 200 pl chloroform was added to the cell
lysate and mixed by vortexing. The mixture was incubated for 3 min at RT and then
centrifuged for 15 min at 12,000 x g. The samples’ supernatants were transferred to a new
reaction tube where 0.5 ml 2-propanol was added. The mixtures were directly mixed by
inversion. The samples were then incubated for 10 min at RT to allow precipitation of RNA,
followed by 10 min centrifugation at 12,000 x g. The samples’ supernatants were decanted
and the RNA pellets were washed using 1 ml 75% (v/v) ethanol. The reaction tubes were
then centrifuged for 5 min at 7,500 x g. Residual ethanol was removed completely by
pipetting. The RNA pellets were air dried to remove additional residual ethanol. The pellets
were resuspended in 45 pl RNAse-free ddH20. The RNA samples were then digested with
DNAse | (RNase Free) according to the manufacturer’s instructions and subsequently
purified using the GeneJet RNA Purification Kit. Lastly, the purified samples were stored at
-80 °C until use.

2.2.8. cDNA synthesis

For cDNA synthesis, 1 pg of purified RNA was used as a template. The cDNA synthesis

was performed using and the High Capacity cDNA Reverse Transcription Kit.
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2.2.9. Nucleic acid quantification

Quantification by spectrophotometry

The concentrations of DNA and RNA samples were quantified with correspondence to the
light observance at a specific wave length (260 and 280 nm, respectively). A Tecan Infinite®
200 PRO NanoQuant reader was used to perform the measurements. The ratio of the
absorption of DNA to the absorption of protein (260/280) and the ratio of absorption of DNA
to the absorption of oligosaccharides were considered to determine the purity of DNA.
Positive amounts of DNA were considered for values between 1.8 and 2 and values greater

than 2, respectively.

Quantification by agarose gel electrophoresis

To determine the concentration of DNA and RNA samples, a certain volume of DNA was
gel electrophoresed (02.2.12) and the corresponding band color intensity was compared to

the intensities of the bands of known concentrations of the marker used.

2.2.10. Polymerase Chain Reaction (PCR)

The standard PCR technique was carried out as described by Mullis and Faloona (Mullis
and Faloona, 1987). The desired amplicon was amplified from the respective plasmid DNA,
gDNA or cDNA by PCR. A “low fidelity” Thermus aquaticus (Taq) polymerase was used for
genotyping and colony PCRs, while a “high fidelity”, Pyrococcus furious-like, Phusion (Pfu)
polymerase was used for cloning purposes. The PCR mixtures and thermocycler runs were
prepared and performed as described by the manufacturer. The following components
(Table 2-9 and Table 2-11) and PCR programs (Table 2-10 and Table 2-12) were used for

amplification.

Table 2-9: Phusion polymerase PCR reaction mixture.

component volume (ul) final concentration

ddH20 33.0 -

5x Phusion HF buffer 10.0 1x

10 mM dNTPs 1.0 200.0 yM

10 pM forward primer 2.5 0.5 uM

10 puM reverse primer 2.5 0.5 uM

template DNA 1.0 500 ng gDNA or 0.5 ng plasmid DNA
Phusion DNA polymerase 0.5 1.0 unit

Table 2-10: PCR thermocycler program.

Step temperature (°C) time cycles
initial denaturation 98.0 30s -
denaturation 98.0 10s 35
annealing lowest Tm of primer pair + 2 °C 30s

Elongation 72.0 30 s per kb
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final elongation | 72.0 | 7 min -

Hold | 16.0 | unlimited -
Table 2-11: Taq polymerase PCR reaction mixture.

component volume (ul) final concentration

ddHz20 8.5 -

5x Phusion HF buffer 3.0 1x

10 mM dNTPs 0.3 200.0 yM

10 pM forward primer 1.0 0.7 yM

10 uM reverse primer 1.0 0.7 uM

template DNA 1.0 500 ng gDNA or 0.5 ng plasmid DNA

Tag DNA polymerase 0.2 1.0 unit

Table 2-12: Taq polymerase PCR thermocycler program.

step temperature time cycles
initial denaturation 95.0 °C 5 min -
denaturation 95.0 °C 30s

annealing lowest Tm of primer pair in °C 30s

elongation 72.0°C 1 min per kb 35
final elongation 72.0°C 7 min -

hold 16.0 °C unlimited -

2.2.11. Quantitative real time PCR (QRT-PCR)

For the RT-gPCR reactions, 100 ng of cDNA was used either in the mix of the gPCRBIO
SyGreen Mix Separate-ROX kit or sensiFAST SYBR No-ROX kit as described by the
manufacturers. The reactions were performed in a Mastercycler ep realplex®. The primers
were designed with the following parameters: melting temperatures (Tm) of 60 +2°C, primer
lengths of 20-24 nucleotides, guanine-cytosine (GC) content of 45-55%, and PCR amplicon
lengths of 100-200 base pairs.

RT-gPCR was performed as described before (Benz et al. 2014). The act gene (NCU04173,
actin variant) was used as endogenous control to normalize the expression values of the
target genes. To determine the expression of target genes in N. crassa WT strain, 16 h MM
pre-grown cultures were washed three times for 15 min each in 1x Vogel’'s no carbon
solution and then transferred to an induction solution of 1x Vogel's solution plus the
respective induction C-source. The expression levels were compared in the induced strains
versus the non-induced ones. Relative expression levels were determined and analyzed

using the realplex 2.2 software.
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2.2.12. Nucleic acids separation by agarose gel electrophoresis

For the separation and detection of DNA and RNA samples, agarose gels in 1x TAE buffer
were prepared. The percentages (0.7 - 2%) of agarose varied inversely with the expected
size of the bands. For the detection of DNA under UV light, Midori green was used in gel
preparation. The samples were prepared by mixing with a suitable volume of 10x loading
buffer. Depending on the percentage of the gel and the size of DNA/RNA fragments, running
time of the gel was adjusted to 30-40 minutes at 140 V and 50 mA. The molecular weight
markers were used to determine the size of the different fragments. Visualization of the

bands and pictures of gel were taken using the gel imaging system Fusion solo S.

2.2.13. Purification of nucleic acids

Purification of DNA fragments from agarose gel

After agarose gel electrophoresis of PCR samples, the desired amplicons of the size ranges
from 250 bp to 5 kb were excised from the gel, and weighed. The DNA bands were purified
using the Promega Wizard SV Gel and PCR Clean-up System, according to the

manufacturer’s instruction manual.

Purification of PCR product

The purification of the PCR product was done using Wizard SV Gel and PCR Clean-up
System (Promega; Fitchburg, USA) following the manufacturer’s manual.

2.2.14. Restriction-ligation cloning

For the production of clr-1 mis-expression strain (clr-1 oex), the clr-1 gene was amplified
from gDNA using the primers clr-1_CSR-GPD_F and clr-1_CSR-GPD_R (Table 2-4). Both, the
PCR product and the pTSL126B plasmid (SFigure 6-6) were subjected to restriction digest
for 16 h at 37 °C with the restriction enzymes Sbfl and Pacl (Table 2-8). Consequently, both
digested PCR product and plasmid were purified (2.2.13) and ligated, for 30 min to 1 h at
RT, using T4 DNA ligase with the reaction mixture described below:

Table 2-13: Restriction digest reaction components.

component amount
10x Cutsmart reaction buffer 5ul
restriction enzyme 1 2 units
restriction enzyme 2 2 units
template DNA up to 2 ug
ddH:20 fill up to 50 pl

Table 2-14: T4 DNA ligase reaction components.
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component amount

10x T4 DNA ligase buffer 1l

digested DNA fragment (insert) 3-5x the equimolar mass of used plasmid
digested plasmid (vector) 50 ng

T4 DNA ligase 5 units

ddH-0 fill up to 10 pl

The DNA fragment to be used in the ligation reaction was calculated using the formula

below:
_ Myector X linsert XY
Minsert = l
vector
Where:

o  Minsert. the insert mass to be used in the ligation reaction

o licers @nd Loctor - the length of the fragment and vector in bp, respectively,
e Y :constant standing for the concentration factor of the insert to vector ratio
o Myector: VECtOr mass used in the ligation reaction

After ligation, the assembled constructs were transformed into E. coli DH5a strains (2.2.15).

2.2.15. E. coli transformation

Shortly before transformation, 45 ul of chemical competent E. coli DH5a cells were thawed
on ice for 5 min followed by the addition of 5 ul of DNA solution and incubation on ice for 30
min. The DNA-cells suspension was moved to a heating block heat shocked for 30 s at
42 °C. The suspension was then cooled down for 3 min on ice, followed by the addition of
450 ul of SOC medium. The cells were then incubated for 60 min at 37 °C and 250 rpm.
Consequently, 50 ul of the cell suspension were plated on solid agar LB plates with the
appropriate selective marker and incubated for 16 h at 37 °C. On the next day, transformed
colonies were picked and transferred to new LB plates and genotyping was performed by

colony PCR.

2.2.16. Plasmid DNA miniprep

Plasmid mini prep HiYield Plasmid Mini Kit was used, according to the manufacturer’s

instructions, for the extraction of plasmid constructs from E. coli cells.

2.2.17. Nucleic acids sequencing

Purified plasmid samples PCR products were premixed with the forward primer and
sequenced via the Eurofins Genomics (Ebersberg), following their specification. Glycerol

stocks were prepared from E. coli strain with positive constructs (2.2.19).
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2.2.18. N. crassa transformation

Confirmed plasmid construct was used for N. crassa transformation. For this, Aclr-1 deletion
strain was grown in 250 ml flasks with 50 ml of solid MM (2.2.2), then the conidia were
harvested by the addition of 50 ml of cold and sterile 1M D-Sorbitol. After vortexing, the
conidial suspension was filtered through a sterile gauze into a 50 ml sterile falcon tube and
filled up till 50 ml with cold 1M D-Sorbitol. The falcon tube was then centrifuged for 5 min at
2000 rpm and 4 °C. The supernatant was discarded and the cells were washed again twice
with 50 ml p-sorbitol and centrifugation for 5 min at 1500 rpm. Afterwards, the supernatant
was removed and cells were resuspended in 5 ml D-sorbitol. Lastly, the cells suspension
was measured at an optical density of 600 hm, the suspension was centrifuged for 3 min at
1500 rpm and the supernatant was discarded. The final volume was adjusted so that the

concentration is 2.5 x 10° conidia/ml was calculated as follows:

ODpeasurea X dilution
Vfinal = VsuspenSiOTl - ( 0.0123 x 1000 )

Where:

®  Vrinar - Volume of 1 M sorbitol that was used for the resuspension after the final

centrifugation step

*  Vsuspension - VOlume of conidia suspension previous to the final centrifugation step
Then, 40 pl of the conidia suspension were mixed with 1 ug to 2 pg of purified expression
construct in 10 pl ddH20. An only 10 pl ddH-O sample was used as a negative control. After
30 min incubation on ice, the suspension was transferred into a pre-cooled electroporation
cuvette (1 mm gap size) and then the cells were electro-transfected at 1500 V with an
Eppendorf electroporator. Then, 950 pul of cold 1 M D-Sorbitol were directly used and the
mixture was transferred into a 15 ml falcon tube and mixed with 2 ml MM. Following a 60 min
incubation at 30 °C, the conidial suspension was centrifuged for 3 min at 1500 rpm. 2 ml of
the supernatant were discarded and the conidia were resuspended in the remaining 1ml
solution. The latter was split into 250 pl and 750 ul aliquots that were transferred into new
15 ml falcons. Both tubes were then filled up to 10 ml with top-agar (at 55 °C) and mixed by
inversion. The mixtures were poured over previously prepared bottom-agar plates. As a
selection marker, Cyclosporin A was added to both, bottom- and top-agar media. The agar
plates were incubated for 3 days at 30 °C in dark. Lastly, grown colonies were picked and
grown on new tubes with 2 ml of slanted MM. Positive transformed strains were confirmed
by genotyping PCR (2.2.10), after the extraction of gDNA (2.2.6).
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2.2.19. Glycerol stocks

Glycerol stocks were prepared by mixing 750 pl of N. crassa conidial suspension or bacteria
cultures (after overnight growth in LB medium supplemented with antibiotics) with 250 pl of
a sterile filtered 75% (v/v) glycerol solution. The mixtures were vortexed and directly frozen
in liquid nitrogen. The glycerol stocks were labeled properly and stored at -80°C.

2.2.20. Extraction of intracellular metabolites

After the incubation on the indicated C-source, N. crassa mycelia were collected and their
intracellular metabolites were extracted using a protocol modified from Tambellini et al.
(Tambellini et al. 2013). First, the mycelia were washed three times with ddH,O. Then about
500 mg of the mycelia were grinded where 24 ml of cold CH3CI:MeOH (1:1) and 6 ml ddH-0
were added to the mycelia. The samples were incubated for 30 min on ice. Afterwards, the
samples were centrifuged for 15 min, at 4000 rpm and 4 °C. Supernatants were collected
and re-centrifuged for 30 minutes at 12000 rpm and 4 °C. The samples were stored at 4 °C

for further analysis.

2.2.21. Extraction of intracellular protein from N. crassa

After incubation of N. crassa on the indicated C-source, the mycelia were harvested by
using a Buchner funnel and a glass fiber filters, washed three times by 50 ml 1x Vogel’s
solution. The mycelia were then frozen in liquid nitrogen. Frozen mycelia were grinded into
powder using freezing-milling method. Afterwards, about 250 mg of frozen mycelia were
lysed by adding 750 ul mycelia lysis buffer (Table 2-2). Samples were incubated for 30 min
at -20 °C, then centrifuged for 10 minutes at 1300 rpm and 4 °C. Protein concentration was
measured as described below (2.2.23) and the samples were stored at 4 °C for further

analysis.

2.2.22. Protein expression and purification from Pichia

The growth of the Pichia strain with positive expression constructs and the preparation of
cell lysate were done according to the Invitrogen expression in Pichia protocol

(https://assets.thermofisher.com/TES-Assets/LSG/manuals/pgapz _man.pdf). Briefly,

strains were incubated on YPD plates with 25 pl/100 ml zeocin for 4 days at 30°C. Single
colonies were used to inoculate 15 ml YPD media with 1 pg/ml Zeocin. The cultures were
incubated for 16 h at 30°C and 250 rpm. Afterwards, the pre-culture was used to inoculate
50 ml YPD media containing 0.5 pg/ml zeocin in 250 ml flasks. The cultures were further
incubated for 4 days at 23°C and 250 rpm. The cultured were then centrifuged in a pre-

cooled centrifuge and the cells were harvested. For cell lysis, 25 ml cell lysis buffer were
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added to the cells. The suspensions were incubated for 15 min in a 37°C water bath.
Afterwards, 12.5 ul DNase | was added to the mixture that was further incubated for 30 min.
Cells were then centrifuged for 20 min at 16,000 xg and 4°C. The cell lysate supernatant
was then used for GH2-1 purification by immobilized metal-affinity chromatography (IMAC)
of the histidine affinity tag (Bornhorst and Falke 2000). Elution of the enzyme was performed
via a pH gradient of 5.5, 5.0, and 4.5 of the same elution buffer (Table 2-2). Protein

concentration was measured as described below.

2.2.23. Bradford assay

Bradford assay was performed to determine the total amount of purified protein, intracellular
protein, as well as in culture supernatants. Dilution series of BSA as standard (Bradford,
1976) was prepared. Roti®-Quant reagent was diluted 1:5 with ddH.O. Afterwards, 200 pl
of the 1x Roti-Quant was mixed with 10 ul of protein sample. The mixtures were incubated
for 5 min at RT. Afterwards, the samples’ absorbance at 595 nm was measured using a
Tecan Infinite® 200 PRO NanoQuant reader. The linear regression of the BSA standards
was calculated and used as a reference to calculate the protein concentration of the
samples.

2.2.24. Cellulase and xylanase assays

For the analyses of cellulase and xylanase production by the fungi, samples were collected
from culture supernatant. The samples were the centrifuged for 10 min at 11000 rpm. The
supernatant was then carefully transferred into a new reaction tube and stored at 4 °C.

Azo-CMCase and Azo-xylanase activity assays were carried out according to the protocols
of the manufacturer (Megazyme, Ireland; S-ACMC and S-AXBL). The assays were slightly

modified so that the reaction mixture was reduced to a quarter of the original volume.

2.2.25. Sulfuric acid hydrolysis of carbon sources

To determine the constituent sugars of different C-sources a chemical hydrolysis with
H2S04 was performed ref. The samples were first dried for 16 h at 60 °C, then about 5 mg
of dried material were swollen in in 50 pl of 72% (v/v) H2SO4 at RT for 1 to 4 h depending
on the recalcitrance of the sample. After incubation, 1.45 ml ddH20 was to the sample, and
the mix was further incubated for 1 h at 121 °C. Followed by a centrifugation step for 5 min
at 13,000 x g to remove residual solids. The supernatants were transferred to new reaction

tubes, and stored at 4 °C, until the compositional analysis proceeds.
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2.2.26. Sulfuric acid hydrolysis of carbon sources

To determine the constituent sugars of different C-sources a chemical hydrolysis with
H.SO, was performed ref. The samples were first dried for 16 h at 60 °C, then about 5 mg
of dried material were swollen in in 50 pl of 72% (v/v) H.SO4 at RT for 1 to 4 h depending
on the recalcitrance of the sample. After incubation, 1.45 ml ddH.O was to the sample, and
the mix was further incubated for 1 h at 121 °C. Followed by a centrifugation step for 5 min
at 13,000 x g to remove residual solids. The supernatants were transferred to new reaction
tubes, and stored at 4 °C, until the compaositional analysis proceeds.

2.2.27. Sugar uptake assay

The uptake of monosaccharides by N. crassa was determined as published previously
(Galazka et al., 2010; J. Benz et al., 2014). For detailed description, see section 4.7.9.
2.2.28. HPAEC-PAD analyses

The evaluation of sugars present in the samples were analyzed using an ICS-3000 liquid
chromatography system (Dionex, Thermo Scientific), equipped with a pulsed amperometric
detector, as follows:

For the compositional analysis of complex

The H,SO. hydrolyzed samples were diluted to concentrations below 10 pg/ml. For the
analysis of neutral monosaccharides containing samples, a CarboPac® PA20 3x150 mm
column was used. The samples were eluted using 5 mM NaOH as the mobile phase
isocratic. While for the analysis of uronic acids and disaccharides containing samples, a
CarboPac PA200 column was used. The samples were eluted using 0.1 M NaOH and 0.1
M NaOH/1 M NaAc. The following gradient was used in this case: 2 min 0% 0.1 M NaOH/1
M NaAc, 10 min 0-10% 0.1 M NaOH/1 M NaAc and 3 min 0% 0.1 M NaOH/1 M NaAc. In
both columns, samples were eluted for 15 min, at 30 °C column temperature, and a flow

rate of 0.4 ml/min.
2.2.29. Statistical analyses

Experiments were done in biological triplicate, and statistical significance was determined
by applying analysis of variance (ANOVA) followed by a post-hoc Tukey test using the
statistical computing software R (Team 2013). Values of bars and lines in bar and line
graphs, respectively, are the mean of the biological replicates, and error bars in all figures

are standard deviations (n=3).
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2.2.30. Sequence retrieval, analysis and domain predictions

FungiDB was used to retrieve N.crassa DNA, mRNA, and amino acids sequences
(http://fungidb.org/fungidb/) in FASTA file format. For the visualization of DNA and mRNA

sequences, SnapGene software (from GSL Biotech; https://www.snapgene.com/) was

used.
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3. Comparing the physicochemical parameters of three
celluloses reveals new insights into substrate

suitability for fungal enzyme production

Lara Hassan, Manfred J. Reppke, Nils Thieme, Steffen A. Schweizer, Carsten W. Mueller,

and J. Philipp Benz
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3.2. Summary

Lignocellulosic feedstocks are a rich source of simple sugars that are used in biorefinery
and green chemistry. The key step here is the degradation of such feedstocks by the action
of lignocellulosic enzymes produced by microorganisms, such as bacteria or filamentous
fungi. However, the recalcitrant and heterogeneous nature of lignocellulosic materials
complicates their digestion by such enzymes. Hence, pretreatment techniques and
extraction methods lead to the presence of less heterogeneous purified cellulosic substrates
such as microcrystalline celluloses (MCCs). In addition to their use as cellulase-inducing
substrates, MCCs have been used as binding agents and fillers in the pharmaceutical and
food industries, respectively. Although the purity and availability of such substrates render
them easy to use, various products have been shown to differ in their characteristics
regarding crystallinity, chemical composition, and particle size. These differences may have
an influence on the fermentation processes and the production of enzymes by fungi.
Therefore, in this study, the physicochemical parameters (e.g. morphology, surface area,
particle size, crystallinity, and chemical composition) of three cellulosic substrates, two
MCCs and one powdered cellulose, were compared. Moreover, the effect of such
parameters on the production of (hemi-)cellulases by the industrial strain T. reesei RUT-
C30 and the model strain N. crassa was analyzed. The results indicated that particularly
crystallinity and hemicellulose content are major determinants of substrate performance.
However, the results also indicated that the chemical composition alone does not reflect the
fungal response, but other factors, such as substrate bioavailability, carbon catabolite de-

repression, and species-specific regulatory networks are also important.
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3.3. Abstract

The industrial applications of cellulases are mostly limited by the costs associated with their
production. Optimized production pathways are therefore desirable. Based on their enzyme
inducing capacity, celluloses are commonly used in fermentation media. However, the
influence of their physicochemical characteristics on the production process is not well
understood. In this study, we examined how physical, structural and chemical properties of
celluloses influence cellulase and hemicellulase production in an industrially-optimized and
a non-engineered filamentous fungus: RUT-C30 and Neurospora crassa. The performance
was evaluated by quantifying gene induction, protein secretion and enzymatic activities.
Among the three investigated substrates, the powdered cellulose was found to be the most
impure, and the residual hemicellulosic content was efficiently perceived by the fungi. It was
furthermore found to be the least crystalline substrate and consequently was the most
readily digested cellulose in vitro. In vivo however, only RUT-C30 was able to take full
advantage of these factors. When comparing carbon catabolite repressed and de-repressed
strains of T. reesei and N. crassa, we found that crel/cre-1 is at least partially responsible
for this observation, but that the different wiring of the molecular signaling networks is also
relevant.

Our findings indicate that crystallinity and hemicellulose content are major determinants of
performance. Moreover, the genetic background between WT and modified strains greatly
affects the ability to utilize the cellulosic substrate. By highlighting key factors to consider
when choosing the optimal cellulosic product for enzyme production, this study has
relevance for the optimization of a critical step in the biotechnological (hemi-)cellulase

production process.

3.4. Background

Due to their wide applicability, the demand for cellulases and hemicellulases is constantly
increasing. Currently, these enzymes are used in the processing of food and animal feed,
in the textile and laundry industries, for pulping and paper production, as well as for the
biofuels industry (Kuhad et al. 2011). The overall technical enzymes market is projected to
reach a value of 1.27 billion USD in 2021, with the bioethanol application predicted to be
the fastest-growing section (Report 2016). The goal here is to efficiently convert sustainably
produced lignocellulosic feedstocks to fermentable sugars for the production of biofuels, but
also other products of the biorefinery. Due to the high recalcitrance of cellulose, this process
requires high enzyme loadings, warranting research efforts aiming to increase enzyme

yields and decrease the production costs.
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Cellulose is composed of unbranched chains with repeating 3-1,4-linkages of only D-
glucose units. Many parallel glucan chains form tight microfibrils held together by hydrogen
bonds, rendering the surface of cellulose highly hydrophobic and recalcitrant to enzymatic
attack (Matthews et al. 2006; Himmel et al. 2007; Habibi et al. 2010; PErez and Samain
2010). Traditionally, the fine structure of cellulose is described in a simplistic two-phase
model, in which highly ordered regions are classified as crystalline and less well-ordered
regions as amorphous (Harada H 1985). Moreover, cellulose in the natural setting is
embedded in a matrix of hemicelluloses and lignin, adding structural support and protection
(Somerville et al. 2004; Ding and Himmel 2006). The major hemicelluloses in hardwoods
and grasses are xylans and mixed-linkage glucans, while (galacto-)glucomannans
dominate in softwoods (Timell 1967; Pettersen 1984; Harada H 1985).

Cellulases are commonly produced by fermentation of lignocellulosic substrates with
microorganisms, such as bacteria or filamentous fungi. Microcrystalline celluloses (MCCs)
have been used as excipients in the pharmaceutical industry for decades, but are also used
as cellulase-inducing substrates due to their purity, availability and ease of use. MCCs are
usually prepared by treatment of cotton linters or wood pulp with dilute mineral acid to
hydrolyze and extract the amorphous regions of cellulose as well as hemicelluloses, lignin
and pectin (Battista and Smith 1961; Hanna et al. 2001). The result is a partially
depolymerized cellulose with a limited degree of polymerization in the form of colloidal
crystallites that can aggregate and agglomerate to particle sizes of usually between 20 —
200 puM (Adel et al. 2011). MCCs are derived from various sources, such as hardwoods and
softwoods. Various products from the international market have been shown to differ in their
characteristics regarding crystallinity, monosaccharide composition, and particle size
(Baehr and Puls 1991; Landin et al. 1993; Landin et al. 1993; Newman 1994). Moreover,
batch-to-batch variability has been shown to have an equally strong impact on the MCC
properties (Rowe et al. 1994).

The filamentous ascomycete T. reesei (teleomorph Hypocrea jecorina) has become the
preferred organism for the production of cellulases (Seiboth et al. 2011; Viikari et al. 2012;
Paloheimo et al. 2016), one of the best known and publicly available strains being RUT-
C30 of the Rutgers lineage derived from screens for hyper-cellulase production after rounds
of classical mutagenesis (Le Crom et al. 2009; Peterson and Nevalainen 2012).

T. reesei has also been instrumental in the elucidation of the molecular factors underlying
the perception and degradation of cellulose in filamentous fungi (Kubicek 2013). The
general principle of induction and repression governing the response is conserved as in all
microorganisms, but varies in its implementation between fungi (for a review, see Glass et
al. 2013). In T. reesei (and species of the genus Aspergillus), the transcription factor (TF)

XYR1/XInR is the major regulator of the cellulolytic and hemicellulolytic response, even
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though recently ACE3 was described in T. reesei as a novel master regulator of cellulase
expression and a modulator of xylan degrading enzyme expression (Hakkinen et al. 2014).
In other fungi, such as in the genetic model system N. crassa, the XYR1 homologs only
modulate production of cellulases and are mainly required for the induction of
hemicellulases (for recent reviews, see Huberman et al. 2016; Seibert et al. 2016). Instead,
two other conserved TFs in tandem govern the response to cellulose: CLR-1 and CLR-2
(Coradetti et al. 2012; Craig et al. 2015). The function of CLR-2 does not seem to be strictly
conserved in T. reesei (Hakkinen et al. 2014), but is in other fungi such as in A. nidulans
(Coradetti et al. 2012).

Other than the induction pathways, carbon catabolite repression (CCR), a mechanism
enabling microorganisms to prefer easily metabolizable carbon sources over polymeric or
recalcitrant substrates, seems strictly conserved in filamentous fungi (Glass et al. 2013). A
central mediator of CCR is the zinc-finger TF CreA/Crel (Bailey and Arst 1975; limen et al.
1996; de la Serna et al. 1999; Sun and Glass 2011), which acts in a double-lock mechanism
on both the target genes as well as the regulatory TFs (Huberman et al. 2016). In T. reesei
RUT-C30, a truncated version of the crel gene is present (Mello-de-Sousa et al. 2014),
leading to a cellulase de-repressed phenotype (llmen et al. 1996).

The production of cellulases in filamentous fungi is furthermore dependent on the presence
of specific inducer molecules. In case of cellulose, the relevant signaling molecules are
short cellodextrins such as cellobiose, which are released from cellulose by the action of
cellulases, or metabolic derivatives, such as sophorose (Sternberg and Mandels 1979;
Zhou et al. 2012; Znameroski et al. 2012).

According to the aforementioned points it is clear, therefore, that multiple factors will affect
the production of cellulases in microorganisms: 1) the composition of the substrate, 2) the
accessibility of the cellulose to enzymatic attack, 3) the overall enzymatic complement
produced by the organism, 4) the nature and amount of inducer molecules being released,
and 5) the wiring of the regulatory networks integrating the perceived signals in the
respective production organism employed. MCCs as mare pure substrates might appear to
be less complex in their applicability than plant biomass, but their effectiveness is subject
to the same combination of physical, chemical and biological factors. A huge variety of
sources, production methods, as well as batch-to-batch variations (Baehr and Puls 1991,
Landin et al. 1993; Landin et al. 1993; Rowe et al. 1994) makes it highly demanding for the
user to choose the best substrate and warrant studies to determine the most relevant
factors. Despite a plethora of studies on the characteristics of cellulose and their effects on
enzyme hydrolysis, the effects of central factors, such as crystallinity and fine structure
(surface area; porosity), are still unclear and partly disputed (Fan et al. 1980; Fan 1981,
Puri 1984; Mansfield et al. 1999; Mooney et al. 1999; Hall et al. 2010; Park et al. 2010;

54



Chapter 3

Rollin et al. 2011; Peng et al. 2013; Li et al. 2014; Peciulyte et al. 2014). However, with
some notable exceptions (e.g. Peciulyte et al. 2014) most of these studies used isolated
enzyme systems, which is helpful to focus, but is also simplifying, since it ignores the biology
of the production organism. To extend our view, we therefore analyzed both the
physicochemical and molecular biological aspects of cellulase production in two filamentous
fungi when grown on different cellulosic substrates. We chose three representative
celluloses: a hardwood- and a softwood-derived MCC as well as a hardwood-derived
powdered cellulose, and tested their effectiveness as cellulase-inducing substrates on the
hypercellulolytic T. reesei strain RUT-C30 and the non-adapted laboratory model strain N.
crassa. The physicochemical analyses of the substrates were done at several structural
levels (acc. to Mansfield et al. 1999): fiber (surface area and morphology), fibril
(composition, particle size), and microfibril (crystallinity). To assess the fungal performance,

cellulase productivity as well as the molecular response were recorded.

3.5. Results

3.5.1. Substrate characteristics — Surface area and morphology

For this study, three different cellulose products were chosen as cellulase-inducing growth
substrates: a hardwood-derived MCC (Emcocel HD90), a softwood-derived MCC (Avicel
PH-101) and a hardwood-derived purified cellulose (Alphacel) (see Methods; Table 3-2).
The celluloses were initially observed by scanning electron microscopy (SEM) to visualize
macromolecular substrate characteristics. In line with the manufacturer’'s specifications,
Emcocel contained the largest particles in comparison to the MCC gold standard Avicel as
well as the purified cellulose Alphacel (Figure 3-1 A-C). While Alphacel had the most fibrous
appearance (Figure 3-1 B), Emcocel consisted mostly of particle agglomerates that could
be broken up by additional ball-milling (Figure 3-1 C & D).

N2-BET measurements showed an inverse correlation between the specific surface area of
the celluloses and the average particle size. The specific surface area of Emcocel
(0.80 m?/g) was only about 2/3 the area of Avicel (1.28 m?/g) and less than half the area of
Alphacel (1.64 m?/g). After additional ball-milling, however, the surface area of Emcocel

doubled and was comparable to the other substrates (1.58 m?%/g).
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Figure 3-1. Scanning electron micrographs of cellulose substrates obtained at 8.0 kV
accelerating voltage and 100x magnification (Jeol JSM-IT100).

Scanning electron micrographs of cellulose substrates obtained at 8.0 kV accelerating voltage and
100x magnification (Jeol JSM-IT100). Images show a representative picture for each substrate out
of several technical replicates.

3.5.2. Determination of hemicellulose content of the celluloses

To determine the purity of the different MCCs regarding hemicellulose contaminations, we
performed a compositional analysis after total acid hydrolysis. Bacterial cellulose was used
as a hemicellulose contamination-free standard for comparison. For Avicel, Alphacel and
the bacterial cellulose, a 1 hour swelling time in 72 % H,SO4 was sufficient to achieve an
almost complete hydrolysis. For Emcocel however, an undissolved residual mass remained
after the hydrolysis, indicating that the process had been incomplete (data not shown). For
that reason, the hydrolysis of Emcocel was repeated using longer swelling times (4 hours)
to give the sulfuric acid more time to completely react with the MCC.

As expected, the bacterial cellulose showed no trace of other monosaccharides other than
glucose (Table 3-1). Alphacel on the other hand, was the most unpure cellulose with a
particularly high content of xylan. The high xylan:mannan ratio is indicative of its source
material being hardwood pulp (acc. to Baehr and Puls 1991). Avicel as a softwood-derived
MCC presented a much more moderate xylan:mannan ratio, but still contained considerable
amounts of both hemicelluloses. Emcocel proved to be the least hemicellulose-
contaminated cellulose in our analysis with xylan and mannan contents of less than 1 %
each. This amount was more or less constant at all different swelling times tested (not

shown), while the amount of detected glucose increased considerably at four hours,
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suggesting that the cellulosic fraction of Emcocel is extremely densely packed and
recalcitrant to the hydrolysis. Even after four hours of swelling, ~6-7 % of the mass remained
unaccounted for. We did not detect elevated amounts of lignin or extractables in Emcocel
however (data not shown), indicating that the residual mass is mainly undissolved cellulose.

Table 3-1. Results of sugar analysis of the celluloses after sulfuric acid hydrolysis (in %).

Avicel! Emcocel? Alphacel! bacterial
cellulose!
D-glucan 93+55 92+04 84 +5.8 97 +4.2
D-xylan 3.5+04 0.8+ 0.08 147+1.1 ND
D-mannan 1.8+0.1 0.3+0.01 1.3+03 ND

1) 1 hour swelling; ?) 4 hours swelling; ND) none determined

3.5.3. Cellulose crystallinity

Crystallinity has been widely used to describe celluloses and woods, since it is a good
measure of the inherent degree of structural order and thus may have a major influence on
the recalcitrance of the substrate to biochemical attack (e.g. Horii et al. 1984; Sterk et al.
1987; Newman 2004; Park et al. 2010). Due to the differences observed in bioavailability of
the celluloses, we decided to measure also the crystallinity of all three substrates. To this
end, samples of the celluloses were analyzed by solid-state *C nuclear magnetic
resonance (NMR) and the crystallinity index (Crl) calculated by the NMR C4 peak

separation method (Horii et al. 1984; Newman and Hemmingson 1990; Park et al. 2010).
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Figure 3-2. Solid state 13C NMR spectra of cellulose samples.

Depicted are normalized spectra between 50 and 110 ppm showing the assignment of peaks to the
carbons in a glucopyranose repeat unit. Shown is a single but representative spectrum for each
cellulose.
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The NMR spectra displayed noticeable differences in height of the C4 peaks between the
samples (Figure 3-2). Alphacel showed the lowest crystallinity with 33.1 % compared to
Avicel with 54.4 % and Emcocel with 56.7 %. The calculated Crls therefore allowed for a
clear discrimination of the MCCs and the powdered cellulose product Alphacel. Additionally,
the results demonstrate that Emcocel was the most crystalline cellulose product in our

experiments.

3.5.4. Invitro digestibility of the cellulose substrates

Since the fungal cellulase induction will be highly dependent on the enzymatic digestibility
for the liberation of inducer molecules, we next wanted to test this in an in vitro assay. To
this end, N. crassa cellulases were incubated with the cellulose substrates. The liberated
sugars were analyzed by HPAEC-PAD, and the residual cellulose harvested for SEM
analysis (Figure 3-3).

The chromatograms indicated that mainly glucose and higher cellodextrins accumulated in
the assay supernatants after extensive digestion (8 hours; Figure 3-3 A). The quantified
amounts of glucose, xylose and mannose at more initial time points (1 hour; Figure 3-3 A,
inset) showed that Alphacel was the most readily digested substrate. Similarly, Emcocel
was the least digested substrate again, corroborating that it is most recalcitrant of all three
substrates to enzymatic or chemical attack.

When observed by SEM, all three celluloses showed a more particulate appearance after
24 hours of enzymatic digestion. This was most prominent for the MCCs, which completely
disintegrated into individual fibers (Figure 3-3 B-G). At higher magnifications, it became
evident that the surfaces of all digested substrates appeared smoother than the controls
(Figure 3-3 H-M). This might indicate that the rough top layers were formed by more
amorphous cellulose and/or hemicelluloses. It furthermore suggests that the flat layers
exposed after the digest might represent more recalcitrant cellulose-rich areas. Particularly
the parallel fibrillar structures visible on the surface of some fibers of Emcocel after the
digest (Figure 3-3 I; arrow) seem to represent relatively pure, ordered cellulose fibrils,

leaving little contact surface for enzymes to attack.
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Figure 3-3. Enzymatic digestion of the cellulose substrates in vitro.

All celluloses were digested by a N. crassa-derived cellulase cocktail (filtered culture supernatant
after 5 days growth on Avicel) for a total of 24 hours. (A) Shown are representative HPAEC-PAD
chromatograms of the reaction supernatants after 8 hours as well as the quantification results for
monosaccharides at an initial time point (1 hour; inset in A). The peaks of b-glucose (b-Glc) and
higher cellodextrins (not quantified) are indicated. Note: in this run (CarboPac® PA200 column), the
other monosaccharides will also migrate at the same speed as D-Glc, but the amounts are
substantially lower. The quantifications represent means of triplicate reactions. Error bars represent
standard deviations (n=3). Different lower and upper case letters indicate significant difference within
data groups that are significantly different (one-way ANOVA followed by a post-hoc Tukey’s test, p-
values < 0.05 were considered significant). (B-M) Representative scanning electron micrographs out
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of technical triplicates for each cellulose substrate obtained at 8.0 kV accelerating voltage and 30x —
2000x magnification (Jeol JSM-IT100).

3.5.5. Determination of the potential to induce lignocellulolytic gene

expression

With a molecular approach, we tested the ability of the cellulose substrates to induce the
major cellulolytic and hemicellulolytic pathways on the level of gene expression. Moreover,
this analysis was supposed to provide indirect insight into the early bioavailability of inducer
molecules, and therefore to what extent fungi will be able to actually perceive the measured
differences in the substrate composition. Since the molecular response pathways to
cellulose and hemicellulose are more separated in N. crassa than in T. reesei (see
background and reviewed in (Glass et al. 2013), we only used N. crassa for these assays.
Based on a survey of published transcriptomics analyses (Sternberg and Mandels 1979;
Tian et al. 2009; Coradetti et al. 2012; Ogawa et al. 2012; Sun et al. 2012; Benz et al. 2014),
we chose three genes that served as proxies for the induction of the cellulolytic, xylanolytic
and mannanolytic pathways in N. crassa, since they had been shown to be robustly induced
by their respective substrates and serve a specific function in those pathways: the
cellobionic acid transporter gene cbt-1/clp-1 (NCU05853), the D-xylulose kinase encoding
gene NCU11353, and the putative acetylmannan esterase encoding gene cel6-1
(NCU09416).

The initial cellulolytic response (as measured by cbt-1/clp-1) to Avicel, Emcocel and
Alphacel was similar (Figure 3-4 A). Emcocel, however, showed a tendency to respond
weaker. Even though it was found to have the lowest cellulose content of all tested
substrates, the response to Alphacel tended to be strongest, indicating a better
bioavailability of the cellulose microfibrils.

The xylanolytic response (as measured by the D-xylulose kinase gene expression) was
clearly strongest in the case of Alphacel, which also had the highest content of xylan, and
was found to be less intense in the MCC substrates (Figure 3-4 B). Interestingly however,
N. crassa’s response to the xylan impurities in Avicel and Emcocel was not necessarily
proportional to the overall content. Emcocel induced the xylanolytic pathway more strongly,
even though the xylan content was lower than in Avicel, again indicating that the
bioavailability is not directly proportional to the overall content.

In case of the mannanolytic pathway, the responses to the three substrates were very
distinct (Figure 3-4 C). Avicel induced the acetylmannan esterase gene cel6-1 >7-fold
stronger than Emcocel, which roughly reflects the difference in mannan content and might
be expectable, since Avicel is derived from softwoods and Emcocel from hardwoods, in

which xylans are the dominating hemicellulose. The fact that the strongest response was
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again detected on Alphacel, although the overall mannan content was found to be lower
than in Avicel might have two reasons: 1) the bioavailability of the plant cell wall sugars in
the non-microcrystalline substrate is generally higher, and 2) there is some evidence that
the cellulolytic and mannanolytic pathways cross-react in N. crassa (as well as in
Aspergillus oryzae) (Ogawa et al. 2013; Craig et al. 2015). The strong cellulolytic response
to Alphacel might therefore also co-induce the mannanolytic pathway more strongly.

A cbt-1/clp-1 B D-xylulose kinase C ce16-1
(NCU05853) (NCU11353) (NCU09416)
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Figure 3-4. Gene expression induction of selected genes used as proxies for the fungal
cellulolytic and hemicellulolytic response.

Sucrose pre-grown N. crassa cultures were exposed to the celluloses or no carbon source for 4
hours before RNA was harvested. Gene induction was measured by RT-gPCR. Shown is the mean
fold-induction over the no carbon (No C) starvation condition derived from biological and technical
triplicates. Error bars represent standard deviations (n=3). Letters indicate significant difference
within data groups that are significantly different (one-way ANOVA followed by a post-hoc Tukey’s
test, p-values < 0.05 were considered significant).

3.5.6. Cellulase production in N. crassa and T. reesei RUT-C30

The effectiveness of the three celluloses as substrates for cellulase production in
filamentous fungi was tested in 100 ml shake flask cultures. We used both the industrially
optimized hypercellulolytic T. reesei strain RUT-C30, as well as the genetic model system
N. crassa. The performance was evaluated after 3 and 6 days of growth by three main
analyses of the culture supernatants: total secreted protein concentration, endo-glucanase
activity and endo-xylanase activity (Figure 3-5). Total and not specific activities (normalized
to fungal biomass) are presented, since we aimed to study overall yields on each carbon
source. These are therefore representative for the combined effects of bioavailability
differences on induction, degradation, metabolism, secretion and growth.

Overall, the data showed that both the softwood-MCC (Avicel) as well as the powdered
cellulose (Alphacel) outperformed the hardwood-MCC (Emcocel HD-90) in N. crassa, where
total secreted protein as well as endo-glucanase and endo-xylanase activities were
consistently lowest for Emcocel. While secreted protein, endo-glucanase and endo-

xylanase activities were comparable on Avicel and Emcocel (Figure 3-5), Alphacel was
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non-engineered organisms such as N. crassa and are able to take full advantage of the
much less crystalline PCs such as Alphacel. We hypothesized that differences in the genetic
configuration in these fungi may play a decisive role to this end. Since one of the major
modifications from WT to industrial strain is the reduction or removal of CCR, we tested the
effect of this by comparing protein production on the three celluloses of the de-repressed
T. reesei RUT-C30 strain to its WT strain QM6a as well as by comparing the N. crassa WT
to a deletion strain of cre-1, encoding the major TF mediating CCR (Figure 3-6). To limit the

effect of differences in germination speed between the genotypes as much as possible
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(Seiboth et al. 2011; Ogawa et al. 2013), we modified our experimental setup for these
assays and shifted identical amounts of fungal biomass to cellulose cultures after pre-
growth on sucrose/glucose (see Material & Methods). Since the starting material was
mycelia in this experiment, we shortened the incubation time to two and three days for N.

crassa and T. reesei, respectively.
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Figure 3-6. Total protein secreted by N. crassa (WT and Acre-1) and T. reesei (QM6a and RUT-
C30) on the cellulose substrates.

Performance was measured by analysis of culture supernatant aliquots taken after 2 and 3 days,
respectively. Protein concentration was measured by Bradford assay as described in Methods.
Values are the mean of biological triplicates. Error bars represent standard deviations (n=3). Different
lower and upper case letters indicate significant difference within data groups that are significantly
different (separately for both fungi and sample days; one-way ANOVA followed by a post-hoc Tukey’s
test, p-values < 0.05 were considered significant).

Two observations could be made: First, the carbon catabolite de-repressed strains (T.
reesei RUT-C30 with a truncated crel gene (Mello-de-Sousa et al. 2014) and N. crassa
with a cre-1 deletion) displayed strongly elevated protein levels in comparison to the
respective WT strains (Figure 3-6) which is in line to what was previously shown in both
fungi (Tangnu et al. 1981; Portnoy et al. 2011; Sun and Glass 2011), indicating that CCR
has a repressing effect even on highly recalcitrant substrates with low glucose fluxes such
as Emcocel (even though the effect there was smallest). And second, also the T. reesei WT
strain (QM6a) was not able to take full advantage of the low-crystallinity substrates such as
Alphacel (Figure 3-6 B, light blue), just as we had found for N. crassa (cf. Figure 3-5).

However, while protein production of T. reesei RUT-C30 was roughly inversely proportional
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to the substrate crystallinities again (Figure 3-6 B, dark blue), the deletion of cre-1 in N.
crassa was not sufficient to phenocopy this, and protein production on the PC Alphacel was
only marginally stronger than on the MCC Avicel (Figure 3-6 A, darkorange), mainly due to
stronger xylanase expression (Figure 3-7 B) while cellulase expression was similar on the
two aforementioned substrates. These observations indicate that other genetic
determinants are present in addition to the absence of a fully functional CRE-1 that allows
T. reesei RUT-C30 to utilize the PC Alphacel better than the other substrates.
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Figure 3-7. Cellulase and hemicellulase production by N. crassa (WT and Acre-1) and T.
reesei (QM6a and RUT-C30) on the cellulose substrates.

Performance was measured by analysis of culture supernatant aliquots taken after 2 and 3 days,
respectively. Endo-glucanase activity was measured by Azo-CMC assay and endo-xylanase activity
by Azo-Xylanase assay as described in Methods. Values are the mean of biological triplicates. Error
bars represent standard deviations (n=3). Different lower and upper case letters indicate significant
difference within data groups that are significantly different (separately for both fungi and sample
days; one-way ANOVA followed by a post-hoc Tukey’s test, p-values < 0.05 were considered
significant).
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3.6. Discussion

In our study, we compared three commercial cellulose powders that might be used as
substrates for fungal fermentations regarding their effectiveness as inducers for the
production of cellulases and hemicellulases. We chose representative substrates that
differed either in their source material (i.e. softwood vs. hardwood) or their production
process (i.e. hydrolytically degraded MCC vs. mechanically processed powdered cellulose).
Analytical comparisons have shown that powdered celluloses have an overall higher
hemicellulose content, lower crystallinity and a broader molecular weight distribution than
MCCs (Baehr and Puls 1991). The nature of the source material, on the other hand, can
influence properties such as the hemicellulose composition (Timell 1967; Harada H 1985;
Willfor et al. 2005; Adel et al. 2011). Depending on the application, one or more of these
properties become more relevant than others (e.g. Baehr and Puls 1991 and Adel et al.
2011). Consequently, all of these properties might have a strong influence on the
performance of the cellulose products in cellulase fermentations. While these points are not
well understood and were to be tested here, batch-wise variations were not considered
since all chosen substrates were used from a single batch.

The hemicellulosic content of the cellulose products was found to be relevant in the context
of the cellulase fermentations. The fungi are able to perceive their presence early on, as
demonstrated by their effect on gene expression in N. crassa after only four hours of
induction. In agreement and extension of what was proposed by Baehr et al. (Baehr and
Puls 1991), even the relatively “pure” MCCs can thus be considered to represent
heterogeneous systems in which the non-cellulosic parts affect both structure (and thus
enzymatic kinetics/accessibility) as well as the fungal response.

The powdered cellulose (Alphacel) was found to be the most readily digested substrate. In
agreement with earlier studies, the analytical results confirmed that the crystallinity of the
powdered cellulose was substantially lower than that of the MCCs, and that it was
furthermore much less pure, with a hemicellulose content of ~15% (Baehr and Puls 1991).
Also among the MCCs, the softwood-derived product (Avicel) outperformed the hardwood-
derived one (Emcocel) when N. crassa was used and was found to have a lower crystallinity
as well as a higher hemicellulose content. These two factors therefore stand out and appear
to be dominant for the effectiveness in our study. Crystallinity and hemicellulose-content
might also be linked, since the non-removed hemicelluloses are likely tightly associated with
the cellulose by intercalation between the cellulose strands (O'sullivan 1997), thereby
lowering the overall crystallinity.

Intriguingly, enzyme production was inversely proportional to the differences in substrate

crystallinity for T. reesei RUT-C30, but not for N. crassa, where production on Avicel and
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Alphacel were similar, despite this difference. We hypothesized that in absence of a fully
functional CRE-1/Crel (Le Crom et al. 2009), the higher flux of signaling molecules derived
from the more readily digested Alphacel would be directly turned into stronger expression.
Indeed, the T. reesei WT strain QM6a (with functional CCR) was not able to utilize Alphacel
equally well as inducing substrate. However, only xylanase production was found to benefit
substantially by deletion of the CCR-mediating TF cre-1 in N. crassa, indicating that
particularly the XLR-1-dependent hemicellulase production is carbon catabolite repressed
in the WT. In the de-repressed mutants, the effect of higher inducing sugar concentrations
is then dependent on the regulatory networks present in the fungi (Glass et al. 2013). In T.
reesei, the dominant XYR1 system regulates both cellulase and hemicellulase induction,
which might explain why both cellulase and xylanase production are benefiting from the
availability of abundant inducing molecules on Alphacel. In N. crassa on the other hand,
these pathways are much less linked and their regulation is decoupled in a way that CLR-
1 and CLR-2 are responsible for the major cellulolytic response while the ortholog of XYRL1,
XLR-1, is responsible for the xylanolytic response and only modulates the expression of
some genes in the cellulose degradation pathway (cf. (Mach-Aigner et al. 2008; Coradetti
et al. 2012; Sun et al. 2012) and reviewed in: (Glass et al. 2013)). The cross-induction of
cellulases by xylan is therefore comparably weak. It is thus feasible that in N. crassa the
high amount of available xylan in Alphacel will only hyperinduce the XLR-1-dependent
hemicellulases, but the inducing effect of the low-crystallinity cellulose is compensated by
the lower overall cellulose abundance in Alphacel.

It was also interesting to note that the slightly higher crystallinity of Emcocel compared to
Avicel does not seem to allow continuous maximal production capacity despite the similarly
strong gene induction measured at four hours. This seems to indicate that even small
differences in measured crystallinity in celluloses manifest themselves in substantial
performance differences over time due to a positive feedback loop between substrate
bioavailability, metabolism and fungal growth — a fact that has to be considered when
choosing a substrate for enzyme fermentations.

Besides the cellular systems, the activity of the enzymes on the substrate for the release of
inducer molecules and products will be a bottleneck step. Factors that have been described
to affect enzyme activity include: reversible & irreversible adsorption (to cellulose or lignin,
respectively), end product inhibition, synergism and others (e.g. Mooney et al. 1999; Levine
et al. 2010; Fox et al. 2011). Many studies have looked at the interaction of cellulose
structure and enzymatic hydrolysis, and particularly structural characteristics such as
crystallinity and surface area have been shown to be determining factors (e.g. Fan et al.
1980; Fan 1981; Mansfield et al. 1999; Mooney et al. 1999; Hall et al. 2010; Rollin et al.
2011; Peng et al. 2013; Li et al. 2014; Peciulyte et al. 2014). It has been pointed out,
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however, that the effects of crystallinity and surface area are difficult to be evaluated
individually, since they are often highly interrelated (at least when celluloses are
mechanically (pre-) treated) (Mansfield et al. 1999). In our experiments, surface area did
not appear to be limiting, since the performance of Emcocel could not be improved by further
ball-milling. This observation is in line with other studies that did not detect any impact of
particle size on the rate and extent of sugar release or enzyme binding (Fan et al. 1980;
Peters et al. 1991; Mansfield et al. 1999). However, depending on the fermentation
condition and molecular crowding, this might change (Levine et al. 2010).

Overall, crystallinity seemed to be a major determinant of the effectivity of the celluloses in
our study. Digestibility was found to be lower for more crystalline substrates in almost all
assays (particularly visible for enzyme production in T. reesei). Many previous studies have
found that crystallinity critically impacts the enzymatic cellulose hydrolysis (e.g. Fan 1981;
Hall et al. 2010; Rollin et al. 2011; Peng et al. 2013; Li et al. 2014). We are aware of only
one study that was not able to support this finding (Puri 1984). Nevertheless, Park et al.
cautioned to correlate small differences in Crl, as found between Avicel and Emcocel, with
changes in cellulose digestibility, since many other factors might play a role as well, such
as for example the distribution of crystalline, para-crystalline and “amorphous” regions in
the particles and in relation to the surface area (Park et al. 2010). Still, the resistance of
Emcocel towards acid hydrolysis, which was considerably stronger than found for Avicel,
confirmed that this product is substantially more recalcitrant and suggests that small
differences in Crl might have a strong effect at high crystallinities. The Crl of MCCs might
therefore not necessarily correlate linearly with digestibility as previously shown (Fan et al.
1980) and other variables need to be considered. More studies are needed to determine

this in more detail.

3.7. Conclusions

We found that both the inherent cellulose crystallinity and the hemicellulose content are
major factors determining the suitability of celluloses as substrates for the expression of
cellulases in filamentous fungi as production hosts. Crystallinity restricts the enzymatic
digestibility and thus also the release of inducer molecules. Moreover, even in MCCs, that
are considered relatively “pure”, the residual hemicellulose content is efficiently perceived
by the fungi and — depending on the molecular signaling pathways — translated into a
corresponding cellulolytic and hemicellulolytic response, which is not necessarily analogous
to the overall composition, indicating differences in bioavailability which cannot be resolved
analytically.

The cellulolytic response profiles of N. crassa and T. reesei were similar, but showed also

important differences. For example, only T. reesei RUT-C30 was able to take full advantage
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of the most amorphous cellulose substrate. This effect was not solely due to carbon
catabolite de-repression, but is dependent on the species-specific regulatory network. The
application of N. crassa as an indicator of the activated response pathways therefore seems
promising, due to a rapid response time, and since the cellulolytic and hemicellulolytic
pathways show a much more limited cross-talk than in T. reesei and can thus be individually
evaluated.

In conclusion, the presented results provide a set of criteria that can theoretically be applied
to broader ranges of substrates and thereby aid in the rational decision for cellulose
substrates to be used in enzyme fermentations. Understanding the factors for the
performance of cellulose substrates will help to optimize the manufacturing process of
lignocellulolytic enzymes from fungi for a number of biotechnological applications, such as
for food, feed, textile and biorefinery.

3.8. Methods

3.8.1. Substrates

Each used substrate is from a single batch preparation. The major physical characteristics
of these substrates as indicated by the manufacturers are summarized in Table 3-2.

Table 3-2. Major physical characteristics of the used substrates (manufacturer’s information).

Avicel™ PH-101 EMCOCEL® HD90 Alphacel

Brand Fluka JRS Pharma GmbH | ICN Biomedicals,
& Co. KG Inc.

Type Softwood MCC Hardwood MCC Hardwood PC
Average particle ~ 50 124 * 35 **
size (um)
Bulk density 0.26 -0.31 0.41 0.44-0.50
(g/cm?)

*) by Malvern d50; **) avg. fiber length

3.8.2. Strains and growth conditions

N. crassa wild type (FGSC #2489) and the Acre-1 strain (kind gift of N. L. Glass, UC
Berkeley, USA) were grown on 2% sucrose Vogel’s minimal medium slants in the dark at
30°C for 2 days, and transferred to constant light conditions at 25°C for conidiation. T. reesei
QM6a and RUT-C30 strains (kind gift of M. Schmoll, AIT, Austria) were propagated on malt
extract agar plates in the dark at 28 °C and then switched to 25°C in constant light for
conidiation. The first set of growth experiments (Figure 3-5) was performed in flasks
containing 100 ml 1% (w/v) cellulose with 1x Vogel’s (at 25°C and in constant light) or 1x
Mandels-Andreotti medium (at 30°C and in constant light) and at 200 rpm for N. crassa and

T. reesei, respectively (Vogel 1956; Mandels and Andreotti 1978). The second set of growth
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experiments (Figure 3-6 and Figure 3-7) was carried out through a two-step cultivation
procedure. N. crassa and T. reesei strains were first grown in 50 ml 2% (w/v) sucrose with
1x Vogel’s for 20 hours (at 25°C and in constant light) or 50 ml 2% (w/v) glucose with 1x
Mandels-Andreotti medium for 3 days (at 30°C and in constant light), respectively. The
cultures were collected through vacuum filtration and 0.5 g of N. crassa mycelia or 0.42 g
of T. reesei mycelia were added to 100 ml 1% (w/v) cellulose with 1x Vogel’s or 1x Mandels-
Andreotti medium and the cultures were incubated at 25°C and 200 rpm for two days (N.
crassa) or at 30°C and 200 rpm for three days (T. reesei), respectively.

For inoculation, generally a respective volume of conidial suspension was added after
optical density measurements in order to achieve a starting concentration of 10® conidia/ml.
All assays were done with biological triplicates for each strain per each condition.

3.8.3. Compositional analyses

Initially, the dried cellulose samples (~5 mg) were swollen in 50 pl of 72% H»SO4 for 1 h
(Avicel, Alphacel, bacterial cellulose) or 4 h (ball-milled Emcocel) at RT. After addition of
1.45 ml water, the material was autoclaved for 1 h at 121 °C. Potential residual solids were
subsequently removed by centrifugation, and the supernatant analyzed after appropriate
dilution using an ICS-3000 liquid chromatography system (Dionex, Thermo Scientific)
equipped with a pulsed amperometric detector. The columns used were a CarboPac® PA20
3x150 mm (Dionex, Thermo Scientific) and a CarboPac® PA200 3x250 mm (Dionex,
Thermo Scientific), with column temperature of 30 °C and a flow rate of 0.4 ml/min. Mobile
phase for detection of monosaccharides (PA20) was 5 mM NaOH isocratic for 15 min. For
detection of cellodextrins (PA200), mobile phases were 0.1 M NaOH (A) and 0.1 M NaOH/1
M NaAc (B). Gradient used was: 2 min 0% B, 10 min 0-10% B and 3 min 0% B. The analyses

were done with technical triplicates for each substrate.

3.8.4. Solid state nuclear magnetic resonance spectroscopy

Solid-state *C NMR spectra were obtained on a Bruker Avance™ IIl 200 spectrometer
(Bruker BioSpin GmbH, Karlsruhe, Germany). Cross-polarization magic angle spinning
(CPMAS) was applied with a *3*C-resonance frequency of 50.32 MHz and a spinning speed
of 5 kHz. Contact time was 1 ms and recycle delay was 2 s. Approximately 5000 scans
were accumulated and no line broadening was applied. For calibration of the 3C chemical
shifts, tetramethylsilane was used and set to O ppm. Spectral analysis were performed using
the spectrometer software. The crystallinity index (Crl) was then calculated by the NMR C4
peak separation method, that assigns peaks at about 87 and 82 ppm in the NMR spectra

to the C4 carbons in ordered cellulose structures (“crystalline”; C4c) and non-crystalline

69



Chapter 3

domains (“amorphous”; C4a), respectively (Horii et al. 1984; Newman and Hemmingson
1990; Park et al. 2010).

We would like to note that the Crl might have been underestimated for Alphacel, since we
used a simple drying process instead of solvent-exchange drying, which might have given
numbers more representative of the swollen state in the liquid broth. However, the
measured differences have found to be less of an issue at high Crls (Fan 1981). The Crls
of the MCCs were thus probably less affected, and that of Avicel was well in line with
previously reported values (Sun et al. 2012).

3.8.5. Surface area measurements

The specific surface area of the substrates was determined by multi-point BET (Brunauer
et al. 1938) with an Autosorb-1 analyzer (Quantachrome, Syosset, USA) using nitrogen gas
as adsorbate at 77 K. The samples were outgassed before analysis in vacuum under helium
flow at 60°C for 12 h.

3.8.6. Scanning electron microscopy

All substrates were dried over immobilized on metal stubs using a double sided sticky tape
and then sputter coated with gold. The scanning electron micrographs were taken with a
JSM-IT100 (JEOL, Freising, Germany) at 8 kV accelerating voltage. The substrates were

visualized in triplicates.

3.8.7. Enzymatic assays

Azo-CMCase and Azo-xylanase activity assays were carried out according to the protocols
of the manufacturer (Megazyme, Ireland) (S-ACMC and S-AXBL), slightly modified, since
the reaction mixture was reduced to a quarter of the original volume. Assays were done

with biological triplicates for each substrate per each strain.

3.8.8. RNA-extraction and RT-gPCR

Quantification of gene expression was done by quantitative real-time PCR (RT-gPCR)
performed on RNA samples that were harvested after a four-hour induction phase on the
respective celluloses as described in Benz et al. (Peng et al. 2013). The RNA extraction
was performed according to the TRIzol Reagent protocol (Fisher Scientific, Schwerte,
Germany). RNA was then treated with DNase | (RNase-Free) according to manufacturer’s
recommendations (New England Biolabs, Frankfurt am Main, Germany) and subsequently
cleaned up with the GeneJET RNA Purification Kit (Fisher Scientific, Schwerte, Germany).
A 96-well plate reader (Infinite 200 PRO, Tecan) was used to check RNA purity and
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concentration. cDNA was obtained following instructions of the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems; Fisher Scientific, Schwerte, Germany).
Finally, RT-gPCR was performed with the sensiFAST SYBR No-ROX Kit (Bioline,
Luckenwalde, Germany) on a Mastercycler ep realplex? (Eppendorf, Wesseling-Berzdorf,
Germany) and analyzed using the realplex 2.2 software. Actin gene (NCU04173) was used
as areference gene. Primers used are shown in Table 3-3. Expression analyses were done

with biological and technical triplicates for each condition.

Table 3-3. Sequences of primers used for RT-qPCR.

gene forward primer reverse primer

actin CATCGACAATGGTTCGGGTATGT | CCCATACCGATCATGATACC
(NCU04173) G ATGATG

cbt-1/clp-1 CGCCCTGACCTACACCTAC GGCCAAACGACCAAAGAGC
(NCU05853)

D-xylulose GGCACATCATCGCTTCACTG CAAGGGAGATGCGCGAGG
kinase

(NCU11353)

cel6-1 GGTGCTGCTCCCATCTACTAC GTACTTGGCGATGGCGAC
(NCU09416)

3.8.9. Statistical analyses

Statistical analyses were done by applying analysis of variance (ANOVA) followed by a
Tukey test using the statistical computing software R (Team 2013).
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4. Cross-talk of cellulose and mannan perception
pathways leads to inhibition of cellulase production in

several filamentous fungi

Lara Hassan, Liangcai Lin, Hagit Sorek, Laura Sperl, Thomas Goudoulas, Franz

Hagn, Natalie Germann, Chaoguang Tian, and J. Philipp Benz

4.1. Authors’ contributions

L.H., C.T., and J.P.B. designed the research. L.H., L.L., H.S., L.E.S., T.G., and J.P.B.
performed research. L.H., L.L., H.S., L.E.S., F.H.,, T.G.,, N.G., C.T., and J.P.B. analyzed
data. L.H. wrote the initial draft of the manuscript, J.P.B. made extensive edits. All authors

reviewed and approved the final version of the manuscript.

4.2. Summary

The degradation of lignocellulolytic substrates by fungal enzymes is critical for the
generation of fermentable sugars to be used in the production of biofuels and other high-
value products. However, in Hassan et al. (2017) presented above, differences in
substrates’ crystallinity and hemicellulose impurities were found to be perceived by fungi
and to affect their production of (hemi-)cellulases. Hence, in this study, genetics,
biochemical and rheological approaches were used to address the fungal perception of
hemicellulose impurities present in cellulosic substrates. In particular, the study focused on
investigating the cross-talk between cellulose and mannan (hemicellulose) degradation
pathways in N. crassa. The results indicated that this cross-talk is competitive both at the
level of uptake by cellodextrin transporters and at the level of intracellular signaling, thereby
causing inhibition of cellulase production. Moreover, an intracellular balance between the
inducing and inhibiting molecules, cellodextrins and mannodextrins, respectively, was
shown to be important for the wildtype cellulolytic response. Importantly, the inhibition was
shown to be conserved in the industrially used strains M. thermophila and T. reesei RUT-
C30.
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4.3. Abstract

It is essential for microbes to acquire information about their environment. Fungi use soluble
degradation products of plant cell wall components to understand the substrate composition
they grow on. Individual perception pathways have been well described. However, the
interconnections between pathways remain poorly understood. In the present work, we
provide evidence of cross-talk between the perception pathways for cellulose and the
hemicellulose mannan, being conserved in several filamentous fungi and leading to the
inhibition of cellulase expression. We used the functional genomics tools available
for Neurospora crassa to investigate this overlap at the molecular level. Cross-talk and
competitive inhibition could be identified both during uptake by cellodextrin transporters and
intracellularly. Importantly, the overlap is independent of CRE-1-mediated catabolite
repression. These results provide novel insights into the regulatory networks of
lignocellulolytic fungi and will contribute to the rational optimization of fungal enzyme
production for efficient plant biomass depolymerization and utilization.

4 4. Introduction

Fungi are of ecological, economical, pharmaceutical and biotechnological importance. This
group of microorganisms has a major commercial impact in product areas including food
and feed, pulp and paper, textiles, detergents, bio-fuel and chemical production (Meyer et
al. 2016). The importance of filamentous fungi in biotechnological applications lies in their
potential to efficiently degrade plant cell wall material and release sugar monomers (Galbe
and Zacchi 2002). They utilize their cellular resources for the production of a wide range of
enzymes including cellulases and hemicellulases. The great heterogeneity and resulting
chemical complexity of lignocellulosic feedstocks provides a range of fermentable
carbohydrates for high value biological, chemical, and pharmaceutical products (Vaz Jr
2017). Yet, the production of the fungal cellulolytic and hemicellulolytic enzymes for
hydrolysis of complex biomass remain a high cost factor (Bhattacharya et al. 2015).
Research efforts to optimize enzyme production and remove unwanted constraints
therefore are still warranted. Previous research has greatly focused on how filamentous
fungi regulate the degradation of single polysaccharides as isolated cell wall components.
However, relatively little is known about the cross-talk between separate signaling pathways
for cellulose and hemicellulose perception during the utilization of complex carbon sources.
In this study, we demonstrate that cross-talk not only occurs but can result in inhibition with
detrimental effects for the production of hydrolytic enzymes.

Cellulose and hemicellulose are the major constituents of lignocellulosic biomass. While

cellulose is a linear chain of glucose molecules connected by [-(1,4)-glycosidic
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linkages(Marchessault 1983), hemicelluloses are a heterogeneous group of branched and
linear polysaccharides (Sdnchez 2009) consisting mainly of xylans and mannans in variable
ratios depending on the source of the biomass. While xylans, such as glucuronoxylan,
arabinoxylan, and arabinoglucuronoxylan (Ebringerova and Heinze 2000), are the most
abundant hemicellulose in hardwoods, glucomannan represents the major hemicellulose in
softwood (15%-20%) (Timell 1967). It consists of a $-(1,4) linked b-mannopyranose and D-
glucopyranose backbone in a Man:Glc ratio of about 1.6:1 (Teramoto and Fuchigami 2000).
Cellulose and glucomannan are hydrolyzed by glucanases and mannanases into cello- and
(gluco-)mannodextrins, respectively, which are further processed into the simple constituent
monosaccharides by intra- and extracellular B-glucosidases and f-mannosidases (Moreira
2008; Znameroski et al. 2012). The production of such enzymes is controlled by complex
signaling networks including several transcriptional regulators. In N. crassa, CLR-1 and
CLR-2 (cellulose degradation regulator 1 and 2) are essential transcription factors (TFs)
responsible for the vast majority of the cellulolytic response (Coradetti et al. 2012). In the
presence of cellulose or its degradation products (such as cellobiose) as an inducer
(Znameroski et al. 2012), a signaling pathway results in the activation of CLR-1 which in
turn induces the expression of B-glucosidases and the cellodextrin transporter-encoding
genes cdt-1 and cdt-2. Both CDT-1 and CDT-2 are Major Facilitator Superfamily (MFS)-
type transporters described to be capable of transporting cellobiose/cellodextrins into the
cell (Kim et al. 2014). Additionally, CLR-1 induces the expression of the transcription factor
CLR-2, which in turn triggers the major cellulolytic response (Craig et al. 2015).

Homologs of these regulators are present in most filamentous Ascomycetes, albeit differing
in their functional role (Huberman et al. 2016; Seibert et al. 2016; Benocci et al. 2017). For
example, ManR, the CLR-2 ortholog in Aspergillus oryzae, is involved in the regulation of
both cellulolytic and mannanolytic genes (Ogawa et al. 2012), a function that is partly
conserved in N. crassa (Craig et al. 2015; Samal et al. 2017), while the function of the CLR-
2 homolog in Trichoderma reesei (TR _26163) for the production of cellulase and
hemicellulase is less clear so far (Hakkinen et al. 2014). In T. reesei and Aspergillus spp.,
the regulator XYR1/XInR controls both the hemicellulolytic and the cellulolytic response (van
Peij et al. 1998; Stricker et al. 2006; Kowalczyk et al. 2014; dos Santos Castro et al. 2016)
which is divergent from the mechanism utilized by N. crassa. The XYR1-homolog in N.
crassa, XLR-1, is more specific for the regulation of hemicellulose degradation, yet it only
modulates cellulase induction (Sun et al. 2012). In the presence of a preferred carbon
source, another highly conserved regulatory system, carbon catabolite repression (CCR),
is activated to repress unnecessary metabolic routes and prevent the wasting of energy. A
key component of CCR in filamentous fungi is the TF CreA/CRE1/CRE-1, which represses

the expression of genes encoding enzymes involved in lignocellulose degradation (Bailey
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and Arst 1975; Ronne 1995; Portnoy et al. 2011; Sun and Glass 2011; Ries et al. 2016).
The presence of partially conserved regulatory mechanisms for lignocellulose degradation
(Coradetti et al. 2013; Benocci et al. 2017) and the partially different functions assigned to
homologous regulators in the various fungal species add another level of complexity to the
regulation of lignocellulolytic genes. However, the elucidation of the underlying mechanisms
in those fungi, despite (or precisely because of) existing differences and similarities, is likely
the key to a better understanding of how fungi utilize transcriptional rewiring to enable
efficient plant biomass degradation adapted to their specific ecological niche.

Most of our knowledge regarding the molecular details of the underlying regulatory
pathways is based on the analysis of the fungal response to single polysaccharides. While
this was important to delineate many of the known signaling components, the
heterogeneous nature of lignocellulosic substrates demands an understanding of the
molecular interplay between the separate regulatory pathways. Our observations of N.
crassa growth on complex biomass suggested a relation between the cellulase activity and
the mannan content of the biomass. We therefore used genetics, biochemical and
rheological approaches to find that mannan and cellulose perception pathways involve
common components and are interconnected. Surprisingly, this cross-talk does not lead to
synergies but rather leads to competition on the molecular level with negative effects on
cellulase production in several tested fungi. This study thereby provides insights that
advance our fundamental understanding of the complex network behind the cross-talk
between regulatory systems governing plant cell wall perception and can potentially be
applied to produce industrially favorable fungal strains with a lower propensity to be inhibited

in presence of complex biomass.

4.5. Results

4.5.1. Softwood substrates are inhibitory for cellulase production in N.
crassa, and GH2-1 is its only B-mannosidase

Comparing the cellulase activity of N. crassa WT growing on different carbon sources, we
initially observed a consistently lower enzymatic activity on softwood-derived wood powders
as carbon source than on hardwood-derived materials and grasses (Figure 4-1 A). A
compositional analysis verified the main difference between hardwoods and softwoods
being the content of hemicelluloses. Hardwoods usually have higher xylan content while the
main hemicellulose in softwoods are mannans (SFigure 6-2 A) (Timell 1967; Pettersen
1984; Harada H 1985). We hypothesized that the higher amount of mannan present in
softwoods might be involved in the inhibition of cellulase activity of N. crassa. To verify this

hypothesis, we aimed to provoke a stronger effect of mannan by artificially altering its
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intracellular metabolism. The genome of N. crassa encodes only one gene (NCU00890)
encoding a predicted B-mannosidase for the processing of (gluco-)mannodextrins into
monomers (Chhabra et al. 2001), a member of the glycosyl hydrolase family two (GH2-1)
with no predicted N-terminal secretion signal peptide (Petersen et al. 2011).
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Figure 4-1. Characterization of GH2-1.

(A) CMCase activity of enzymes secreted into WT culture supernatants after 3 days of growth in 1%
(w/v) powdered biomass (M: Miscanthus, Ch: chestnut, O: oak, L: locust, P: pine, Ce: cedar, S:
spruce and F: fir). (B) Substrate specificity assay of GH2-1 using pNP-B-D-mannopyranoside (oNP-
-Man), pNP-B-D-cellopyranoside (oNP-B3-CB), pNP-B-D-glucopyranoside (oNP-B-Glc) and pNP-a-
D-mannopyranoside (oNP-a-Man) as substrates. (C) Contour plot for GH2-1 activity, at different
combinations of temperatures and pHs in parallel, using pNP-B-Man as a substrate. (D) B-
mannopyranosidase activity of the cytosolic protein extracts of the WT, Agh2-1, A38G and Agko (the
A3G strain crossed to Agh2-1) after growth in 1% (w/v) Avicel with 1x Vogel's salts for 3 days. Error
bars represent standard deviations (n=3). Different lower and upper case letters indicate significant
difference within data groups that are significantly different (one-way ANOVA followed by a post-hoc
Tukey’s test, p-values < 0.05 were considered significant).

To verify its predicted function, GH2-1 was heterologously expressed in Pichia pastoris. The
purified enzyme showed strong activity on pNP-B-D-mannopyranoside with high specificity
compared to its activity on pNP-B-D-cellopyranoside, pNP-B-D-glucopyranoside, and pNP-

a-D-mannopyranoside as substrates (Figure 4-1 B). Also a GFP-fusion construct displayed

cytosolic localization in vivo in N. crassa (SFigure 6-3 A). When assayed at a combination
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of different temperatures and pHs in parallel, GH2-1 showed the highest activity in a
temperature range between 43 and 54 °C and a pH range between 6.25 and 7.5 (Figure 4-1
C) and a thermostability up to about 49 °C (SFigure 6-3 B). Moreover, to assess the
possibility of mannodextrin cleavage by cross-reactivity of B-glucosidases, we tested the
hydrolysis of pNP-B-mannopyranoside by cytosolic protein extracts from WT, Agh2-1, A38G
(a strain carrying deletions for all three B-glucosidase genes (Samal et al. 2017)) and Agko
(Agh1-1 Agh3-4 Agh3-3 Agh2-1) grown on 1% Avicel. Only strains possessing GH2-1
displayed B-mannopyranosidase activity (Figure 4-1 D). Also, when complementing the
Agh2-1 strain with the gh2-1 gene under control of its native promoter and terminator, strain
gh2-1-comp, it showed WT-like B-mannosidase activity (Figure 4-1 D), indicating a
functional complementation of the gh2-1 deletion. In summary, these assays confirmed that
GH2-1 is the main cytosolic hydrolase encoded in the N. crassa genome capable of cleaving

mannodextrins.

4.5.2. The presence of mannodextrins inhibits growth of N. crassa on

cellulose

To this end, we checked the cellulosic activity of both the WT and the GH2-1 deletion strain
(Agh2-1) grown on the same complex carbon sources as used above. The Agh2-1 strain
showed a sharp decrease in total cellulase activity which correlated well with an increased
mannan content of the biomass, suggesting a connection between both parameters with a
half maximal inhibitory concentration (IC50) of about 1.1% of mannan (Figure 4-2 A,
SFigure 6-2 A, and SFigure 6-4 A-B). To further verify this result, we grew WT and Agh2-1
on mannan-free bacterial cellulose (SFigure 6-1 F) (Hassan et al. 2017) and added low
concentrations (0.03% (w/v) corresponding to 3% (w/w) of the used bacterial cellulose) of
commercially available mannans or mannobiose to roughly mimic the mannan content
present in softwood (SFigure 6-2 A). The added mannan and even mannobiose was
sufficient to inhibit cellulase production in the WT and provoked an even more severe
phenotype in the Agh2-1 strain (Figure 4-2 B). To directly test which sugar molecules may
cause the inhibition, both the WT and Agh2-1 mutant strain were grown on Avicel, a
mannan-contaminated microcrystalline cellulose (SFigure 6-2 B) (Baehr and Puls 1991;
Xiong et al. 2014; Hassan et al. 2017). Afterwards, the HSQC spectra for the anomeric
region of the extracted intracellular sugars of both strains were observed by NMR (nuclear
magnetic resonance). In comparison to WT, the Agh2-1 strain was found to accumulate
mannose as part of a 3-1,4-polymer, glucose as part of a 3-1,4-polymer, and reducing-end
B-mannopyranosyl in the cytosol (Figure 4-2 C). These results provide strong evidence for
B-1,4-linked (gluco-)mannodextrins being the causative molecules for the observed

inhibition.
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Assaying the cellulase production by the WT, Agh2-1, and gh2-1-comp strains grown in 1%
Avicel showed that cellulase inhibition was relieved in the gh2-1-comp strain (Figure 4-2 D)
indicating a functional complementation of the gh2-1 deletion mutation.
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Figure 4-2. High mannan content is inhibitory for cellulase activity.

(A) CMCase activity of enzymes secreted into the Agh2-1 culture supernatants after 3 days of growth
in 1% (w/v) powdered biomass (M: Miscanthus, Ch: chestnut, O: oak, L: locust, P: pine, Ce: cedar,
S: spruce and F: fir). The inhibition is indicated in percent relative to the inhibition on Miscanthus
(uninhibited; 0%) and fir (highest inhibition; 100%) and the mannan content is calculated from the
compositional analysis of the used biomass sources (see SFigure 6-2 A). (B) CMCase activity of the
WT and Agh2-1 cultures after growth in 1% (w/v) bacterial cellulose (BC) with the addition of 0.03%
(w/v) glucomannan (GM) and mannan (Mn) or mannobiose (MB). (C) 2D-[*H*3C]-HSQC spectra for
the anomeric region of the extracted intracellular sugars of the mycelia of both WT and the Agh2-1
strains after growth in 2% (w/v) Avicel for 24 h post transfer. 3-Glcp: glucose as part of -1,4-polymer,
B-Manp: mannose as part of 3-1,4-polymer, and a/B-ManpR: reducing-end a/B-mannopyranosyl. (D)
CMCase activity of the WT, Agh2-1, and gh2-1-comp cultures after growth in 1% (w/v) Avicel with 1x
Vogel's salts for 3 days. Error bars represent standard deviations (n=3). Different lower and upper
case letters indicate significant difference within data groups that are significantly different (one-way
ANOVA followed by a post-hoc Tukey’s test, p-values < 0.05 were considered significant).

45.3. A delicate intracellular balance between cello- and mannodextrins

Considering the substantial inhibition caused by intracellular accumulation of
mannodextrins, the question arose whether this could be the result of a possible conflict

with cellulose perception. We therefore wanted to assess the influence of the intracellular
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cellodextrin levels on cellulase inhibition in the Agh2-1 strain. To this end, a cross with Agh1-
1, a deletion strain of the main intracellular B-glucosidase gene (Znameroski et al. 2012)
was created. Deleting ghl-1 in the Agh2-1 background completely rescued the Agh2-1
phenotype on mannan-contaminated cellulose (Avicel) (Figure 4-3 A). In addition, we
directly checked the intracellular sugars of the double knockout strain after growth on Avicel
by NMR. In comparison to WT and the single deletion strains, the HSQC spectra for the
Agh2-1 Aghl-1 extract displayed an accumulation of both mannodextrin and cellodextrin

signals (SFigure 6-5).
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Figure 4-3. Cello- and mannodextrins compete intracellularly, and the inhibition is
independent of CCR by CRE-1.

(A) CMCase activity of culture supernatants of the indicated strains after growth for 3 days in 1%
(w/v) Avicel. (B) Viscosity of the culture supernatant of the indicated strains 8 h post-transfer to 1%
(w/v) glucomannan. Error bars represent standard deviations (n=3). Different lower and upper case
letters indicate significant difference within data groups that are significantly different (one-way
ANOVA followed by a post-hoc Tukey’s test, p-values < 0.05 were considered significant).

This indicated that the effect of accumulating mannodextrins could be counterbalanced by
raising the intracellular concentration of cellodextrins. Since the presence of cellodextrins
leads to the induction of CLR-2 via the activation of CLR-1 (Coradetti et al. 2013), we next
tested the possibility to suppress the inhibited phenotype of Agh2-1 by constitutive
expression of clr-2, rendering its protein levels independent of the levels of its inducing
molecules (strain Agh2-1 clr-2 oex; (Coradetti et al. 2013)). Indeed, inducer-independent
overexpression of clr-2 was able to (partially) rescue the Agh2-1 phenotype on Avicel
(Figure 4-3 A).

The accumulation of polysaccharide degradation products in Agh2-1 could theoretically also
have led to activation of CCR. We thus tested the possibility that the observed inhibition
might be due to repression by CRE-1 and studied the effect of a cre-1 deletion on the

phenotype. However, a de-repression due to the loss of CRE-1 in the Agh2-1 background
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did not lead to a substantial relief of inhibition when grown on 1% Avicel (Figure 4-3 A),
arguing against an involvement of CCR.

Taking into account that CLR-2 is an ortholog of ManR, the regulator of mannan degradation
in A. oryzae (Coradetti et al. 2012; Ogawa et al. 2012), and that ChiP-seq data showed
CLR-2 to be a direct regulator of gh5-7 (Craig et al. 2015), the main predicted B-mannanase-
encoding gene in N. crassa, we hypothesized that the regulatory pathway of mannan
perception shares a common ancestor with the cellulolytic one. This led us to grow clr-1
and clr-2 deletion (Aclr-1, Aclr-2 and Aclr-1 Aclr-2) and mis-expression (clr-1 oex and clr-2
oex) strains on glucomannan as sole carbon source. By measuring the culture viscosities
over time, we aimed to detect the decrease in molecular weight of the hemicellulose polymer
(Wang et al. 2012) due to mannanolytic degradation. Besides clr-2 oex also the clr-1 oex
strain displayed a significantly stronger decrease in glucomannan viscosity than the WT
strain (Figure 4-3 B), indicating an enhanced enzyme production on this substrate, which in
the case of clr-1 oex however might have been an indirect effect via CLR-2. On the other
hand, Aclr-2 and Aclr-1 Aclr-2 strains showed a significantly lower reduction in glucomannan
viscosity (Figure 4-3 B), suggesting that CLR-2 is indeed involved in the regulation of

mannan degradation in N. crassa.

4.5.4. Cello- and mannodextrins also compete at the level of uptake

Since our data strongly indicate that mannodextrins are cleaved into their constituent
monosaccharides only intracellularly by GH2-1, we investigated the transport of
mannodextrins into the cell. The two MFS-type transporters CDT-1 and CDT-2 are known
to facilitate the uptake of both cellodextrins and xylodextrins (Galazka et al. 2010; Cai et al.
2014). Due to structural similarity of (gluco-)mannodextrins, we hypothesized that CDT-1
and -2 might be involved in the uptake of mannodextrins as well. To this end, we tested the
growth of the individual and double knockout strains (Acdt-1, Acdt-2 and Acdt-1 Acdt-2) in
1% glucomannan. The individual deletion strains for cdt-1 and cdt-2 had 66.5% and 85.5%
biomass compared to the WT strain, respectively. More significantly, the Acdt-1 Acdt-2
strain had a biomass reduction of about 51% compared to WT (Figure 4-4 A), indicating an
involvement in metabolism of glucomannan. We next tested whether the loss of either CDT-
1 or CDT-2 would lead to an impaired uptake of mannobiose by N. crassa. For this, sucrose
pre-grown cultures of WT, Acdt-1 and Acdt-2 were first induced on 2 mM cellobiose, and
then transferred to mannobiose. Following the residual concentration of mannobiose in the
culture supernatant, the uptake was found to be almost completely abolished in the Acdt-1
strain (Figure 4-4 B), whereas its transport was slightly reduced (by about 18 %) in the Acdt-
2 strain compared to the WT. We further used Saccharomyces cerevisiae that is unable of

endogenously transporting cellobiose, to heterologously express CDT-1 or CDT-2 (Galazka
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et al. 2010). The yeast cells were incubated in either cellobiose or mannobiose for 30
minutes. Indeed, not only cellobiose was imported by both S. cerevisiae strains, but also
mannobiose (Figure 4-4 C). Notably, CDT-1 even preferred mannobiose over cellobiose,
with only about 18% of mannobiose remaining in the culture supernatant compared to about
40% of cellobiose over the background of empty-vector transformed cells. Moreover, when
both sugars were present simultaneously, cellobiose and mannobiose import by CDT-1 was
reduced by about 33% and 61%, respectively, indicating that there is a competition between
both sugars at the level of uptake by CDT-1 (Figure 4-4 C).
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Figure 4-4. Cello- and mannodextrins compete at the level of sugar uptake.

(A) Mycelial dry weight of the indicated strains after growth for 3 days in 1% (w/v) glucomannan
(indicated in % of WT). (B) Residual mannobiose in the supernatant of the indicated strains at
indicated times post-transfer to the uptake solution (100 yuM mannobiose). (C) Residual sugars in the
culture supernatants of S. cerevisiae heterologously expressing CDT-1 or -2 transporters, 30 minutes
post-transfer to the 100 uM uptake solutions (cellobiose (CB) or mannobiose (MB), or both
disaccharides simultaneously). Error bars represent standard deviations (n=3). Different lower and
upper case letters indicate significant difference within data groups that are significantly different
(one-way ANOVA followed by a post-hoc Tukey'’s test, p-values < 0.05 were considered significant).
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4.5.5. Theinhibitory effect of mannan is conserved in the industrially relevant
species Myceliophthora thermophila and Trichoderma reesei

Lignocellulosic substrates are regularly composed of >1% of mannan. Given the potential
impact of the mannan-elicited inhibition on industrial cellulase production, we wanted to test
if the inhibition is also present in industrially relevant fungal species. For this, we grew the
thermophilic fungus M. thermophila (Liu et al. 2017) on 1% hardwood-derived cellulose
being naturally poor in mannan (Emcocel (Hassan et al. 2017)) with and without adding
0.05% glucomannan. Glucomannan addition clearly had an inhibitory effect on cellulase
activity (Figure 4-5 A). Importantly, we checked if the effects are also present for the
cellulase hyper-producing T. reesei strain RUT-C30 (having gone through rounds of
classical mutagenesis and containing a truncated crel gene) (Mello-de-Sousa et al.
2014).To this end, we grew both N. crassa WT and RUT-C30 on 1% Emcocel with and
without the addition of 0.05% glucomannan. Similar to N. crassa, the low amount of
glucomannan was therefore sufficient to significantly reduce total production of cellulases
by RUT-C30 (Figure 4-5 B). This indicates that the overlap between cellulose and mannan
perception pathways appears to be conserved, showing a similar inhibition of cellulase
induction in both M. thermophila and T. reesei as well.
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Figure 4-5. Mannan addition is inhibitory to cellulase production in T. reesei and M.
thermophila as well.

CMCase activity of culture supernatants of (A) M. thermophila WT strain and (B) N. crassa WT and
T. reesei RUT-C30 after 3 days growth in 1% (w/v) Emcocel with or without the addition of 0.05%
(w/v) glucomannan (GM). Error bars represent standard deviations (n=3). Different lower and upper
case letters indicate significant difference within data groups that are significantly different (one-way
ANOVA followed by a post-hoc Tukey’s test, p-values < 0.05 were considered significant).

4 6. Discussion

In the current model of plant cell wall degradation, starvation will lead to the production of

low quantities of polysaccharide-degrading enzymes and sugar transporters to degrade
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potential food sources present in the environment (Tian et al. 2009). When cellulose and
glucomannan are present (Figure 4-6 A), secreted cellulases and mannanases degrade the
polysaccharides into smaller cellodextrins (such as cellobiose) and mannodextrins (such as
mannobiose), which are transported into the cytosol. While it is known that cellodextrin
transporters CDT-1 and CDT-2 transport cellodextrins and might act as transceptors
(Galazka et al. 2010; Znameroski et al. 2014), we found that both transporters are capable
of transporting mannobiose as well (Figure 4-4). This provides evidence that both
transporters are also involved in hemicellulose perception, in line with the previously
reported xylodextrin transport activity for CDT-2 (Cai et al. 2014). Using S. cerevisiae as
heterologous expression system, we were able to show that both molecules compete at the
level of transport by CDT-1, which even prefers mannobiose over cellobiose (Figure 4-4 C).
Cellobiose and mannobiose have a similar intramolecular 3-(1,4)-glycosidic bond (Morris
and Striegel 2014), and their constituent sugars (D-glucose and b-mannose, respectively)
are C-2 epimers, possibly allowing them to interact with the same transporters. In line with
this, the N. crassa transporters GAT-1 and XAT-1 were shown to be capable of transporting
the uronic acids galacturonic/glucuronic acid (Benz et al. 2014) and the pentoses D-
xylose/L-arabinose (Li et al. 2014), respectively. Also MstA in Aspergillus was shown to
transport D-xylose, D-mannose and D-glucose (Diderich et al. 2004), and the fungal D-
fructose permease RhtA also accepts L-rhamnose (both 6-deoxy-hexoses) (Sloothaak et al.
2016).

A multitude of previous and ongoing studies have been focusing on understanding the
induction of fungal cellulase production by soluble sugars. Many oligosaccharides have
been identified as inducers of cellulase production (Mandels et al. 1962; Sternberg and
Mandels 1979; Gielkens et al. 1999; Seiboth et al. 2002; Znameroski et al. 2012). Yet little
is known about an oligosaccharide to have a direct inhibitory effect on the production of
such enzymes. N. crassa degrades mannodextrins further into glucose and mannose
monomers by the action of the intracellular 3-mannosidase GH2-1 (Figure 4-6A) (Moreira
2008; Znameroski et al. 2012). Our results indicate that the deletion of this B-mannosidase
gene leads to the accumulation of substantial amounts of undigested (gluco-)mannodextrins
in the cytosol of N. crassa (Figure 4-2 C). Our data furthermore provide evidence that these
(gluco-)mannodextrins are causative for the strong repression of growth seen for example
on mannan-contaminated Avicel (Figure 4-2 D). Considering the structural similarity
between cello- and mannodextrins, their competition at the level of uptake via CDT-1 and
the fact that mannodextrins can also inhibit cellobiohydrolase (Xin et al. 2015), it appears
likely that they can also both interact with a (yet unknown) signaling component in the cell
being slightly unspecific. The accumulation of (gluco-)mannodextrins is possibly skewing

the original balance of signaling molecules in the cytosol and outcompeting the cellodextrins
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(Figure 4-6 B). While these would be positively inducing, the interaction with
(gluco-)mannodextrins however seems to be unproductive. Likely, this is causing
antagonistic effects preventing the native response to cellobiose and interfering with the
molecular events leading to the induction of cellulases. Generally, less cellulolytic activity
results in less substrate degradation and thus lower availability of carbon source and
inducing molecules (cellobiose). Eventually, this vicious circle leads to a strong overall
signal loss and inhibition of cellulase production and growth (Figure 4-6B).

Our use of viscosity measurements as a sensitive tool to detect glucomannan degradation
(Kojima et al. 2016) showed that CLR-2 indeed regulates glucomannan degradation,
corroborating earlier findings (Craig et al. 2015; Samal et al. 2017). For instance, ChlP-Seq
had identified the genes encoding the B-mannosidase gh2-1, the endo-mannanase gh5-7
and the cellodextrin transporter cdt-1 to be direct targets of CLR-2 (Craig et al. 2015).
Homologs of this transcription factor are present in the genomes of many filamentous
Ascomycetes including T. reesei, M. thermophila, and the Aspergilli (Coradetti et al. 2012;
Benocci et al. 2017). In A. oryzae, ManR was described to regulate both cellulolytic and
mannanolytic genes including the genes coding for the orthologs of the -mannosidase gh2-
1, the endo-mannanase gh5-7 and the cellodextrin transporter cdt-1 (Ogawa et al. 2013). A
similar regulon was also determined for CIrB, the ortholog in A. nidulans (Coradetti et al.
2013). These results suggest that the dual function of CLR-2/ManR/CIrB as a combined
mannanolytic and cellulolytic TF is conserved from the Aspergilli to N. crassa. The role of
CLR-2 orthologs in T. reesei (Hakkinen et al. 2014) and M. thermophila is much less clear
(Benocci et al. 2017). Nevertheless, the fact that mannodextrins can also induce cellulase
inhibition in both strains (Figure 4-5) further supports the conserved role of CLR-2. The
observation that an interaction between CIrA and CIrB in Aspergilli may not occur (Raulo et
al. 2016) suggests a CLR-1-independent role of CLR-2 and its homologs. This is further
supported by the ability of the clr-1 deletion strain to utilize glucomannan in contrast to the
clr-2 deletion strain (Figure 4-3 B). Our results support the existence of an intracellular
competition upstream of CLR-2, since a mis-expression of CLR-2 was able to at least
partially rescue the inhibited phenotype (Figure 4-3 A).

Importantly, our results strongly suggest that there is a delicate intracellular balance
between cellobiose and mannobiose which appears to be essential for full cellulase
production. While the accumulation of mannodextrins inside the cell has a repressing effect,
slowing down catabolism of the cellodextrins in the double deletion strain Agh2-17 Agh1-1
counteracts the repression and restores a better cellulosic activity (Figure 4-6 C),
presumably by raising the intracellular concentration of cellodextrins. This supports the
necessity of a balance that affects the signaling pathway eventually leading to induction or

repression of cellulases as presented in our model (Figure 4-6).
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Figure 4-6. A model of the induction (A), inhibition (B) and relief of inhibition (C) of cellulase production in N. crassa.

86



Chapter 4

Figure 4 6. A model of the induction (A), inhibition (B) and relief of inhibition (C) of cellulase
production in N. crassa.

After the degradation of cellulose and glucomannan by cellulases (endo- and exo-acting glucanases,
orange) and mannanase (blue), respectively, (gluco)mannodextrins outcompete cellodextrins
extracellularly at the level of transport by the MFS-type transporter CDT-1. Intracellularly,
cellodextrins and (gluco)mannodextrins are further cleaved into the corresponding glucose and
mannose monomers by the action of the intracellular B-glucosidase (GH1-1) and p-mannosidase
(GH2-1), respectively. In case of an intracellular balance between cello- and mannodextrins (A), an
unknown signaling cascade will lead to the activation of the upstream transcription factor CLR-1,
which induces expression of the downstream transcription factor CLR-2, which then evokes the major
cellulolytic and mannanolytic responses. In the Agh2-1 deletion strain (B), undigested
(gluco)mannodextrins accumulate in the cytosol, disrupting the intracellular balance of signaling
molecules and outcompeting the positively inducing cellodextrins, in a way that the fungus is unable
to determine the “adequate” amount of cellulase enzymes to be produced, eventually causing a
reduced cellulase production. When ghl-1 is deleted in the Agh2-1 background (Agh2-1 Aghl-1
strain), (C), the accumulating mannodextrins can be counterbalanced by the higher amount of
undigested cellodextrins present in the cytosol, which re-inforce the induction of the cellulolytic
response and relieve the inhibition.

The ability of molecules to induce or repress the production of cellulases and hemicellulases
might be masked by CCR. In the Agh2-1 Acre-1 strain, the major TF mediating CCR, cre-1,
is deleted (Sun and Glass 2011). Nevertheless, the unaltered inhibition of cellulases in this
strain and the fact that glucomannan was able to inhibit growth on cellulose also in the
carbon catabolite de-repressed industrial strain T. reesei RUT-C30 (Portnoy et al. 2011,
Mello-de-Sousa et al. 2014) confirms that mannodextrin inhibition is a novel process which
is independent of CRE-1-induced CCR. Moreover, it is known that inducers/repressors are
mostly oligomers or monomers that are derived from the polysaccharide itself, such as
downstream metabolites and trans-glycosylation derivatives (Mandels et al. 1962;
Eneyskaya et al. 2009). However, in the N. crassa Agh2-1 mutant, the B-mannosidase,
which would be the likeliest enzyme to perform trans-glycosylation (Kubicek 2012), was
deleted, suggesting that trans-glycosylation of the inhibitory mannodextrins is not a relevant
step for the inhibition.

Although the degradation of cellulose and hemicellulose by filamentous fungi has been
intensively studied on well defined, individual polysaccharides, only recently common
components for cellulose and mannan perception pathways were described (Ogawa et al.
2012; Samal et al. 2017). The conservation of the common pathway components CLR-2,
GH2-1 and CDT-1 described in this study suggests that the molecular communication
between regulatory pathways of cellulose and mannan utilization is likely similarly
conserved among filamentous fungi. Moreover, the presence of common signaling
intermediates is probably a reflection of the environmental niche of plant-cell-wall degrading
fungi, in which cellulose and mannan naturally co-exist (Whitney et al. 1998; Carpita et al.

2001), allowing to utilize both via common routes.
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Finally, taking into account that the industrial production of cellulases is usually performed
in presence of residual mannan (either as part of complex plant cell walls or in commercially
available plant biomass-derived substrates such as Avicel), this study provides new targets
for the improvement of industrial strains for higher cellulase production through the
engineering of mannan-insensitivity in the future. This will benefit the development of better
enzyme cocktails for the production of biofuels and biochemicals.

4.7. Materials and Methods

4.7.1. Strains and growth conditions

N. crassa strains were obtained from the Fungal Genetics Stock Center (FGSC;
(McCluskey et al. 2010)) unless indicated otherwise. The Acre-1, 38G and clr-2 oex strains
are a kind gift of N. L. Glass (UC Berkeley, USA). The other knock out strains Agko, Agh2-
1 Aghl1-1, Agh2-1 clr-2 oex, Agh2-1 Acre-1, Aclr-1 Aclr-2 were created through crossings of
the respective individual deletion strains as described in the FGSC protocols (McCluskey
et al. 2010).The genotypes of the progeny were confirmed using a gene-specific primer and
a common primer for the hygromycin phosphotransferase (hph) resistance cassette as
described before (Znameroski et al. 2014).

All N. crassa strains and T. reesei RUT-C30 strain (kind gift of M. Schmoll, AIT, Austria)
were maintained as described before (Hassan et al. 2017). M. thermophila WT strain

(obtained from DSMZ, strain DSM1799) was maintained on 2% (w/v) sucrose Vogel’s
minimal medium (Vogel 1956) at 45 °C for 10 days to obtain conidia.

For gh2-1 complementation strain (gh2-1-comp), the gh2-1 gene amplified from gDNA was
placed using Sacll restriction site under the control of its native promoter and terminator in
plasmid pCSR. The construct was transformed into the Agh2-1 (A) deletion strain by
electrotransfection.

The clr-1 mis-expression strain (clr-1 oex) was constructed as described in (Coradetti et al.

2013) but by using Sbfl and Pacl restriction sites to insert the clr-1 gDNA in the pTSL126B
plasmid placing the cIr-1 gene under the control of the ccg-1 (clock-controlled gene 1)
promoter. A Aclr-1 (a) deletion background was used for transformation by
electrotransfection.

S. cerevisiae strain used in this study was D452-2 transformed with pRS316-CDT1, -CDT2
(67). Growth was performed as described by (Benz et al. 2014).

Growth experiments on complex biomasses and on bacterial cellulose were done in 3 ml of
1 x Vogel’s salts plus 1% (w/v) of the corresponding carbon source in 24 deep well plates
(at 25 °C, 200 rpm and in constant light). 0.03% (w/v) of commercially available mannans

or mannobiose was added to cultures where indicated. Growth experiments for N. crassa
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(at 25 °C and 200 rpm), M. thermophila (at 45 °C and 150 rpm), and T. reesei (at 30 °C and
200 rpm) were performed in flasks containing 100 ml 1% (w/v) carbon source as described
with 1x Vogel’s (N. crassa and M. thermophila) or 1x Mandels-Andreotti medium (Mandels
and Andreotti 1978) in constant light. For inoculation, generally a respective volume of
conidial suspension was added after optical density measurements in order to achieve a
starting concentration of 10° conidia/ml.

4.7.2. Biomass and enzymatic assays

Azo-CMCase activity assays from culture supernatants were done according to
manufacturer’s protocols (Megazyme, Ireland, S-ACMC), slightly modified according to
(Hassan et al. 2017). For biomass determination after growth in glucomannan, the mycelial
mass was first washed 3x with Vogel's NoC, then dried for 16 h in aluminum pans at 105
°C and measured afterwards.

For the B-mannopyranosidase activity, N. crassa strains were grown in flasks containing
100 ml 1% (w/v) Avicel with 1x Vogel's (at 25 °C, 200 rpm and in constant light). The mycelia
were then harvested by using a Buchner funnel and glass fiber filters, washed 3 times by
about 50 ml of 1x Vogel's solution, then frozen in liquid nitrogen. Frozen mycelia were
ground into powder using freezing-milling method. About 250 mg of frozen mycelia were
then lysed for protein extraction by adding 750 pl lysis buffer (50 mM NaszPQOa4, 1 mM EDTA,
5 % glycerol and 1mM PMSF at pH 7.4). Samples were kept at -20 °C for 30 minutes, and
then centrifuged (at 4 °C and 1300 rpm for 10 minutes). Protein concentration was
measured with Roti®-Quant (Carl Roth, K015.1) as described by the manufacturer.

The B-mannopyranosidase activity was then assayed using 4-Nitrophenyl-3-D-
mannopyranoside (Megazyme, Ireland, O-PNPBM) as a substrate according to
(Rangarajan et al. 2013) with the following modification: the reaction mixture (containing 50
mM KP buffer at pH 5.5, 80 ug substrate and 1 pg of intracellular protein solution) was
incubated at 45 °C for 1 h, then stopped by the addition of 0.5 M Na,COs (pH 11.5). The

absorbance was then measured at an OD of 405 nm.
4.7.3. Compositional analysis

Compositional analysis of biomass was performed as described previously (Bauer et al.
2012).
4.7.4. Nuclear Magnetic Resonance (NMR) analyses

For NMR analysis, the indicated strains were grown in 2% (w/v) sucrose (Sigma Aldrich,
S7903) for 16 h, then transferred to 2% (w/v) Avicel (PH-101; Sigma Aldrich, 11365) for 24
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h. Then the mycelia were collected and their intracellular metabolites were extracted using
a protocol modified from Tambellini et al. (Tambellini et al. 2013). Briefly, about 500 mg of
homogenized mycelia were incubated for 30 minutes on ice with 24 ml cold CH3Cl:MeOH
(2:1) and 6 ml dH.O. Samples were centrifuged at 4 °C, 4000 rpm for 15 minutes.
Supernatants were collected and re-centrifuged at 4 °C, 12000 rpm for 30 minutes. Samples
were dried down in a Speed Vacuum concentrator without heating.

For experiment in Figure 4-2 C, samples were dissolved in 440 ul D>O, 100 mM NazHPO4
of pH 7 and 10 pl DSS (internal standard) yielding clear solutions at approximately 60 mg/ml
in 5 mm tubes. 2D NMR spectra were acquired at 25 °C on a Bruker AVANCE 600 MHz
NMR spectrometer equipped with an inverse gradient 5-mm TXI cryoprobe. Spectra were
referenced to DSS at dH 0.00 ppm, yielding HOD resonance at 4.78 ppm. 13C-'H correlation
spectra (HSQC) were measured with a Bruker standard pulse sequence “hsqcetgpsisp.2”.
The data were recorded with the following parameters: spectral width of 16 ppm in F2 (*H)
dimension with 2048 data points (TD1) and 240 ppm in F1 (*3C) dimension with 256 data
points (TD2); scan number (SN) of 128; interscan delay (D1) of 1 sec; acquisition time of
10 h. Assignments of the anomeric signals were assigned based on reference data from
the literature. The NMR data processing and analysis were performed using Bruker's
Topspin 3.1 software. For the experiment in SFigure 6-5, samples and 30 mg/ml each of 3-
D-cellobiose (22150; Sigma, Germany), B-D-mannobiose (O-MBI; Megazyme, Ireland) and
glucosyl-D-mannobiose (O-GMM; Megazyme, Ireland), used as references for the
assignment of sugar resonances in the extract samples, were dissolved in 100 mM NaPi
pH 7 in D20. 2D-[*H®C]-HSQC spectra were recorded at 25 °C on Bruker AVANCE Ill HD
spectrometers equipped with cryogenic TCI probes. The extract samples were measured
at 950 MHz for 24 h with 160 increments in the indirect **C dimension and 2048 complex
data points in the direct *H dimension. The spectral width was 16 ppm for *H with an offset
of 4.7 ppm and 100 ppm for *C with an offset of 74 ppm, respectively. The references were
recorded at 900 MHz for 4h (32 transients and 256 increments in the indirect dimension).
The data was processed with the Bruker TopSpin 3.5 software and analyzed with
NMRFAM-Sparky (Lee et al. 2014).

4.7.5. GH2-1 heterologous expression

For the heterologous expression of GH2-1, the gh2-1 cDNA was inserted between EcoRI
and Xbal restriction sites on the plasmid pGAPZ-B. The construct was transformed into
Pichia pastoris X-33 strain by electrotransfection according to Invitrogen protocol
(https://assets.thermofisher.com/TFS-Assets/LSG/manuals/pgapz_man.pdf). The growth
of the transformed Pichia strain and the preparation of cell lysate were done according to

the previously mentioned protocol. The cell lysate supernatant was used for GH2-1
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purification by immobilized metal-affinity chromatography (IMAC) of the histidine affinity tag
(Bornhorst and Falke 2000). Elution of the enzyme was performed via a pH gradient of 5.5,
5.0, and 4.5 (elution buffer: 50 mM NaH2PO4, 300 mM NacCl). Protein concentration was
measured with Roti®-Quant (Carl Roth, K015.1) as described by the manufacturer.

4.7.6. Substrate specificity of GH2-1

The substrate specificity of GH2-1 was determined by measuring its activities with 4
different substrates: 4-Nitrophenyl(oNP)-B-D-mannopyranoside, pNP-B-D-cellopyranoside,
PNP-B-D-glucopyranoside, and pNP-a-D-mannopyranoside as substrates (Megazym). The
reactions (50 mM KP buffer pH 5.5, 0.1 ug enzyme and 80 g substrate) were incubated at
37 °C for 1 h, and stopped by the addition of 0.5 M Na>COs (pH 11.5). The absorbance was

then measured at an OD of 405 nm.

4.7.7. Contour plot of GH2-1 activity

The optimal B-mannopyranosidase activity of GH2-1 at different combinations of
temperatures and pHSs, in parallel, was assayed according to the setup used before (Herlet
et al. 2017) with modifications. The reactions consisted of 50 mM KP buffer at different pHs
(5,5.5, 6, 6.5, 7.5, and 8), 80 ug 4-Nitrophenyl-B-D-mannopyranoside (Megazyme, Ireland,
O-PNPBM) and 0.0025 pg of purified enzyme. The reactions were incubated for 15 minutes
at different temperatures (25, 35, 45, 50, 55, and 65 °C) in a gradient PCR cycler. Then 0.5
M Na,COs; (pH 11.5) were added to stop the reaction. The absorbance was then measured
at an OD of 405 nm. Blanked measurements were used to generate the contour plot using
plotly (Inc. 2015).

4.7.8. Viscosity measurements

For the Viscosity measurement, the indicated strains were grown in 2% (w/v) sucrose for
16 h then transferred to 1% (w/v) glucomannan. Culture supernatants were collected after
8 h. The viscosity measurements were carried out on an Anton Paar MCR502 rheometer.
The control mode feature TruRate™ of the rheometer was enabled during all
measurements. Sandblasted parallel plates with a diameter of 25 mm were used and the
gap was varied between 0.5 and 1.1 mm, depending on the available amount of the solution.
All experiments were carried out at 25 °C. The Peltier hood of the rheometer was used to
cover the geometry and the sample. To avoid sample evaporation, the hood was used
without applying the internal air circulation and the lower plate was equipped with a solvent

trap filled with water, providing an enclosed volume inside the hood. A constant shear rate
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of 10 sec™ was applied for 100 sec and sampling rate of the measurement was one point/1

sec. The average of the last 10 points was used for the calculation of viscosity.

4.7.9. Uptake assays

For the yeast-cell based uptake, yeast strain D452-2 cells transformed with pRS316-CDT1
or -CDT2 (Zhang et al. 2017) were used. Uptake assays in S. cerevisiae and N. crassa
strains were performed as described before (Galazka et al. 2010; Benz et al. 2014) with the
following modifications: the induction and uptake media contained 1x Vogel's salts plus 2
mM cellobiose and 0.5x Vogel’s salts plus 100 uM mannobiose, respectively. Samples of
the culture supernatants of each strain were taken at the indicated time points (0, 5, 30 and
60 minutes). The samples were centrifuged (at 12000 rpm for 1 minute) and 50 pul of the
supernatant was diluted 1:10 with dH,O. Mannobiose concentration was quantified by High
Performance Anion Exchange Chromatography coupled to Pulsed Amperometric Detection
(HPAEC-PAD) on an ICS-3000 instrument (Thermo Scientific, USA). 25 yl sample was
injected onto a Dionex CarboPac PA200 column (3 x 50 mm guard and 3 x 250 mm
analytical columns) and eluted at 30 °C using a gradient of 50-170 mM sodium acetate in
0.1 M NaOH at 0.4 ml/min over 12 minutes.

4.7.10. Statistical analyses

Experiments were done in biological triplicate, and statistical significance was determined
by applying analysis of variance followed by a Tukey test using the statistical computing
software R (Team 2013). Values of bars and lines in bar and line graphs, respectively, are

the mean of the biological replicates, and error bars in all figures are SDs (n=3).
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5. General Discussion

Numerous studies have examined the degradation of plant cell wall substrates by fungi (Aro
et al. 2005; Tian et al. 2009; Glass et al. 2013; Zhao et al. 2013; Huberman et al. 2016). In
this context, this thesis followed two approaches to assess the substrates’ influence on the
fungal performance as well as the fungal differential perception in presence of impurities in
the substrate (e.g. mannan). The first approach (chapter 3) focused on the bi-directional
aspect of the substrate-fungus relationship. For this, the differences in critical properties of
three celluloses (Avicel, Alphacel, and Emcocel) were examined and their effects on
digestibility were evaluated. In addition, the effectiveness of the substrates for the induction
of the (hemi-)cellulolytic perception pathways in the two biological systems T. reesei RUT-
C30 and N. crassa were checked. Purified model substrates (e.g. MCCs) were used to limit
the effects of macro-accessibility, lignin content and degree of polymerization on the
digestion. The results highlighted that both crystallinity and hemicellulose content are major
factors determining the suitability of the substrate for the production of cellulases from
filamentous fungi. While crystallinity limits the substrate digestibility and liberation of inducer
molecules, hemicellulose impurities are perceived by the fungus and translated into
corresponding species-specific (hemi-)cellulolytic responses.

The second approach (chapter 4) took a closer look at the possible impact of the
hemicellulose content present even in model substrates, such as Avicel, on the production
of cellulases in filamentous fungi. For this, the functional genomics tools available for the
model organism N. crassa was utilized to investigate the effect of mannan on the perception
of cellulose at the molecular level. By applying genetics, biochemical, and rheological
approaches, the results of chapter 4 reveal that mannan and cellulose perception pathways
involve common components and are interconnected. Moreover, the connection between
the two pathways is inhibitory for cellulase production. Overall, this thesis thereby provides
both: 1) a set of criteria that can assist in the rational decision for cellulose substrates to be
used in fermentation processes, and 2) insights that advance the fundamental
understanding of the cross-talk between regulatory systems governing plant cell wall

perception.

5.1. Substrate utilization is influenced by crystallinity,
hemicellulose content, inducer bioavailability, and fungal

regulatory networks

For the analysis of the structure-relevant parameters of celluloses for enzyme fermentation,

three model substrates were compared: a hardwood-derived MCC (Emcocel) and a
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softwood-derived MCC (Avicel) as well as a hardwood-derived powdered cellulose
(Alphacel). This study revealed that Alphacel, with the highest specific surface area and
lowest crystallinity, is the most readily digestible substrate (Figure 3-2, Figure 3-3). The
observation that higher specific surface area (SSA) leads to an increase in substrate
hydrolysis is well supported (Converse et al. 1990; Mooney et al. 1999; Zhu et al. 2009).
For example, after the ball-milling of a MCC cellulose, the enzymatic hydrolysis rate of the
substrate was greatly enhanced with an increase in its surface area (Yeh et al. 2010).
Generally, enzymatic hydrolysis of cellulose requires enzymes to adsorb onto the polymer
surface (Lee et al. 1982; Henrissat 1994; Arantes and Saddler 2010; Karimi and
Taherzadeh 2016). The overall availability of cellulose binding sites to cellulases is called
accessibility (Linder and Teeri 1997; Carrard et al. 2000). It should be noted that
accessibility refers to both, macro- and micro-accessibilities. The first denotes the
availability of cellulose in the presence of physical barriers in lignocellulosic biomass (e.g.
lignin and hemicellulose), while the second denotes the availability of cellulase binding sites
on cellulose (Kumar and Wyman 2013). In this study, however, the use of pure cellulose
substrates eliminated the effect of cellulose macro-accessibility on cellulose digestion
(Kothari et al. 2019). It is hypothesized that the accessible surface area is a critical factor
limiting the digestibility of cellulose and is increased with the specific surface area (Sinitsyn
etal. 1991; Zhao et al. 2012; Karimi and Taherzadeh 2016). However, this was not the case
for Emcocel, where the increase in specific surface area after ball-milling was not sufficient
to increase its performance as a substrate (SFigure 6-1). One explanation for this could be
that ball-milling leads to an increase in the substrate external surface but not in the
accessible pore surfaces, by which over 90% of the substrate enzymatic digestibility is
contributed (Wang et al. 2012). This is in agreement with another investigation, where a
further reduction of substrate particle size, to smaller than 590 um, did not significantly
improve the enzymatic digestibility further (Wen et al. 2004). Another explanation for the
behavior of Emcocel could be its high crystallinity (Figure 3-2). Several studies revealed
that crystallinity is a key determinant for substrate digestibility (Fan 1981; Sinitsyn et al.
1991; Ramos et al. 1993; Mansfield et al. 1999; Yoshida et al. 2008; Zhu et al. 2008; Hall
et al. 2010; Hall et al. 2010; Chundawat et al. 2011; Paes et al. 2019). Higher degrees of
crystallinity confer higher recalcitrance, lower accessibility to cellulases, and consequently
lower hydrolysis of cellulosic substrates (Hall et al. 2010; Kothari et al. 2019; Paes et al.
2019). Although it was observed that an increase in SSA is coupled with a decrease in
crystallinity (Converse et al. 1990; Walker and Wilson 1991; Zhu et al. 2008), in a previous
study, the ball-milling of a MCC substrate led to a significant reduction in particle size and
increase in SSA, but only a little change in cellulose crystallinity (Yu and Wu 2011). This

could have also been the case with Emcocel, in which the ball-milling possibly had no effect
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on its internal surface area and crystallinity, and thus did not improve its accessibility to
enzymes. Taken together, these observations show that although SSA is an important
factor for cellulose digestibility, it likely becomes less critical at higher substrate crystallinity
which itself becomes the more limiting factor.

In addition to the physical characteristics, the chemical composition of lignocellulosic
substrates also influences their enzymatic hydrolysis. The nature of plant cell walls as a
matrix of cross-linked polysaccharide networks and lignin convey structural heterogeneity
and complexity to lignocellulosic materials (Ritter 2008). The presence of hemicellulose,
and especially lignin in the substrates strongly interferes with the enzymatic activity of
cellulases on cellulose (Yang and Wyman 2004; Zhang and Lynd 2004; Ohgren et al. 2007;
Yoshida et al. 2008). However, the substrates evaluated in chapter 3 are commercially and
reproducibly obtainable pure cellulosic substrates, which limits such interference.
Nevertheless, the presence of low amounts of hemicellulose impurities (xylan and mannan)
were detected in the examined substrates by compositional analysis. For example,
Alphacel, as a hardwood-derived cellulose, had a higher xylan:mannan ratio than the
softwood-derived Avicel (Table 3-1), which reflects their source material (Baehr and Puls
1991; Mitchell et al. 2014; Hassan et al. 2019). Yet, this was not the case for the hardwood-
derived MCC Emcocel, showing the least xylan and mannan contents (Table 3-1). These
differences in the hemicellulose composition are likely attributable to differences in plant
species, age, growth stage, environmental conditions, and - importantly - substrate
processing, since hemicelluloses can get washed out during this procedure (Laca et al.
2019).

In terms of sugar polymer perception by fungi, it was shown that different carbon sources
induce different tailored transcriptional responses (Tian et al. 2009; Delmas et al. 2012;
Hakkinen et al. 2012; Sun et al. 2012; Benz et al. 2014; Pullan et al. 2014). In the general
model of such polysaccharide perception by fungi, it is proposed that when a fungus
encounters starvation, a small set of hydrolases, called scouting enzymes, are released by
which they sense the presence of nearby C-sources. Scouting enzymes then initiate a
small-scale digestion of the available substrates to liberate small quantities of sugar
monomers and oligomers. These molecules, in turn, act as inducers, triggering the tailored
large-scale induction of the fungal lignocellulosic degradative machinery (Melo et al. 1997;
Delmas et al. 2012; Benz et al. 2014; van Munster et al. 2014; Xiong et al. 2014, Daly et al.
2016). Therefore, the bioavailability of substrate-derived inducer molecules (Glass et al.
2013) is a critical step during the fungal response.

In the current study, the analysis of the inducibility of representative genes of the cellulolytic

and hemicellulolytic pathways showed that N. crassa is able to detect even the presence of
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minor hemicellulose impurities of the cellulose substrates (Figure 3-4). However, the
differences in the overall substrate compositions were not always reflected by the induction
levels of the respective pathways. For example, the induction of the D-xylulose kinase gene
xyk-1 on both Avicel and Emcocel was not proportional to the difference in xylan content
between the two substrates. In contrast, the induction of the same gene on Alphacel was
the strongest, reflecting the higher content (and potentially also bioavailability) of xylan of
this substrate (Figure 3-4 B). A similar observation was made for the expression of the
acetylmannan esterase-encoding gene cel6-1, which was more strongly upregulated on
the softwood-derived Avicel compared to the hardwood-derived Emcocel, roughly reflecting
the difference in their mannan content. As for the other genes, however, the induction of the
cel6-1 gene was the strongest on Alphacel, despite its lower mannan content compared to
Avicel. Previous studies of lignocellulose degradation by Neurospora showed that cel6-1
is a direct target of the cellulolytic regulator CLR-2 (Craig et al. 2015; Samal et al. 2017),
possibly indicating a cross-induction of the acetylmannan esterase gene on Alphacel due
to the cellulose-induction. Taken together, these results show that even when purified model
substrates are used, compositional impurities are still detectable by the fungus and affect
its cellular response. The results further corroborate that the hemicellulose content alone is
not the only factor shaping the fungal response to polysaccharides. Additional factors, such
as substrate crystallinity, inducer bioavailability, and overlap in perception pathways, are
also determinant for the hydrolysis of substrates by fungi.

Enzymatic hydrolysis of cellulose is a heterogeneous reaction in which enzymes derived
from biological systems, mainly fungi (Singhania et al. 2017), are used to breakdown
cellulosic substrates. Many studies have been conducted to evaluate the influence of
substrate characteristics on enzymes production and activity. However, the majority of
these studies, except for few (Peciulyte et al. 2014; Thomas et al. 2017), used purified
enzymes. In the approach followed in this thesis, the two biological systems N. crassa and
T. reesei RUT-C30 were used to evaluate how differences in the physicochemical
properties of substrates (as discussed above) affect the production of (hemi-)cellulases.
Based on the results, Emcocel was shown to be the substrate with the lowest production of
cellulase and xylanase for N. crassa (Figure 3-5 B-C), reflecting the recalcitrance of the
substrate. Similarly, the higher crystallinity of Avicel compared to Alphacel could have been
expected to render it less efficient for the production of cellulases. On the contrary however,
Neurospora WT produced slightly, but significantly, more cellulase on Avicel than on
Alphacel, although this difference was diminished at longer incubation times (6 days)
(Figure 3-5 B). A possible explanation could be that the higher amount of xylan present in

the hardwood-derived Alphacel induced the fungus to utilize the more amorphous
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hemicellulose polymer first, and thus delaying the cellulolytic response (Laca et al. 2019).
This is in agreement with another study, where A. niger showed an earlier hemicellulolytic
response on heterogeneous biomass (van Munster et al. 2014). Intriguingly, although N.
crassa displayed a differential (hemi-)cellulolytic response to the highly crystalline MCCs
Avicel and Emcocel, T. reesei RUT-C30 did not phenocopy this. On the contrary, RUT-C30
showed low production of cellulase and xylanase on both Avicel and Emcocel compared to
Alphacel (Figure 3-5 B-C), likely due to a higher sensitivity of the T. reesei strain to the
differences in substrate crystallinity. Generally, the results revealed that Alphacel induced
an overall higher enzyme production in T. reesei compared to Neurospora (Figure 3-5).
Meaning that the fungus was able to take full advantage of the xylan impurities present in
this substrate. The elevated cellulase levels produced by RUT-C30 on Alphacel despite its
lower cellulose content could thus be the result of differences between the fungal intrinsic
regulatory networks. In Trichoderma, the induction of both cellulase and hemicellulase
genes mediated by their respective inducer molecules is mainly regulated by the same
transcription factor, XYRL1 (Stricker et al. 2006; Mach-Aigner et al. 2008; Stricker et al.
2008). Thus, a cross-induction of cellulases by the various inducer molecules present in
Alphacel (e.g. derived from the high amounts of xylan in addition to cellulose) is likely to
happen (Figure 3-5 B). In Neurospora, on the other hand, only the hemicellulolytic response
is under the control of XLR-1, the ortholog of XYR1 (Sun et al. 2012; Benocci et al. 2017),
while the cellulolytic response is mainly regulated by CLR-1 and CLR-2 (Coradetti et al.
2012; Coradetti et al. 2013; Craig et al. 2015). A cross-induction of cellulases by xylan is
therefore unlikely. Indeed, transcriptional profiling showed that xylose has an insignificant
role in inducing cellulase gene expression in N. crassa (Sun et al. 2012; Wu 2017).

As a further layer of regulatory control to consider, the ability of molecules to induce
lignocellulolytic responses is masked by carbon catabolite repression (CCR). CCR is a
universal regulatory mechanism by which the utilization of easily metabolized C-sources,
such as glucose, is favored over complex polymers (Ronne 1995; Ruijter and Visser 1997;
Ebbole 1998; Gancedo 1998). This mechanism has been described to influence fungal
responses throughout the substrate perception (Bailey and Arst 1975; Sun and Glass 2011).
Among others, CRE1/CRE-1/CreA is a major transcription factor governing CCR (Bailey
and Arst 1975; Strauss et al. 1995; limen et al. 1996; Ebbole 1998; de Vries et al. 1999;
Portnoy et al. 2011; Sun and Glass 2011). One of the main differences between N. crassa
and T. reesei RUT-C30 strains, is the presence of a truncated version of the crel gene in
RUT-C30 (llmen et al. 1996; Seidl et al. 2008; Le Crom et al. 2009), leading to a xylanase
and cellulase de-repressed phenotype (Portnoy et al. 2011; Mello-de-Sousa et al. 2014).

As shown in other studies, the N. crassa Acre-1 deletion strain had higher cellulolytic and
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xylanolytic responses compared to the WT (Figure 3-7 A-B) (Sun and Glass 2011; Roche
et al. 2014). Interestingly, the Acre-1 strain exhibited a different proportional response to the
three substrates in comparison to the one seen for the WT strain. In the absence of the
CRE-1-mediated CCR, N. crassa was able to respond positively to the xylan impurities
present in Alphacel, and phenocopy the behavior of RUT-C30 (Figure 3-7 B-C).

In summary, these results show that both fungi are able to perceive the differences in
crystallinity and hemicellulose content between Avicel, Emcocel and Alphacel. However,
crystallinity seems to be a more important factor determining cellulolytic perception in T.
reesei RUT-C30. The absence of a stringent CCR in this fungus allows it to take full
advantage of the higher amount of inducer molecules being liberated from the least

crystalline substrate Alphacel.
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Figure 5-1. Factors affecting the polysaccharide digestibility and perception fungi.

The factors affecting the accessibility of cellulose substrate can be divided into structural relevant
factors (e.g. particle size, specific surface area, accessible surface area, crystallinity and degree of
polymerization) and chemical composition factor (e.g. acetyl group, hemicellulose and lignin
contents). All these factors affect differently the accessibility of cellulose, the most crucial factor
resulting in an increase or decrease in its digestibility. And thus directly influencing the release of
inducer molecules from the substrate. Inducer bioavailability in the hydrolysate, the critical factor for
fungal substrate perception, initiate the signal flow into the regulatory machinery of the fungus. Which
in turn tailor the release of substrate specific enzymes to degrade the substrate in proximity. Further
substrate hydrolysis influence it physicochemical properties and hence its hydrolysis and the release
of inducers. Eventually, this vicious circle influence the strength of lignocellulolytic response of the
fungus.
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Taken together, the results of chapter 3 show that the physicochemical properties of the
substrate, such as crystallinity and hemicellulose content, are important factors affecting
substrate performance. These properties influence the availability of cellulase binding sites
on cellulose (Arantes and Saddler 2010; Zhao et al. 2012), thus affecting its micro-
accessibility to enzymes and subsequent digestibility (Figure 5-1). However, once
hydrolysis is initiated, the bioavailability of inducer molecules comes into play to shape the
fungal lignocellulolytic response. As the hydrolysis reaction proceeds, an increasing amount
of hydrolytic products, such as mono- and oligomers, will be liberated and recognized by
the fungus. Additionally, different utilization preferences for the released sugars might
influence the order in which polysaccharides are perceived. As a result, the fungal
regulatory machinery is activated, governing the expression of relevant sugar transporters
and enzymes. The intrinsic regulatory networks of the fungus are then the dominant factor
tailoring substrate utilization. However, the action of cellulases and hemicellulases also
alters the inherent characteristics of the substrates (Ramos et al. 1993). For instance, the
hemicellulose content, being readily degraded, is likely the first to be depleted (Zhang et al.
1999; Horn et al. 2012). In addition, crystallinity increases, making the substrate
increasingly resistant to further hydrolysis (Sasaki et al. 1979; Fan et al. 1980; Pu et al.
2006; Chen et al. 2007; Hall et al. 2010; Cheng et al. 2019). Consequently, the factors
affecting the substrate-fungus relationship are not only interrelated but also consecutive in
a way that when a factor is no longer limiting, another factor then becomes dominant (Zhu
et al. 2008). Therefore, it is important to understand the contributions that the substrate, the
hydrolytic enzymes, as well as the degrading microorganisms make to the total

saccharification of the substrate.

5.2. Mannan and cellulose perception pathways overlap and this

overlap is inhibitive for cellulase production

The transcriptional response of microorganisms to available C-sources is tuned by
numerous regulatory networks, including nutrient sensing pathways, direct transcriptional
regulation of enzymes, responses to the extracellular environment (e.g. pH and light), and
regulatory feedback pathways (Huberman et al. 2016; Benocci et al. 2017). Many studies
have been showing extensive overlaps in the induction of cellulolytic, hemicellulolytic and
pectinolytic genes induced on different substrates (Benz et al. 2014; Gruben et al. 2017;
Samal et al. 2017). These studies suggest potential overlaps in the utilization pathways of
the different polysaccharides. In this thesis, the results of chapter 4 proposed two sites of
overlap between mannan and cellulose degradation pathways. The first site is extracellular,

at the level of uptake by the major facilitator super family (MFS) cellodextrin transporters
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CDT-1 and -2 (Galazka et al. 2010). Both transporters were found capable of transporting
mannobiose (MB), a degradation product of mannan, in addition to cellobiose (CB)
(Figure 4-4 B-C). Moreover, CDT-1 was shown to transport more MB than CDT-2, and this
transporter preferred MB over CB when the two disaccharides existed simultaneously
(Figure 4-4 B and C). An explanation for the uptake of both CB and MB by the same
transporters could be attributable to the structural similarity between both molecules. The
constituent sugars of the two disaccharide molecules, D-glucose and b-mannose, are C-2
epimers. Also, as shown in Figure 5-2, both cellobiose and mannobiose have a similar
intramolecular $-(1,4)-glycosidic bond (Morris and Striegel 2014). In agreement with this,
also other structurally similar sugar monomers have been shown to be taken up by the
same transporter. In addition to the transporters mentioned before (see section 4.6), in T.
reesei, the transporter TrSTR transports D-xylose, L-arabinose, D-xylitol, and L-arabitol
(Huang et al. 2015). Moreover, in Aspergilli, the sugar transporters MstC and MstD were
characterized to transport D-glucose/L-sorbose (Forment et al. 2014), and D-glucose/D-
mannose (Forment et al. 2006), respectively. Recently, the sugar transporter FRT-1 was
assigned to transport L-rhamnose in addition to L-fucose in N. crassa (Thieme 2019; Wu
2019). Moreover, Cai et al. reported the ability of CDT-2 to transport xylodextrin (Cai et al.
2014). Whether CDT-1 and -2 are capable of transporting even more sugar homo- and
heterodimers would be an intriguing next question to be elucidated. Considering a similar
structural similarity, possible further substrates could be B-linked disaccharides such as

glucomannodextrins and glucoxylodextrins.

At the regulatory level, a ChlP-seq analysis by Craig et al. found that the genes gh5-7 and
gh2-1, encoding a putative endo-p-mannanase and the singular B-mannosidase of N.
crassa, respectively, are direct regulatory targets of the cellulolytic regulator CLR-2 (Craig
et al. 2015). This already indicated a potential intracellular site of induction overlap of the
mannanolytic and cellulolytic enzymes. Indeed, a recent study by Samal et al. showed that
the deletion strains of the cellulolytic regulators, Aclr-1 and Aclr-2, exhibited reduced
biomass on glucomannan, while the corresponding overexpressor strains showed robust
growth on this substrate (Samal et al. 2017). However, difficult separation of the jelly-like
glucomannan substrate from the fungal mycelia could possibly interfere with the biomass
measurements. Accordingly, in chapter4, viscosity measurements were considered as a
more reliable and sensitive method to detect glucomannan hydrolysis (Wang et al. 2012;
Kojima et al. 2016). These results further confirmed the involvement of both CLR-1 and -2
in the degradation of glucomannan. Strains with deletions or mis-expressions of the TF
genes displayed significantly lower or higher hydrolysis of the substrate in comparison to

the WT, respectively (Figure 4-3 B). A similar observation had also been made in Aspergillus
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oryzae, by which the disruption/overexpression of the mannan regulator-encoding gene
manR (Ogawa et al. 2012), a homolog of clr-2 in N. crassa, resulted in a significant
decrease/increase in the expression levels of four cellulolytic genes (celC, celD, cbhD, and
bgl5) (Ogawa et al. 2013). Collectively, these observations confirm the involvement of CLR-
2/ManR in the direct control or the modulation of the expression of genes involved in both,
cellulolytic and mannanolytic pathways.

The involvement of a regulator in different perception pathways is not unexpected. In T.
reesei for instance, the TFs ACE2 and XYRL1 activate not only the expression of cellulases,
but also of xylanases (Aro et al. 2001; Stricker et al. 2006; Portnoy et al. 2011; Bischof et
al. 2013; Hakkinen et al. 2014; dos Santos Castro et al. 2016). The XYR1 homolog in A.
niger and A. oryzae, XInR, was also found to control genes of the cellulolytic and the
xylanolytic pathways (van Peij et al. 1998; van Peij et al. 1998; Gielkens et al. 1999; Marui
et al. 2002; Hasper et al. 2004; Noguchi et al. 2009). Nevertheless, a study by Hrmova et
al. in A. terreus showed that homo-disaccharides of D-glucose (CB) and D-xylose
(xylobiose) induced cellulases and xylanases separately, while the structurally similar
hetero-disaccharide induced both xylanases and cellulases (Hrmova et al. 1991). Knowing
that glucomannan is a linear chain of both D-mannose and D-glucose residues (see
section 1.2) (Maeda et al. 1980), it is thus interesting to test if the signal overlap, presented
in this study, is only valid for CB and MB homo-disaccharides, or it will also be present for
the hetero-disaccharide glucomannodextrin. Moreover, in nature, mannan coats cellulose
microfibrils and forms interstitial material between them (Whitney et al. 1998; Carpita et al.
2001; Hosoo et al. 2002), which puts the molecules in very close proximity (Zhang et al.
2014). Thus, the co-existence of cellulose and mannan could be a potential explanation that
allows the fungus to use common routes during their utilization. Taken together, these
findings suggest that the aforementioned structural similarity between cellulose and
mannan degradation products (CB and MB, respectively) and the natural co-existence of
both polymers allow them to be transported by the same transporters and to potentially

interact with a downstream signaling component(s) leading to the TFs.

During lignocellulosic substrate degradation, mono- and oligosaccharides released by the
action of scouting enzymes play a crucial role in the induction of the polysaccharide
degradation machinery (see section 5.1). Inducer molecules capable of initiating the
different (hemi-)cellulolytic pathways are researched extensively in different fungi (Amore
et al. 2013). For example, in T. reesei, several saccharides can act as inducers such as
lactose, sophorose, xylobiose and D-xylose (Mandels et al. 1962; Karaffa et al. 2006;
Stricker et al. 2006; Kubicek et al. 2009; Herold et al. 2013; Ivanova et al. 2013). However
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each inducer molecule can activate only part of the (hemi-)cellulolytic pathway (reviewed in
Amore et al. 2013). Different inducers were also indicated for Aspergilli, such as sophorose
in A. terreus (Hrmova et al. 1991) and D-xylose in A. niger (de Vries et al. 1999; Mach-
Aigner et al. 2012; Amore et al. 2013). In N. crassa, cellobiose was assigned as the inducer
molecule of the cellulolytic response (Znameroski et al. 2012). On the contrary, reports for
similar molecules acting as inhibitors is extremely scarce. The results of chapter 4, however,
show that a mannobiose acts as an inhibitor for cellulase production in N. crassa, T. reesei
and M. thermophila. Upon the addition of either mannan or mannobiose to N. crassa WT
cultures growing on pure cellulose (SFigure 6-2 B) cellulase production was significantly
reduced (Figure 4-2 B). In Neurospora, mannobiose is degraded into sugar monomers by
the action of the intracellular B-mannosidase GH2-1 characterized in this study (Figure 4-1
B-C and SFigure 6-3) (Moreira 2008; Znameroski et al. 2012). Compared to WT, the
deletion of the gh2-1 gene resulted in a strong inhibition in cellulase production upon
mannobiose addition (Figure 4-2 B) and when grown on mannan-contaminated Avicel
(Figure 4-2 C and SFigure 6-2 B) (Baehr and Puls 1991). Moreover, this strain accumulated
undigested (gluco-)mannodextrins in the cytosol (Figure 4-2 C). Interestingly, a strain
exhibiting the deletion of a gene encoding the intracellular B-glucosidase-encoding ghl-1in
addition to the Agh2-1, accumulated both, mannodextrins and cellodextrins, intracellularly
(SFigure 6-5) and had a restored cellulosic production (Figure 4-3 C).These results show
that the production of cellulases is sensitive to the intracellular balance between cellobiose
and mannobiose. Therefore, a possible way to relieve the inhibition could be either by
eliminating mannan catabolism or by enhancing intracellular metabolism of mannodextrins.
Both approaches could be achieved by engineering a fungal strain that: either 1) lacks the
extracellular B-mannanase (GH5-7), and thus is incapable of utilizing mannan, or 2) has
elevated B-mannosidase activity (e.g. by overexpressing gh2-1) and is therefore
metabolizing mannodextrins at higher rates. Shifting the intracellular balance in favor of CB
could potentially favor cellulase induction over inhibition.

Structural analogs of inducing sugars have been used for multiple purposes, among which:
1) as enhanced inducers for induction of lignocellulolytic enzymes by different organisms
such as ascomycetes (Mandels et al. 1962; Rho et al. 1982; Suto et al. 1991; Kurasawa et
al. 1992; Agrawal et al. 2017), basidiomycetes (Yadav 2018), and bacteria (Rho et al. 1982;
Nasser et al. 1991; Shiang et al. 1991, Haltrich et al. 1995), 2) as slowly metabolizable or
non-metabolizable inducers for maintaining the production of high levels of enzymes in T.
reesei (Huang and Wages 2016) and Aspergilli (Goto et al. 1998; Moreira et al. 2001), and
3) as inhibitors that selectively bind to the receptors of the inducing molecules and thus
block the consequent generation of a positive signal (Meldrum 1985; Kozikowski et al. 2003;

Wermuth 2006; Levy et al. 2007). The effect seen with MB in this thesis work appears highly
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similar to the latter alternative. The accumulating non-inducing MB (Samal et al. 2017) is
somehow interfering and competing with the binding of the inducing CB and thus appears
to be blocking its role in the induction of a positive signal, leading to the inhibition of cellulase
production. In line with this explanation, recent RNA-Seq data showed that mannobiose and
mannan induce a starvation-like response in N. crassa (Samal et al. 2017; Wu 2017; Thieme
2019). The authors hypothesized that the disaccharide is not associated with any specific
degradation response in the fungus. Therefore, it seems like N. crassa is blind to the
presence of mannan so that it utilizes the cellulolytic response to induce the mannanolytic
genes. Hence, the structural similarity of CB and MB (as discussed above) implies that both
molecules are potentially competing for binding to the same, so far unknown, receptor or
signaling component, but with different outcome: either 1) induction of cellulases upon the

binding of CB, or 2) block of the induction with a non-productive binding of MB.
(A)

HO

(B) OH

OH

o

OH ©
OH

Figure 5-2. Structures of (A) cellobiose and (B) mannobiose.
Dashed lines denote intramolecular hydrogen bonds.This figure was modified from Morris and
Striegel 2014.

Another structural characteristic might help MB to fit into certain binding pockets. The
flexibility of disaccharides is usually restricted by the existence of intramolecular hydrogen
bonds (H-bonds) (Morris and Striegel 2014). While CB possesses two H-bonds, one
between HO3z and Os and another between HOg¢ and O- (Figure 5-2), the axial position of
HO: on the mannose residue of MB prevents a second H-bond from forming (Mackie et al.
1986). Therefore, MB possesses a greater solution flexibility than CB (Moreira 2008; Morris
and Striegel 2014) possibly allowing it to interact more easily with signaling components

present in the cytosol. Further experiments, however, are necessary to elucidate the
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involved signaling components, such as the actual receptor, which may subsequently result

in the identification of new proteins involved in lignocellulose deconstruction.

In Neurospora, the presence of an inducer, e.g. CB, activates CLR-1 which induces the
expression of a small number of genes, including some coding for B-glucosidases and the
transcription factor clr-2. CLR-2 is then responsible for the induction of the majority of
cellulase genes (Coradetti et al. 2012; Coradetti et al. 2013). An additional regulator, CLR-
3, was described recently to act as a repressor of CLR-1 in the absence of an inducer
(Huberman et al. 2017). The deletion of either clr-1 or clr-2 abolishes the production of
cellulases and renders N. crassa unable to utilize cellulose as a C-source (Coradetti et al.
2013). In this study, however, clr-1 deletion did not affect the hydrolysis of glucomannan
(Figure 4-3 B). Also, ChlP-seq data by Craig et al. showed that both genes, the B-
mannanase (gh5-7) and the B-mannosidase (gh2-1), are direct targets for CLR-2 (as
mentioned above) while CLR-1 binds only to the gh5-7 promoter region (Craig et al. 2015).
Although CLR-2 is conserved in ascomycetes (Coradetti et al. 2012; Benocci et al. 2017),
its interaction with CLR-1 is not necessary for its function in other species. In A. nidulans,
for instance, the deletion of the clr-2 ortholog, clr-B, resulted in a much more significant
decrease in the expression of cellulolytic genes compared to the deletion of the clr-1
ortholog, clr-A (Coradetti et al. 2013). Moreover, the ortholog of CLR-1 in A. niger, CIrA,
was found not to be important for (hemi-)cellulolytic gene induction, and it was suggested
that an interaction between it and the CLR-2 homolog, CIrB, may not occur (Raulo et al.
2016). Interestingly, in T. reesei, the deletion of the gene encoding the CLR-1 ortholog did
not have a phenotype on cellulose (unpublished data, personal communication).
Additionally, in this study, the T. reesei strain RUT-C30 showed a significant decrease in
cellulase production upon the addition of glucomannan (Figure 4-5 B). Taken together,
these observations suggest both a non-conserved role of CLR-1 (and thus CLR-3) as well

as a CLR-1-independent role of CLR-2 and its homologs in ascomycete fungi.

Interestingly, the mis-expression of CLR-2 only partially restored the inhibition of cellulase
production caused by the accumulating MB (Figure 4-3 B). This implies that the inhibitive
competition between CB and MB might be upstream of CLR-2. In fungi, the precise
transmission mechanism of the inducing signal from the membrane to the nucleus is still
unclear. An increasing number of studies investigated the potential role of protein kinases
and receptors in the induction of (hemi-)cellulolytic enzymes, such as mitogen-activated
protein kinase (MAPK), cAMP-dependent protein kinase A (PKA), and G-protein coupled
receptors (Brown et al. 2013; De Assis et al. 2015; de Paula et al. 2018; Kunitake et al.
2019; Ribeiro et al. 2019). A recent study described a new TF in N. crassa and M.
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thermophila, CLR-4, as a regulator of the (hemi-)cellulolytic response by regulating both,
genes of the cCAMP signaling pathway and genes encoding the (hemi-)cellulolytic TFs clr-1,
Mtclr-2, and Mtxyr-1 (Liu et al. 2019). Most of these studies, however, focused on the
involvement of the kinases in glucose sensing and in CCR, via CRE-1/Crel/CreA. For
example, in A. nidulans, PKA was described to mediate CCR either by increasing creA
transcripts or by indirectly leading to CreA phosphorylation, and the consequent repression
of hydrolases (Ribeiro et al. 2019). Interestingly, CCR was found not to be involved in the
mannan-mediated inhibition (chapter 4). Since also T. reesei RUT-C30 is carbon catabolite
de-repressed due to a crel truncation (Figure 4-5) (Portnoy et al. 2011; Mello-de-Sousa et
al. 2014), CRE-1-mediated CCR appears not to be involved in the inhibition of cellulase
production by MB, and consequently PKA involvement described for A. nidulans could not
be valid here as well. Nevertheless, a potential approach for the identification of involved
protein kinases could be done through screening of the N. crassa mutant library for kinase
deletion strains that have stronger (or reduced) growth and/or cellulase production on
Avicel. Consequently, the effects of the deletions on the expression of (hemi-)cellulolytic

TFs, particularly CLR-1 and -2, and on the cellulolytic response could be investigated.

For the induction of the (hemi-)cellulolytic response, genes encoding enzymes must be both
released from repression (e.g. CCR) and activated by TFs that are regulated specifically by
components of plant biomass. CCR is activated in the presence of a preferred C-source,
when the latter is depleted, the fungus gets into a starvation phase during which scouting
enzymes liberate inducing molecules that allow the fungus to sense polysaccharides nearby
and utilize its regulatory machinery accordingly. The important questions valid here are:
how is the inducer signal (e.g. CB) transduced to TFs (in N. crassa, T. reesei, and
Aspergilli)? What are the molecular mechanisms involved in the activation of these TFs?
To answer these guestions, a further investigation at the transport level is to be considered,
since many studies proposed a role of sugar transport during polysaccharide perception
events. For instance, the T. reesei and P. oxalicum MFS transporters Crtl/Stpl and
CdtC/CdtD, respectively, were found to be involved in both, cellulose sensing and
cellulolytic pathway induction (lvanova et al. 2013; Li et al. 2013; Zhang et al. 2013).
Similarly, cellodextrin transporters from A. nidulans and N. crassa, CltB and CDT-1/-2,
respectively, might act as transceptors and thus might be involved in signal transduction
(Znameroski et al. 2014; dos Reis et al. 2016). The first approach could be the uncoupling
of the transport function of CDT-1/-2 from the possibility of their involvement in the
intracellular signaling pathway. This could be possible by introducing site-directed mutations
that abolish only one of the two functions. For instance, Znameroski et al. used defective

transporters strains to report the involvement of CDT-1 and -2 in signaling (Znameroski et
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al. 2014). Also, Kankipaty et al. used a similar approach in Saccharomyces cerevisiae to
confirm that the sulfate binding to the corresponding transceptors initiates a series of
conformational changes that triggers the signaling to the PKA pathway. In the
aforementioned study, the transport function was assayed directly in cells using
radiolabeled substrates, while the activation of signaling was detected by measuring an
increase in trehalase activity, a well-established PKA target (Kankipati et al. 2015). A
limitation, however, could be finding a substrate analog that is transported without triggering
signaling (Diallinas 2017). Interestingly, this is not the case here, since the results showed
that MB is transported by both transporters and that it induces a starvation-like response
(Samal et al. 2017; Thieme 2019). Moreover, the uptake of MB was not completely
abolished in the transporter deletion strains (Figure 4-4 B), implying that there could be

additional factors involved.

In summary, based on the results reported here and in previous studies, it seems like N.
crassa is not able to specifically perceive the presence of mannan, but is rather using its
cellulolytic regulatory machinery in order to initiate its mannanolytic response. The results
nevertheless clearly demonstrate that the mannan degradation products do have an effect
and describe the possible sites of signaling molecule competition to be the perception
events at which the recognition and differentiation between the two polysaccharides
degradation products, cellobiose and mannobiose, would be possible: at the site of
transport by the cellodextrin transporters, as well as intracellularly at the signaling stage
reaching the TFs. This strongly suggests a possible “confusion” between both disaccharide

molecules at those sites.

5.3. Conclusion and outlook

Based on the two approaches followed in this work to study the relationship between
(hemi-)cellulosic substrates and fungi, this thesis could increase the understanding of the
interplay between major physicochemical substrate characteristics and regulatory networks
of their perception.

The analysis of the physicochemical properties of substrates and of their impact on
perception by fungi revealed that both the crystallinity and the hemicellulose content are
major factors determining the suitability of the substrates for the expression of cellulases in
filamentous fungi as production hosts. Higher crystallinity restricts micro-accessibility, which
reduces the enzymatic hydrolysis of the substrate and thus the release of inducer
molecules. In addition, even minor hemicellulose impurities present in relatively pure
substrates are perceived efficiently by fungi that translate those signals into corresponding

cellulolytic and hemicellulolytic responses. The responses, however, are not always a
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reflection of the overall chemical composition of the substrate. Eventually, this highlights the
importance of inducer bioavailability, which triggers the species-specific regulatory
pathways depending on the mechanisms and components of the regulatory pathways
present in each fungus.

The second part of the thesis addressed the overlap between two seemingly unrelated
perception pathways: that of cellulose and that of the hemicellulose (gluco-)mannan. Two
potential sites of overlap were described in this thesis, the first being extracellular at the
level of transport, and the second being intracellular, at the signhaling stage leading to the
activation of TFs. Moreover, this study identified a so far unknown competitive inhibition
between the substrates’ degradation products, cellobiose and mannobiose, potentially
acting as inducers and inhibitors, respectively, and affecting the induction of cellulases.
Importantly, the inhibition was shown to be conserved in N. crassa, T. reesei RUT-C30, and
M. thermophila. This is the next aspect to be addressed which would allow a better
understanding of the general molecular events involved in cellulase induction and of the
conserved role of CLR-2 and its homologs in the three fungi (including N. crassa). In
addition, the mechanistic results should be transferred from model organisms to industrial
strains to facilitate the development of strains that are mannan-insensitive.

In conclusion, this thesis provides a set of criteria to consider when choosing substrates
and strains for the fermentation processes and the production of enzymes. The substrate
physicochemical characteristics, regulatory networks present for each fungus, the potential
overlap in the perception pathways of different substrates, and the (in-)ability of the fungus
to recognize certain substrates are among the important factors to be considered.
Additionally, this thesis highlights possible targets for the overall improvement of the
substrate-fungus relationship and thus the production of enzymes for different
biotechnological applications. In this regard, future work could focus on two main areas: 1)

enhancing digestibility and availability of inducer molecules through substrate improvement

by increasing accessibility, reducing crystallinity, and controlling hemicellulose impurities by
taking into account the regulatory machinery of the fermenting fungus, and 2) strain
improvement by applying genetic engineering approaches to produce favorable fungal
strains with a lower tendency to be inhibited by competitive pathway cross-talk in the
presence of complex biomass. These results might help to accelerate the development of
more effective substrates and improved industrial strains that are better suited for the
efficient production of biofuels and biochemicals to ultimately overcome the current

bottlenecks in those industries.
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6. Appendix

6.1. Supplementary Methods

6.1.1. Thermal stability assay

The thermal stability assay was carried out by incubating the enzyme at different
temperatures (0, 25, 37, 45, 55, and 65 °C) for 1 h. Afterwards, the residual activity of 0.1
Hg enzyme was assayed with 50 mM KP buffer (pH 5.5) and 80 ug 4-Nitrophenyl-3-D-
mannopyranoside substrate (Megazyme, Ireland, O-PNPBM). The reaction was incubated
at 37 °C for 5 minutes, then stopped by the addition of 0.5 M Na.COs (pH 11.5). The
absorbance was then measured at an OD of 405 nm.

6.1.2. Microscopy

For gh2-1-gfp strain, the gh2-1 gene amplified from gDNA was placed under the control of
the constitutive promoter ccg-1 (clock-controlled gene 1) using Xbal and BamHI restriction
sites in plasmid pCCG-C-Gly-GFP. The construct was transformed into the WT his-3 ~ strain
by electrotransfection.

GFP fluorescence was visualized using an epifluorescence microscope with a 100x oil-

immersion objective.

6.2. Abbreviations

Abbreviations description

BLAST Basic Local Alignment Search Tool

Bp base pair

BSA bovine serum albumin

CAZY carbohydrate-active enzyme

CB cellobiose

CBM carbohydrate-binding modules (CAZY associated module class)
ccg-1 clock controlled gene 1

CCR carbon catabolite repression

cDNA complementary DNA

Ce cedar

Ch chestnut

clr-1/2 cellulose regulator 1 or 2

CMC carboxymethyl cellulose

cre-1 carbon catabolite repressor protein 1
C-source carbon source

ddH>0 double distilled water

DNA deoxyribonucleic acid

dNTP deoxynucleotide triphosphates

e.g. exempli gratia (latin; translated to: for example)
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EDTA

F

FGSC
FungiDB
gDNA
GFP

GH

h

H2S04
HFM

his-3
LB

MB
MCC
MCS
min
MM
MRNA
NMR
NoC

0]

oD

oex
P

PCR
PDM
RNA
RNA-Seq
rpm

RT
RT-qPCR
S

SD
SFigure
SOC

suc

TA

TAE
TCDB

TF

WT

X9

xlr-1

ethylenediaminetetraacetic acid

fir

Fungal Genetics Stock Center

fungal and oomycete genomics resources
genomic DNA

green fluorescent protein

glycoside hydrolases (CAZY class)

hour(s)

sulfuric acid

Holzforschung Miinchen (german; translated to: Wood Research
Munich)

histidine biosynthesis trifunctional protein coding gene
locust

lysogeny broth

Miscanthus

mannobiose

microcrystalline cellulose

multiple cloning site

minute(s)

Vogel's Minimal Medium

messenger RNA

nuclear magnetic resonance

no carbon source

oak

optical density (used wavelengths in nm are added in subscript, e.qg.
ODe0o)

overexpression

pine

polymerase chain reaction

plasmid DNA medium

ribonucleic acid

mMRNA sequencing (used to create transcriptomics data)
revolutions per minute

room temperature

gquantitative real-time PCR

spruce

standard deviation

supplementary figure

super optimal broth with catabolite repression
surcrose

top agar

Tris acetate EDTA buffer

Transporter Classification Database
transcription factor

Wild-type

times gravity/gravitational acceleration

xylan regulator 1
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6.3. Supplementary Figures
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SFigure 6-1. Cellulase and hemicellulase expression by N. crassa and T. reesei RUT-C30 on
Emcocel with or without additional ball-milling.

Performance was measured by analysis of culture supernatant aliquots taken after 3 and 6 days.
Secreted protein was measured by Bradford assay, endo-glucanase activity by Azo-CMC assay and
endo-xylanase activity by Azo-Xylanase assay as described in Methods. Emcocel* denotes
additionally ball-milled substrate. Values are the mean of biological triplicates. Error bars represent
standard deviations (n=3; no statistical differences were detected by one-way ANOVA).
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SFigure 6-2. Compositional analysis of the different carbon sources.

Results of compositional analysis of (A) complex powdered carbon sources (grass: Miscanthus,
hardwood-derived: chestnut, oak, and locust, softwood-derived: pine, cedar, spruce and fir) and of
(B) Avicel and bacterial cellulose after sulfuric acid hydrolysis (in %). Glc: glucose, Xyl: xylose, Man:
mannose, Gal: galactose, Ara: arabinose, and Fru: fructose.
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SFigure 6-3. GH2-1 localization and thermostability.
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SFigure 6 3. GH2-1 localization and thermostability.

(A) GH2-1 intracellular localization. A gh2-1-gfp strain was used for the localization and visualization
by fluorescence microscopy. Scale bar represents 10 um. (B) Thermal stability assay of GH2-1.
Purified enzyme was pre-incubated for 1 h at the indicated temperatures, and then the (-
mannopyranosidase activity was assayed at 37 °C for 5 minutes.
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SFigure 6-4. CMCase activity and protein secretion of N. crassa WT and Agh2-1 strains.

(A) CMCase activity of enzymes secreted into WT and Agh2-1 culture supernatants after 3 days of
growth in 1% (w/v) powdered biomass with 1x Vogel's salts. (B) The concentration of secreted protein
into culture supernatants. (M: Miscanthus, Ch: chestnut, O: oak, L: locust, P: pine, Ce: cedar, S:
spruce and F: fir). Error bars represent standard deviations (n=3).
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SFigure 6-5. Analysis of the intracellular sugars of N. crassa WT, Agh2-1, Agh1-1, and Agh2-
1, Aghl-1 strains by NMR.
2D-[*H13C]-HSQC spectra for the anomeric region of the extracted intracellular sugars of the mycelia
of WT, Agh2-1, Aghl-1, and Agh2-1, Aghl-1 strains after growth in 2% (w/v) Avicel for 24 h. The
spectra were measured at 25 °C for 24 h on a 950 MHz Bruker spectrometer and normalized to the
signal marked with a red asterisk. 3-D-Glcpl: glucose as part of B-1,4-polymer, B-D-GlcpR: reducing-
end B-glucopyranosyl, B-D-Manpl: mannose as part of p-1,4-polymer, and a/B-D-ManpR: reducing-
end a/B-mannopyranosyl.
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6.4. Plasmid card
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SFigure 6-6. Map of pTSL126B plasmid.

The important features of the plasmid are the 5’ and 3’ flanking regions of csr-1. This allow the
cloning construct to be place into the csr-1 locus by homologous recombination. Thus, the disruption
of the csr-1 gene in N. crassa cause its resistance to Cyclosporin A. The gene to be expressed in N.
crassa is placed under the control of the constitutive promoter gpd-3. A MCS (multiple cloning site)
and trpC terminator are also present within the 5 and 3’ flanking regions of csr-1. Ampicillin
resistance is another important feature and it is provided by the B-lactamase gene.
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