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Abstract

Enzymes from filamentous fungi have a key role in degradation of the most abundant
biopolymers found in nature, cellulose and hemicelluloses. For this reason, these
enzymes are of great interest in the industrial conversion of lignocellulosic substrates
into biofuels. The production of plant cell wall degrading enzymes is regulated mainly
at the transcriptional level in filamentous fungi but little is known about the signalling
pathways and transcription factors (TFs) involved in this regulation in Aspergillus
niger. RNA-sequencing analysis has been previously carried out to investigate the
transcriptional changes that occur when A. niger is transferred from the simple
carbon source glucose onto the complex lignocellulosic biomass wheat straw. This
has highlighted the up-regulation in transcript level of genes encoding some glycosyl
hydrolase (GH) enzymes as well as hydrophobic surface interacting proteins (HSIPSs)
that may be involved in the interface between lignocellulosic biomass and A. niger.

Genes encoding the key TFs XInR, CIrA and CIrB were deleted from A. niger and the
resulting strains were assessed for growth on glucose and wheat straw, transcription
of genes encoding glycosyl hydrolases and saccharification activity. Growth of all
mutant strains, based in straw on measurement of pH and assay of glucosamine,
was impaired in relation to the wild-type (WT) strain although deletion of clrA had less
effect than deletion of XInR or cIrB. Release of sugars from wheat straw was also
lowered when culture filtrates from TF deletion strains were compared with WT
culture filtrates. Transcript levels of cbhA, bgIB, eglC and xynA were measured in all
strains in glucose and wheat straw media in batch culture with and without pH
control. Transcript levels from cbhA, bglB and egIC were lowered in all mutant strains
compared to WT although the impact of deleting clrA was not pronounced with
expression of eglC and had no effect on xynA. The impact on transcription was not
related to changes in pH. In addition to impaired growth on wheat straw, the AxInR
strain was sensitive to oxidative stress and displayed cell wall defects in the glucose

condition suggesting additional roles for XInR.

Phosphorylation is a key reversible modification that regulates protein function,
subcellular localization, complex formation, activation of TFs and cell signalling
pathways. A phosphoproteomic study was carried out on both the WT and the AxInR
deletion strains of A. niger in order to identify key regulators of the signalling
pathways involved in the breakdown of a lignocellulosic substrate, wheat straw. The
analysis consisted of comparing the phosphoproteome profiles of the strains when

grown in glucose with the phosphoproteome profile of the same strains when



exposed to wheat straw for 6h, 12h and 24h. The results suggested a difference in
the phosphoproteome profiles of the two strains when exposed to both glucose and
wheat straw. These data may provide new information on the importance of XInR in
the regulation of expression of GHs but also in controlling the environment to which

A. niger is exposed depending on the nutrient availability.

To investigate the role of HSIPs in the induction of A. niger response to wheat straw,
single gene deletion strains for hfbD, hypl and hsbA as well as the double deletion
strain for hfoD and hypl have been constructed. The expression of some genes
encoding GH enzymes was then followed in these strains using qRT-PCR. The
results showed that the transcript levels of the GH genes studied were lowered in the
HSIPs deletion strains when compared to the wild-type strain, when the cultures
were transferred from glucose medium to wheat straw. These results suggest that
HSIPs may have a role in the utilisation of lignocellulosic biomass in A. niger. The
precise nature of such a role as well as the characterisation of new TFs, such as
CIrB, provides new areas of improvement for industrial processes for production of
second generation biofuels.
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The use of lignocellulosic biomass for production of liquid fuels such as
ethanol is an important component of policies for generation of renewable energy,
worldwide. The aims are to provide transport fuels from renewable sources, to
contribute towards energy security, to reduce greenhouse gas emissions and not to

compete with food.

The conversion of lignocellulosic biomass to ethanol requires several steps, including
pre-treatment of lignocellulose, enzymatic hydrolysis of sugar-containing polymers
and fermentation of sugars to ethanol. Among these different steps of the process,
the enzymatic hydrolysis is the most costly step (Agrawal et al. 2013) but that could
be improved in several ways such as optimizing the enzymatic cocktail to improve
the efficiency, increase the yields of production, discovering new enzymes or
reducing the costs of production and transport of the enzymes. Doing this, the cost of
production could be reduced if the biomass was converted at maximum vyields (Klein-

Marcuschamer et al. 2012).

1.1 Background to biofuels

1.1.1 The energetic context

By 2030, the world’s requirement for energy is likely to increase by 60 to 75% mainly
due to the increase in population but also due to the increase in energy consumption
by developing nations. Among the primary energetic resources, oil, mainly used for
transport, will remain the main fuel and will represent 35 to 40% of the world
energetic consumption. However, the use of fossil fuels leads to emission of
greenhouse gas. According to a report of the French Sciences Academy published in
2010 (Pugnet et al. 2010), the amount of CO, in the atmosphere went from 280 ppm
in 1870 to 388 ppm in 2009 and the rate of increase measured since 1970 is 50 fold
higher than the average one observed during the past 5000 years. This report
highlights the fact that half of these emissions is due to the combustion of fossil fuels
and are responsible for global warming as well as for the main climatic disturbances.
By the end of the 20" century, people became aware of this issue and some
industrialized countries now work to reduce their carbon dioxide emissions. Even if
we have still not come up with a solution for the actual environmental issues, the
establishing of the Kyoto protocol (1998) showed a desire of these countries to
reduce CO, emissions and find new energetic solutions. In this context, developing
new alternative fuels for transport is an important goal for research, with the aim to

reduce the dependence on oil and thereby reduce CO, emissions. The European
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commission set an example by aiming for the replacement by 2020 of 20% of
traditional fuels by substitution products such as biofuels (2003/30/EC). The
European commission also limits the taxation of biofuels, with a total or partial

exemption of excise duties on biofuels (2003/96/EC).

1.1.2 Biofuels

Due to photosynthesis, CO, is stored in plant biomass. By using this biomass as raw
material for production of biofuels, no new CO, is released in the carbon cycle and it
can therefore contribute to the fight against greenhouse gas emissions. In addition,
the use of these fuels in conventional fuel mixtures can lessen greenhouse gas
emissions in the transport sector, without major changes in distribution infrastructure
or vehicle modification. Assessment of emissions of greenhouse gasses from the
production of raw materials to final products of combustion shows that the use of
biofuels reduces nett emissions compared to conventional fuels (Graboski et al.
1998). However, it is important to note that these new fuels are not the only solution

to the problems of emissions.

Two main generations of biofuels can be distinguished. The first generation biofuels
(1G) are produced from sugary plants (sugar cane, beet) and starch plants (maize,
wheat), and the second generation biofuels (2G) are obtained from sustainable
feedstocks such as lignocellulose, the woody parts of plants that were previously
considered as waste materials. The 1G biofuels are already used with several units
of production in Europe and elsewhere whereas the 2G biofuels are still in

development.

1.1.2.1 First generation biofuels

First generation biofuels are produced from the reserve resources of plants, such as
sugar, starch, or vegetable oil. The cultivation of these plants for biofuels competes

with the cultivation of plants used for food consumption.

1.1.2.2 Second generation biofuels

In contrast, second generation biofuels are produced from sustainable feedstocks
such as lignocellulose, the woody parts of plants. An important problem to address in
the production of second generation biofuel is to release useful sugars from the raw
biomass material. All plants contain hemicellulose and cellulose, which are complex
carbohydrates, and lignin which is a polymer of aromatics. The first step in the

production of bioethanol is to release useful sugars from lignocellulose by freeing the
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sugar molecules from cellulose and hemicellulose using enzymes, steam heating, or
other pre-treatments. Secondly, these sugars can then be fermented to produce
ethanol in the same way as 1G bioethanol production (Figure 1.1). The by-product of
this process is lignin. Lignin can be burned as a carbon neutral fuel to produce heat
and power for the processing plant and possibly for surrounding homes and

businesses.

There are still problems with the current generation of biofuels that need to be solved
first before they can be used on a larger scale. For example the different steps in the
production of biofuels cost energy and that needs to be reduced. Also the economic

cost of producing biofuels is still relatively high (Stephanopoulos 2007).

Physical pre-treatment,
chemicals and enzymes

Fuel-producing
microorganisms

Solar energy

Figure 1.1: Main stages of biofuel production. Biomass feedstock is converted to

fermentable sugars by pre-processing. Source: http://uspace.shef.ac.uk/docs/DOC-

51908. Enzymes that can convert lignocellulose to sugars can come from

filamentous fungi which are the main sources of enzymes.

1.1.2.3 Consolidated bioprocessing (CBP)

Consolidated bioprocessing, or CBP, has recently been a subject of increased
research in the production of biofuels as a low cost process. CBP of lignocellulose to
bioethanol refers to the combining of all the biological events required for this
conversion process (production of saccharolytic enzymes, hydrolysis of the
polysaccharides present in pre-treated biomass, fermentation of glucose to ethanol)
in one reactor (Lynd et al. 2005). Saccharomyces cerevisiae is a universally used
strain for industrial ethanol production due to its high ethanol productivity and high
inherent ethanol/osmo-tolerance. However, it doesn’t have the ability to hydrolyse

cellulose. A CBP-enabling microorganism must be able to both solubilise a practical
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biomass substrate and produce desired products at high yield and titre under
industrial conditions. Since microorganisms with these properties have not been
found in nature and therefore genetic engineering is required via one of the two
following strategies. The native strategy: beginning with microbes that have native
ability to utilise insoluble components of cellulosic biomass, and the recombinant
strategy: beginning with microbes that do not have this ability and thus require
heterologous expression of a saccharolytic enzyme system. Although considerable
progress has been made in recent years by engineering several hosts to produce a
range of different biofuels from lignocellulose (Bokinsky et al. 2011; Hyeon et al.
2011; Li et al. 2012), most studies have a proof of concept character with low titres
achieved from model celluloses and currently no commercially viable CBP organism
has been reported (Jordan et al. 2012).

1.2 Lignocellulosic biomass and its degradation

1.2.1 Lignocellulosic biomass

Lignocellulosic biomass is a composite material of which cellulose (40%-60%),
hemicelluloses (20%-40%) and lignin (10%-25%) are the main components (Figure
1.2). Other materials such as pectins and proteins can be found in small quantities
(Dashtban et al. 2009; Mathew et al. 2008). In the lignocellulosic biomass, the
component macromolecules are cross-linked together and form a complex and ultra-
resistant 3D structure, maintained by hydrogen and covalent bonds. Lignocellulose
presents resistance to plant pathogens and gives rigidity to plants. The proportion
and the nature of each macromolecule are functions of the individual species and

variation in proportions between species can be important (O'Donohue 2008).
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Figure 1.2: Plant cell wall diagram (Source:

http://www.wpclipart.com/plants/diagrams/Plant cell wall diagram.png.html).

Cellulose is the main component of the lignocellulosic biomass representing,
according to the species, between 40 and 60% of the plant cell wall. It is the most
abundant biopolymer on earth and is a linear homopolymer made of glucose units
linked together by B-1,4 glycosidic bonds within crystalline structures known as
microfibrils. These chains can be linked to each other by hydrogen bonds,
hydrophobic interactions and van der Waals forces (Dashtban et al. 2009).
Microfibrils can be stacked on top of each other to create a highly recalcitrant,
crystalline structure (Liu et al. 2011). Hemicelluloses and lignin act as a glue to bind
the cellulose-based structure, and so forming a robust matrix which makes up the
plant cell wall (Zhu et al. 2010).

Hemicelluloses are the second most common polymers in lignocelluloses and are
found predominantly in hardwoods and cereals. They consist of a complex
heteropolysaccharide, linear or branched with a low degree of polymerization (DP)
(between 150 and 200). Hemicelluloses are made of pentoses (C5 sugars such as
xylose or arabinose), hexoses (C6 sugars such as glucose, galactose or mannose)
and uronic acids (sugars with an acid group instead of a primary alcohol group)
(Dashtban et al. 2009). Xylose is the most abundant sugar in hemicellulose followed
by arabinose (Seiboth et al. 2011). The backbone of hemicellulose is made of either
xylan, or mannan consisting of $-1,4 linked glucose and mannose units (Juhasz et al.
2005). These can be decorated with L-arabinosyl, D-galactosyl, glucuronyl, p-

coumaryl, feruloyl and acetyl groups (Dodd et al. 2009; Knob et al. 2010). Arabinose
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is present in arabinoxylan, arabinogalactan and arabinan (Seiboth et al. 2011)
(Figure 1.3). Hemicellulosic acetyl groups are linked to lignin thus forming a very
rigid structure. Hemicelluloses are highly hydrophilic and can easily be degraded with
acid or alkaline treatments. Their compositions are very variable depending on the

plant type and species (Dodd et al. 2009).
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Figure 1.3: Schematic representation of the three major hemicellulose structures. A.
Xylan. B. Xyloglucan. C. Galactomannan (upper left) and Galactoglucomannan
(lower right) (Souza 2013).

Lignin is the third major component of lignocellulosic biomass and is the main
component of the intercellular space. Its role is to reinforce the wall structure to give it
rigidity by cross-linking through hydroxycinnamic acids, such as p-coumaric acid and
ferulic acid, to cell wall polysaccharides and also to xylan, thus acting as protection
against cell wall degrading enzymes (Dodd et al. 2009). Lignin is a reticulated

macromolecule principally comprised of three aromatic alcohols: p- coumaryl alcohol,

7
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coniferyl alcohol and sinapyl alcohol (Dashtban et al. 2009). It is the most recalcitrant

material found in lignocellulosic biomass.

Lignocellulosic biomass for energy production includes plant or animal matter that
can be converted into fibres or other industrial chemicals, including biofuels.
Industrial biomass can be grown from numerous types of plants, including
Miscanthus, switchgrass, corn (maize, mainly used in the USA), poplar, willow,
sorghum, sugarcane (mainly used in Brazil), bamboo, (Volk 2000) and a variety of
tree species, ranging from eucalyptus to oil palm. Biomass can be converted to other
usable forms of energy like methane gas or transportation fuels like ethanol and
biodiesel. Rotting garbage, and agricultural and human waste, all release methane
gas - also called landfill gas or biogas. Crops, such as corn and sugar cane, can be
fermented to produce the transportation fuel, ethanol. Biodiesel, a renewable, clean
burning diesel replacement, can be produced from left-over food products like
vegetable oils and animal fats in a reaction between these lipids and an alcohol to
produce fatty acid esters.

An attractive source of lignocellulose, in Europe, is wheat straw (Triticum spp.),
because it is a co-product of one of the most abundant crops in European countries
with a production of more than 132 million tons (Kim et al. 2004). Wheat, which
typically yield 7.5-8 tonnes of grain per hectare, and straw, which typically yield 3.5—
5 tonnes per hectare in the UK can be used for liquid transportation fuels as well as
be burned to produce heat or electricity (BIOMASS Energy Centre 2013). Also willow
(Salix spp.) is already being grown in parts of the UK as a plant biomass source,
because the coppicing response of willows allows them to be grown in short rotation
coppice cycles. Coppicing reinvigorates the plant and accelerates the growth which

leads to higher biomass yields (Karp et al. 2008).

Both wheat straw and willow have a different cell wall composition that may require
different sets of enzymes to degrade the biomass to usable monosaccharides.
Growing A. niger on either wheat straw or willow may therefore yield different gene
expression patterns on the different substrates in particular for genes coding for
proteins involved in the degradation of the plant cell wall. Alternatively, both
substrates share many of the same structural molecules albeit in a different ratio and
thus should share a core set of hydrolytic enzymes expressed by A. niger. However,
different ratios of structural components can determine the ease of degradation for

hydrolytic enzymes. The difference in the amount of lignin between straw and willow
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could for example contribute to the difference in difficulty to degrade one of the

substrates compared to the other.

1.2.2 Lignocellulose degradation
1.2.2.1 Microorganisms able to degrade lignocellulose

The complex nature of plant cell walls makes the components highly recalcitrant to
degradation. Different microorganisms such as fungi and bacteria are able to
degrade plant cell walls by producing different types of enzymes to degrade
lignocellulose. However, the mechanisms involved in this degradation are still poorly
understood. Many of the enzymes known to degrade lignocellulose have a
Carbohydrate Binding Module (CBM) and they are described in the Carbohydrate
Active EnZymes (CAZy) database (www.cazy.org). CBMs were previously known as
cellulose-binding domains after the discovery of several domains binding to cellulose
(Gilkes et al. 1991). A classification of the CBMs has been made according to the
amino acid sequence similarities between the different CBMs (Tomme et al. 1995).
The CAZy database contains 67 CBM families (April 2013). Three roles are
commonly attributed to CBMs: (i) providing a proximity effect (tighter association of
the enzyme with the polysaccharide thus keeping entire enzyme and the substrate in
proximity), (i) a targeting function (potentiate enzyme activity against cell walls by
targeting polymers that are in close proximity to the substrate of the appended
catalytic module), (iii) a disruptive function (disruption of the surface of tightly packed
polysaccharides causing the substrate to loosen and become more exposed to the
catalytic module for more efficient degradation) (Gao et al. 2010; Herve et al. 2010;
Wang et al. 2008b).

In contrast to cellulases in fungi, bacteria produce a self-assembling protein complex
that functions as an enzyme called the cellulosome. The enzymes forming the
cellulosome usually don’t have CBM (Poole et al. 1992). However, the protein to
which these enzymes are attached (called scaffoldin) does contain a CBM which
permits the binding of the complex to the cellulose (Wilson 2011). Both fungi and
bacteria are able to produce cellulases whether they are aerobic or anaerobic
microorganisms. These enzymes generally belong to the same families but some
exceptions exist. Only aerobic fungi produce GH7 cellulases and the bacterial
cellulosomes do not seem to have family 6 exocellulases. The anaerobic cellulolytic

thermophillic bacterium of the species Caldicellulosiruptor has been found to secrete
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cellulases containing CBMs. These bacteria are known for their efficient degradation

of un-pre-treated plant biomass (Blumer-Schuette et al. 2010).

1.2.2.2 Aspergillus niger

Aspergillus niger is a black-spored filamentous ascomycete fungus that is commonly

found in nature (Figure 1.4) (Aro et al. 2005; Baker 2006). Genomes of at least three
strains of A. niger have been sequenced so far: NRRL 3 (Baker 2006), ATCC 1015
(Andersen et al. 2011; Baker 2006) and CBS 513.88 (Pel et al. 2007). NRRL 3 and
ATCC 1015 are wild-type strains of A. niger whereas CBS 513.88 is a mutant strain

derived from NRRL 3122, sequenced by DSM.
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Figure 1.4: (a) Macroscopic (Read et al. 1991) and microscopic aspect of A. niger
(adapted from

http://commons.wikimedia.org/wiki/File:Conidiophore Aspergillus niger.svq) (b).

Aspergillus niger asexual life cycle. Pictures were taken from cultures of A. niger
N402 growing in glucose (1% m/v) minimal media. The dormant spores and
conidiophore images were taken from conidia washed directly from glucose minimal
agar slopes after 6 days, the image for germinating conidia was taken after 10h and

the image of mycelium was taken 24h after incubation. 8 = 5um (Hayer 2013).

A. niger is a common member of microbial communities found in the soil (Baker
2006) and it is saprobic in nature - capable of degrading plant biomass. In this way,
it contributes to the global re-cycling of carbon (Aro et al. 2005; Baker 2006; Lynd et
al. 2002). It is also a commercially important species because of its ability to produce
organic acids, e.g. citric acid and gluconic acid. Citric acid is used in the food industry
for the purpose of flavouring and controlling pH of food and beverages. It used to be
extracted from citrus fruits, until the potential of A. niger to produce vast quantities of
citric acid was realised (Hattori et al. 2009; Karaffa et al. 2003; Punekar et al. 1984).
Greater than one million metric tons can be produced annually, with a conversion of
95% (by weight) of sugar substrate, making this fermentation process highly efficient

on an industrial scale (Baker 2006; Karaffa et al. 2003). Gluconic acid is used as a
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food additive, regulating the acidity of food products. It is also used in cleaning

products and for therapy of iron/calcium deficiencies (Bennett 2010).

A. niger is also of major interest to mycologists because it is a fungus that causes
spoilage of food. Visible black mould can be seen on common household fruits and
vegetables, e.g. grapes, tomatoes and onions (Hasan 1995; Sinha et al. 1994). Food
spoilage can be caused by the fungus at different stages of its development: both the
conidia and the hyphae can cause spoilage. As well as this, the production of
mycotoxins (toxic secondary metabolites produced by moulds) can also lead to food
spoilage (Klich 2009). Infection of crops like maize by the fungus is a route of entry
for mycotoxins into the food chain, since humans can directly consume it. The toxins
themselves are resistant to: degradation by the digestive system, high temperatures
and they resist decomposition, which means that they remain for long periods in the
food chain in meat and dairy products without being destroyed. Ochratoxin A
(Abarca et al. 1994; Klich 2009) is the mycotoxin produced by A. niger in food that
has not been stored properly. Approximately 25% of the world’s agricultural products
are thought to be contaminated with mycotoxins which results in crop losses, costing
$1 billion dollars (Council for Agricultural Science and Technology 2003).

Although A. niger is a well-known cause of food spoilage, it is also an opportunistic
human pathogen. A. niger however, is a species of Aspergillus that is thought to be
less of a human pathogen then other members of the genus, especially when
compared to Aspergillus fumigatus which is often responsible for the majority of
human infections (Latge 1999; Moss 2002). Since spores can easily be aerosolised,
humans are constantly exposed to them, both in outdoor and indoor environments
(Klich 2009; Latge 1999). The spores are therefore capable of entering the bodies
through breathing (Bennett 2010). Added to this, A. fumigatus and other aspergilli
are able to grow at 37°C, body temperature, which means that inhalation of a large
number of spores can lead to diseases, especially respiratory problems, allergies and
aspergillosis (Moss 2002). Allergies can be caused by the presence of either fungal
conidia or hyphae; and aspergillosis occurs as a result of direct growth of the fungus
inside host tissue. It usually affects immune-compromised patients (e.g. patients
recovering from a bone marrow transplant) and leads to either localised or
disseminated/systemic disease (Bennett 2010; Klich 2009; Vonberg et al. 2006).
Manifestation of aspergillosis indicates that the body’s immune system is weakened
and the use of immune-suppressive drugs in hospitals has created a niche for
Aspergillus species to grow (Bennett 2010; Klich 2009). This knowledge has

demonstrated that new, more effective anti-fungal drugs are required (Bennett 2010).
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A. niger is also commonly used in industry for enzyme production. As Trichoderma
spp. are the main industrial species of choice for cellulase production, A. niger is
therefore used as a model organism to provide new insights into more efficient
sustainable approaches for the generation of renewable energy, instead of being
used as a direct replacement for other microorganisms as a source for cellulases. A.
niger is already a source of industrial enzymes, such as amylases (Hernandez 2006),
proteases (Punt et al. 2003) and pectinases (Bai et al. 2004). Glucoamylase is used
in the production of high fructose/sugar syrups; whilst pectinases are used in the
cider and wine industry (Bennett 2010). A. niger also produces enzymes that are
capable of breaking down substrates encountered in their environment. By
understanding the types of hydrolytic enzymes produced and how they are regulated,
they can be efficiently exploited for the saccharification of lignocellulosic biomass.
Thus, transcriptomic studies of A. niger growing in the presence of such substrates
become relevant here. A. niger is being used as a model fungus in the Nottingham
laboratory group, where research projects involve understanding how the fungus
responds to the presence of wheat straw as a model lignocellulosic substrate
(Delmas et al. 2012).

1.2.2.3 Enzymatic hydrolysis

The enzymatic hydrolysis is a key step in the production process of 2G biofuels as
this step permits the release of fermentable sugars from lignocellulosic biomass
(Figure 1.5 and Figure 1.6). The susceptibility of the lignocellulosic substrates
towards enzymatic hydrolysis is highly dependent on their structure, morphology and
composition. To optimize the kinetics and the yield of sugars from this key step, a
pre-treatment of the biomass is necessary for the enzymes to access cellulose and
hemicellulose. Enzymatic hydrolysis is a key step in the biofuel production process
but it is also the most costly step (Klein-Marcuschamer et al. 2012). This step
represents 30% of the ethanol production cost, and therefore studies are carried out

to try to improve this step (Agrawal et al. 2013).
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l B-Glucosidase

l Cellobiohydrolase

w Cellobiose
l Endoglucanase

Figure 1.5: Schematic view of cellulose degradation. Endoglucanases hydrolyse
cellulose bonds internally, while cellobiohydrolases cleave cellobiose units from the
ends of the polysaccharide chains. The released cellobiose units (disaccharide) are
finally hydrolysed by B-glucosidases, releasing glucose, the main carbon source

readily metabolisable by fungi (Souza 2013).
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Figure 1.6: Schematic view on a hemicellulolytic system, degradation of
arabinoxylan is depicted. The arrows represent each enzyme active for a determined
substrate (Souza 2013).

1.2.2.4 Carbohydrate active enzymes (CAZy)

CAZy enzymes catalyse the breakdown, formation or modification of carbohydrates.
These enzymes are organised into different families based on structurally related
catalytic functions or Carbohydrate Binding Motifs (CBMs) present in the amino acid
sequence. Various enzyme classes described in the CAZy database

(http://www.cazy.org/) have been mentioned in the previous sections as they are

abundantly present in many microorganisms. The database describes the glycoside
hydrolase (GHSs), glycosyl transferase (GT), polysaccharide lyase (PL) and
carbohydrate esterase (CE) enzyme classes. In addition the CAZy database also
describes CBMs that are involved with adhesion to carbohydrate. Using a sequence-
based classification, with algorithmic methods to assign sequences to various
families, the GHs have been assigned to more than 100 families (Bairoch 1999;
Henrissat 1999; Henrissat et al. 1995a; Henrissat et al. 1995b). These methods can
provide help in the classification of proteins for which no biochemical evidence has
been obtained (Withers 2011).
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The genome of A. niger encodes a large set of plant cell wall degrading enzymes:
251 Glycoside Hydrolases (GHs) (55 families), 25 Carbohydrate Esterases (CEs), 8

Polysaccharide Lyases (PLs) and 29 Hemicellulases (Cantarel et al. 2009).

1.2.2.4.1 Glycoside hydrolases (GHSs)

Glycoside hydrolases are classified under the Enzyme Commission Number EC
3.2.1 as enzymes that catalyse the hydrolysis of O-, N- and S- linked glycosides to
release smaller sugars (Withers 2011). They are extremely common enzymes with
roles in nature including degradation of biomass such as cellulose and hemicellulose.
Together with glycosyltransferases, glycosidases form the major catalytic machinery
for the synthesis and breakage of glycosidic bonds.

In Eukaryotes, glycoside hydrolases are found within the endoplasmic reticulum and
Golgi apparatus where they are involved in processing of N-linked glycoproteins, and
in the lysosome as enzymes involved in the degradation of carbohydrate structures.
Two reaction mechanisms are most commonly found for the retaining and inverting
enzymes, at first outlined by Koshland (1953) and then by Sinnott et al. (1990).
Inverting enzymes utilize two enzyme residues, typically carboxylate residues that act
as acid and base respectively whereas retaining glycosidases operate through a two-
step mechanism, with each step resulting in inversion. Again, two residues are
involved with one acting as a nucleophile and the other as an acid/base. In the first
step the nucleophile attacks the anomeric centre, resulting in the formation of a
glycosyl enzyme intermediate, with acidic assistance provided by the acidic
carboxylate. In the second step the now deprotoned acidic carboxylate acts as a
base and assists a nucleophilic water to hydrolyse the glycosyl enzyme intermediate,
giving the hydrolyzed product. Several interesting variations on these mechanisms
have been found. One fundamentally different mechanism has also been described
that is catalyzed by an NADH cofactor (Rajan et al. 2004; Yip et al. 2004).

Glycoside hydrolases can also be classified as exo- or endo-acting, depending on
whether they act at the (usually non-reducing) end or in the middle, respectively, of
an oligo/polysaccharide chain. Glycoside hydrolases may also be classified by
sequence or structure based methods (CAZy website). Recent progress in
glycosidase sequence analysis and 3D structure comparison has allowed the
proposal of an extended hierarchical classification of the glycoside hydrolases
(Naumoff 2011).
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1.2.2.4.2. Cellulases

Cellulases are cellulose degradative enzymes. Three different types of cellulases can
be distinguished. Firstly, the endoglucanases cleave internal bonds in the amorphous
region of the cellulose to create new chain ends. Then, the cellobiohydrolases act to
cleave two to four units from the ends of the chains produced by endoglucanases,
resulting in polysaccharides, such as cellobiose. Finally, the beta-glucosidases
hydrolyse the cellobiose into glucose (Dashtban et al. 2009; Liu et al. 2011; Mathew
et al. 2008).

1.2.2.4.2.1 Hemicellulases

Hemicellulases are enzymes degrading hemicelluloses which include xyloglucans,
xylans, galactomannans and pectins. Xylan backbones are degraded by
endoxylanases which hydrolyse xylan into oligosaccharides and [-xylosidase
degrades the oligopolymers of xylose (up to 4 residues) into xylose. The
endoxylanases have been reported to have both specific and non-specific cleavage
sites, the specific ones dependent on the substituents on the xylose residues

neighbouring the cleaving site, while others cleave at random sites.

The other hemicelluloses, galactoglucomannans, are degraded by B-endomannases
into mannooligosaccharides, and further hydrolysed to mannose residues by [-
mannosidases. The smooth region (i.e. unbranched) of pectin is degraded by three
groups of enzymes: pectin lysases, pectate lysases and polygalacturonases, while
several enzymes are responsible for degrading the hairy regions (i.e. branched).
Moreover, Aspergillus species produce enzymes specific for the many residues in the
side chains of hemicellulose and pectin, and which cleave the side chains either at
the branching point next to the backbone, or between residues in the side chain.
These side chain degrading enzymes have been shown to have synergistic
interactions between them and the backbone of degrading enzymes (de Vries et al.
2001).

1.2.2.4.1.2 Ligninases

Ligninases are enzymes degrading lignin. They can also be found under the name
Lignin-modifying Enzymes (LMESs) as they are not hydrolytic but oxidative enzymes.
Ligninases can be classified into two families: peroxidases, such as lignin
peroxidases, and phenol-oxidases of Laccase type (Dashtban et al. 2009). These

enzymes catalyse several types of reactions such as cleaving the p-0-4 ether bonds
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in lignin which is essential for the depolymerisation of lignin. White-rot

basidiomycetes are known to be the most efficient producers of ligninases in fungi.

1.2.2.4.3 Carbohydrate esterases (CES)

Carbohydrate Esterases are enzymes catalyzing the de-O- or de-N-acylation of
substituted saccharides releasing sugar halves. Acetylxylan esterases are common
components of hemicellulolytic and cellulolytic enzyme systems of microorganisms
proliferating on plant biomass residues. Their function is to deesterify partially
acetylated hardwood 4-O-methyl-D-glucuronoxylan and xylans of annual plants (Biely
et al. 1986; Biely et al. 1985). These esterases are part of hemicellulolytic enzyme
systems and found in 8 of 15 carbohydrate esterase (CE) families. Most of the CEs
are serine-type esterases, also attacking low-molecular-mass substrates such as 4-
nitrophenyl (4-NP) or 4-methylumbelliferyl acetate (Biely et al. 1999; Tenkanen et al.
2003). An exception in this regard is the acetylxylan esterases of CE family 4, which
also contain chitin deacetylases. These enzymes do not operate on the two above-
mentioned aryl acetates and also do not possess the Ser-His-Asp catalytic triad.
They are aspartate deacetylases, activated with bivalent metal cations coordinated
with two histidines (Puchart et al. 2006; Taylor et al. 2006).

1.2.2.4.4 Polysaccharide lyases (PLSs)

Polysaccharide Lyases (EC 4.2.2.-) are a ubiquitous group of enzymes in nature
(Sutherland, 1995). These enzymes cleave uronic acid-containing polysaccharide
using a B-elimination mechanism instead of a hydrolytic mechanisms (intervention of
a water molecule) to generate an unsaturated hexenuronic acid residue and a new
reducing end. These enzymes are often complementary to the action of GHs for the

breakdown of C6-carboxylated polysaccharides (Lombard et al. 2010).

1.2.2.4.5 Copper-dependent monooxygenases (Family AA9 —

formerly GH61)
The enzymes in this family were originally classified as a glycoside hydrolases
(GH61) based on very weak endo-1,4-beta-D-glucanase activity in one family
member. They are now reclassified into Auxiliary Activity Family 9 (AA9) in CAZy
(Levasseur et al. 2013). The first AA9 protein was identified in the fungus Agaricus
bisporus where the gene encoding the protein was found to be induced on growth on
cellulose and a CBM domain was found in its protein sequence (Raguz et al. 1992).
Since, AA9 family members have been described in other fungi such as T. reesei,

Aspergillus species and Neurospora crassa with their co-induction with classical
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cellulases upon growth on cellulose suggested that the AA9 was involved in
lignocellulose degradation (Raguz et al. 1992; Wymelenberg et al. 2002). Enzymes
of the family AA9 are copper-dependent oxidases which require the presence of
small molecule redox-active co-factors such as gallate and ascorbate for enhanced
activity (Quinlan et al. 2011). They also strongly bind a copper ion which is essential
for enzymatic function (Phillips et al. 2011; Quinlan et al. 2011; Westereng et al.
2011). AA9 family members initiate cellulose degradation by generating oxidised and
non-oxidised cellodextrin products which are easily acted upon by cellulases and
thus differ significantly in their mode of action from conventional GHs which use
acid/base catalysis to break glycosidic bonds. The A. niger genome encodes 7 AA9
proteins of which three have been characterized in more detail. The genes
An15g04570 and An14g02670 encoding two of these proteins have been shown to
contain a CBM1 domain. The EgID (gene An15g04900) protein has been described
to have a CBM1 domain as well as having an endoglucanase activity (Pel et al.
2007).

1.1.2.5 Non enzymatic degradation

Some higher fungi are able to degrade lignocellulose by the production of free
hydroxyl radicals through the Fenton reaction. This reaction allows the release of
hydroxyl radicals from hydrogen peroxide. The free radicals produced are highly
reactive and attack polysaccharides and lignin in a non-specific manner. This
provides cleavages which make it easier for cellulolytic enzymes to access

lignocellulose (Dashtban et al. 2009).

Three main pathways have been described for the production of free radicals: (1)
cellobiose dehydrogenase (CDH); (2) low molecular weight peptide/quinone redox

cycling; (3) glycopeptide-catalyzed Fenton reaction.

(1) CDHs are able to modify and degrade the three main components of
lignocellulose, cellulose, hemicellulose and lignin, by producing free hydroxyl
radicals in a Fenton type reaction (Baldrian et al. 2008).

(2) Some fungi such as Gloerophyllum trabeum produce a low molecular weight
peptide which can degrade cellulose into short fibres by an oxidative reaction
(Yang et al. 2004). Some of these low molecular weight compounds are
guinones that are converted to hydroquinones by some fungal enzymes. Free
radicals will be produced from these hydroquinones through Fenton reaction
(Wang et al. 2008a).
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(3) Other glycopeptides have been found in other fungi such as Phanerochaete
chrysosporium that are able to catalyse redox reaction and thus produce free

hydroxyl radicals (Tanaka et al. 2007).

1.3 Regulation of genes encoding glycoside hydrolases in A.
niger

A large number of factors affect the expression of CAZyme-encoding genes during
exposure to lignocellulose. These include the fungal species (and derived strains),
the source of lignocellulose (such as sugar cane bagasse, wheat straw or willow,
amongst others), lignocellulose pre-treatments (e.g. maceration/grinding, heat,
acid/alkaline hydrolysis, ionic liquids and others) and the small regulatory molecules
that are released from the substrate. There is increasing knowledge of the small
molecules that serve as regulators of genes that encode CAZymes, as well as the
transcription factors that mediate that regulation (Herold et al. 2013; Kubicek 2012;
Znameroski et al. 2013). It can be overly simplistic to refer to repressing (e.g.
glucose) and inducing (e.g. xylose) monomers for three reasons. Firstly, the
monomer concentrations may also be relevant. Secondly, in natural environments
and during the saccharification of lignocellulose by fungi, a mixture of these sugars is
present. Thirdly, disaccharides as well as monomers can serve as regulatory
molecules, such as the disaccharide sophorose in T. reesei. In their responses to
lignocellulose, fungi respond to the interface at the surface and are exposed to a
succession of changing conditions over time as the lignocellulosic material is
degraded. It is apparent too that transcriptional regulation of CAZyme-encoding
genes is affected by pH (Hakkinen 2014) and light (Tisch et al. 2013).

1.4 Aims of the study

This project aims to explore the regulatory networks involved in the breakdown of
lignocellulosic materials by fungi. This will provide new areas of potential

improvement for industrial processes for production of second generation biofuels.

Specific Aims are:
e |dentify homologues in A. niger of the regulatory genes clr-1, clr-2 and clbR
previously described in other fungal species.
e Functionally characterize those regulatory genes in A. niger and explore their

interactions in regulatory networks.
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Identify new regulators using RNA-sequencing technology and
phophosproteomics tools

Investigate the role of hydrophobic surface interacting proteins (HSIPS) in the
breakdown of lignocellulose and the expression of genes encoding GH

enzyme.
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2.1 Materials

2.1.1 Biological materials
2.1.1.1 Fungal strains

The A. niger strain AB4.1 (ApyrG) was used in this work (van Hartingsveldt et al.
1987). The derived mutants of the AB4.1 strain used in this work are the AxInR,
AclrA, AcreA, Ahyp1, AhfbD, AhsbA and Ahyp1AhfbD strains. The AclrB and AfarA
strains were kindly provided by A. Ram (Leiden University, The Netherlands). They
were made in A. niger MA234.1 derived from MA169.4 (Carvalho et al. 2010) and
contain a hygB marker (pGpdA-hygB-tTrpC). The AB4.1, AxinR, AclrA, AcreA,
Ahyp1, AhfbD, AhsbA and Ahyp1AhfbD strains were grown on Potato Dextrose Agar
(PDA, Oxoid) supplemented with 10mM uridine (final concentration) for routine
cultures. The AclrB and AfarA strains were grown on PDA. Agar slopes were
inoculated with A. niger conidia and incubated at 28°C for 4 days with loose caps,
after which time the caps were tightened and the slopes with visible conidiated
growth of A. niger were stored at room temperature.

2.1.1.2 Bacterial strain

Escherichia coli XL-1 Blue strain (Invitrogen) was used in this study as it allows blue-
white colour screening and preparation of high-quality plasmid DNA.

2.1.2 Nucleic acid materials
2.1.2.1 Vectors
2.1.2.1.1 PopIN/PopOut plasmids

The plasmids pBluescript SK — PyrG PopIN/PopOut C3 or C7 (pC3 and pC7) were
used in this work (Delmas et al. 2014). They were derived from the pBluescript SK
minus plasmid which contains several useful sequences for use in cloning methods.
The sequences include a polylinker sequence (MCS), antibiotic resistance sequence
to ampicillin and an E. coli and f1 helper phage origin of replication. The polylinker
sequence is located within a LacZ-controlled gene designed to provide a blue
coloration when expressed in bacteria allowing a blue-white screening. The pC3 and
pC7 plasmids were modified to include a pyrG gene to permit the selection of A.niger

transformants in the auxotrophic strain AB4.1 (Figure 2.1).
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Figure 2.1: Schematics of the pBluescript SK plasmid with the Multiple Cloning Site
(MCS) (A) and of the PyrG PopIN/OUT pC3 plasmid (B) containing the pyrG gene

from A. oryzae.

2.1.2.2 Plant material

The wheat straw (Cordiale variety) used in this work was obtained from the
Bioenergy and Brewing Science department (Sutton Bonington, Leicestershire, U.K.)
and milled using a Laboratory Mill (Laboratory Mill 3600, Perten, Sweden) and

passed through a sieve with a mesh size of 700 mm for size reduction prior to ball
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milling. 5 g of pre-milled wheat straw was ball-milled in 80 mL stainless steel grinding
bowls with 10mm diameter steel balls in a Planetary Mill (Pulverisette 5 classic line,
Fritsch, Germany), at 400 rpm for a grinding time of 20 min, resulting in an average

particle size of 75 um.

2.2 Methods

2.2.1 Culture of A.niger

For cultures of the AB4.1 strain and of the mutants derived strains of A. niger, spores
were washed with 0.01% (v/v) Tween-80 solution and 10° spores/ml (final
concentration), in solution, were inoculated into a 250ml sterile conical, Erlenmeyer,
flask containing 100ml Aspergillus Minimum Medium (AMM) (6g sodium nitrate
(NaNO3); 20ml Aspergillus salt solution [all I'': KCI, 0.52 g; MgS0.,.7H,0, 0.52 g;
KH,PQO,, 1.52 g; Na,B,0,.10H,0, 0.008 mg; Cu-S0O,.5H,0, 0.16 mg; FePO,.H,0,
0.16 mg; MnS0,.4H,0, 0.16 mg; NaM00,4.2H,0, 0.16 mg; ZnSO,, 1.6 mg]; dH,O up
to 1L, pH6.5) 1% (w/v) glucose solution and incubated for 48h at 28°C on a shaker
(New Brunswick Scientific) set to 150rpm. Cultures were set up containing single
carbon source substrates, added at 1% (w/v) to AMM. Substrates used were glucose
and ball-milled wheat straw. Each medium was autoclaved at 117°C instead of
121°C so as not to result in the sugars caramelising. For studies involving time-
points, the A. niger strain used was grown in AMM containing 1% (w/v) glucose for
48h before being transferred to AMM supplemented with 1% (w/v) of the desired
carbon source and incubated further for 24h or 48h. Supernatants were collected at
each time point by separating the mycelia and the insoluble straw by filtration through
Miracloth (Calbiochem) for enzymatic analysis.

2.2.2 Extraction of nucleic acids
2.2.2.1 gDNA extraction

A. niger was grown in 250ml conical flasks containing 100ml Aspergillus Complete
Media (ACM, 20ml Aspergillus salt solution, 10ml Aspergillus vitamin solution (400mg
p-aminobenzoic acid, 2mg d-biotin, 1.4g choline chloride, 100mg nicotinic acid,
250mg pyridoxine hydrochloride, 100mg riboflavin and 50mg thiamine hydrochloride
acid per litre), 0.075g adenine, 1g casmino acids, 10g glucose, 2g peptone and 1g
yeast extract per litre, adjusted to pH 6.5 with NaOH). The flasks were inoculated
with 10° spores/ml (final concentration) and incubated at 28°C shaking at 150rpm for
24h. Mycelia were collected through Miracloth (Calbiochem), washed with ACM and

flash frozen in liquid nitrogen prior to DNA extraction. The mycelia were re-
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suspended in 600ul Fungal DNA Extraction Buffer (50mM Tris-HCL (pH7.5), 10mM
EDTA, 50mMNacCl, 1% (w/v) SDS) and, after 1min of vortex, the suspension was
incubated at 65°C for 30min.The samples were centrifuged at 16060g for 5min in a
Biofuge pico centrifuge (Heraeus). 500ul of supernatant was then mixed with 400l
phenol:chloroform:isoamyl alcohol (25:24:1v/vlv, Sigma) and transferred in 2ml
phase-lock tubes (5Prime) and centrifuged again at 16060g for 10min. 500ul of the
aqueous phase, upper layer, was then dispensed with an equal volume of
isopropanol (propan-2-ol, Fisher Scientific) to precipitate the genomic DNA(gDNA) for
20min at 4°C before being centrifuged at 160609 for 10min. The pellets were washed
with 70% (v/v) ethanol and centrifuged at 16060g before drying in a laminar air flow
cabinet and the gDNA was then dissolved in 100ul TE buffer (10mM Tris (pH8), 1mM
EDTA). The gDNA samples obtained were stored at -20°C. The concentrations of
gDNA were measured using a Nanoview Plus (Labtech) at 260nm.

2.2.2.2. Plasmid DNA extraction

The different plasmids studied were isolated from the cultures using ZyppyTM

Plasmid Miniprep Kit (Zymo Research) according to the manufacturer’s instructions.

2.2.2.3 RNA extraction

At each given time, mycelia were collected through Miracloth (Calbiochem), washed
with AMM containing no carbon source and flash frozen in liquid nitrogen prior to
RNA extraction. For long term storage mycelia were kept at -80°C. Frozen A. niger
mycelia were ground to a powder using a mortar and pestle. The powder obtained for
each sample was added to tubes containing 1mL TriZol (Invitrogen) and the
suspensions were incubated at room temperature for 5 minutes before the addition of
200 uL of chloroform. The mixtures were vortexed for 15 seconds and incubated at
room temperature for 5 minutes. The two layers were separated by centrifugation at
16060g for 10 minutes. The upper phase was then transferred to tubes containing
750 uL of isopropanol and incubated for 10 minutes at room temperature. The tubes
were centrifuged (16060g for 10 min) before the supernatant was removed and
discarded. The pellets were washed with 75% v/v ethanol, air-dried for 2-5minutes
and then re-dissolved in 100 ul DEPC-treated H,O for 20 min at 4°C. All solutions,
unless otherwise stated, were prepared in DEPC-treated H,O. The RNA was purified
again after extraction using a NucleoSpin RNA II kit (Macherey-Nagel) including the
additional on-column DNAse digestion according to the manufacturer’s protocol to

eliminate genomic DNA contamination.
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2.2.3 DNA analysis
2.2.3.1 Hydrolysis with restriction enzymes

DNA restriction analysis required the utilisation of different endonucleases used

between 1 to 2 Units per ug of DNA according to the manufacturer’s instructions.

2.2.3.2 Electrophoresis

DNA fragments from PCR or from restriction were separated according to their sizes
on 1% (w/v) agarose gels in 1x TAE (stock 50x: 242 g Tris base/L, 57.1 ml glacial
acetic acid/L and 100 ml of 500 mM EDTA/L). Gels were stained using ethidium
bromide at a final concentration of 0.1 mg/ml. All the pictures were taken from
BioRad Chemidoc XRS+ using the Quantity One 4.6.6 program (BioRad).

The buffer used for electrophoresis of RNA samples was 1x TBE buffer (stock 10x:
107.8g/L Tris base, 55 g/L boric acid and 5.8 g/L EDTA (20mM final concentration)).

The expected sizes of PCR products were calculated in silico using the target gDNA
sequence with the corresponding primers used for the PCR. The estimation of sizes
of amplified fragments was done using molecular weight standards for agarose gel
electrophoresis. The digested standard DNA includes fragments ranging from 0.5-
10.0 kilobases (kb). The exact size of the obtained product was confirmed by

sequencing the PCR product.

2.2.3.4 PCR amplification
2.2.3.4.1 RT-PCR

DNA was amplified in a 50ul reaction volume containing 100 nM of each primer,
10mM of dNTP mix, 5x High Fidelity Buffer, 0.5U Phusion® polymerase (New
England Biolabs), approximately 50ng of template DNA (gDNA or cDNA), and filtered
sterile distilled water (filtered SDW). The PCR amplifications were carried out in
Techne thermocyclers after an initial denaturation at 98°C for 5 minutes, followed by
30 to 35 cycles and a final extension at 72°C for 5 minutes. Each cycle was
composed of a denaturation step at 98°C for 20 seconds, annealing at 60°C

(depending on the primers) for 20 seconds, and extension at 72°C for 30 seconds.

2.2.3.4.2 qRT-PCR

gRT-PCR amplifications were carried out using the Applied Biosystems 7500 Fast
Real-Time PCR system. The PCR reaction mixture (10 pl) contained 1 pl of cDNA,
0.4 ul of specific primer sets (175 nM final concentration), and FAST SYBR-Green
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Master Mix (Applied Biosystems). PCRs were carried out for 40 cycles; denaturation
at 95°C for 15seconds, annealing at 67°C for 30 seconds, and extension at 60°C for
60 seconds. All measurements were independently conducted 3 times. The
specificity of primer sets used for gRT-PCR amplification was evaluated by melting
curve analysis. The Standard Curve Method was used for quantification against a
known concentration of genomic DNA (Li et al. 2009). The results were expressed in
percentage of the actA (actin) gene or relative concentrations were expressed in
arbitrary units. All primers used, and sequences are listed in Table 2.1 (Appendix
2.1).

2.2.4 RNA analysis
2.2.4.1 cDNA amplification by RT-PCR

cDNA was synthesised from the isolated RNA by reverse transcription using
SuperScript Ill Reverse Transcriptase (Invitrogen) according to the manufacturer's
protocol. Oligo(dT) was used as a primer on 0.5 pg of RNA per reverse transcription
reaction. The cDNA was checked by PCR using the Phusion polymerase (New
England Biolabs) with 0.5 pl of cDNA in a 20 yl PCR reaction. The PCR program
used had an initial denaturation step at 98 °C for2 min. After the initial denaturation
the program continued with 30 cycles of denaturation at 98 °C for 20 sec,
hybridisation at 60 °C for 20 sec, and elongation at 72 °C for 20 sec. The final

extension was at 72 °C for 5 min.

2.2.5 Cloning of amplified fragments
2.2.5.1 Ligation

The fragments to ligate together were mixed, at a molar DNA ratio of 3:1, in a 20pl
reaction using 1ul T4 DNA Ligase and 2ul 10x T4 DNA Ligase Buffer (New England
Biolabs) and left to ligate at room temperature for 18 hours.

2.2.5.2 Bacterial transformation by electroporation

5uL of the ligation mixes were used to transform competent XL-1 Blue E. coli cells by
electroporation, using a Micro Pulser TM (BioRad). 1mL of SOC medium (10mM
sodium chloride, 2.5mM potassium chloride, 10mM magnesium chloride, 10mM
magnesium sulphate, 20mM glucose, 2% w/v tryptone, 0.5% w/v yeast extract) was
immediately added to the transformation mixes and mixed by pipetting up and down
a few times. The SOC/transformation mixes were then transferred to a shaking
incubator (250rpm) at 37°C for 1 hour.
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2.2.5.3 Selection and analysis of recombinant clones

To select for transformants the SOC/transformation mixes were spread onto Petri
dishes containing LB medium plus agar (25mL) and Ampicillin (1pg/mL). The plates
were incubated at 37°C for 24 hours. Single white colonies were picked and streaked
on new plates containing the same amount of LB plus agar supplemented with
Ampicillin (1pg/mL) and incubated for 24 hours. Colonies from the plates where
positive clones had been identified were inoculated in 30mL tubes containing 10mL
LB and 1ug/mL Ampicillin and incubated at 37°C on a shaker (250rpm) for 16 hours.
Restriction digests, using appropriate restriction enzymes according to the plasmid to
digest, were used initially to identify positive clones.

2.2.6 Transformation of A. niger
2.2.6.1 Preparation of protoplasts

For preparation of A. niger AB4.1 protoplasts, 400ml of protoplast media (AMM
containing no carbon source, 0.1% (w/v) BactoTM Casamino Acids, 0.1% (w/v)
glucose, 10mM uridine) was inoculated with 10® spores (re-suspended in 0.1% (V/v)
Tween-20) and the culture was incubated at 28°C, on a shaker at 150rpm for 18h.
The cultures were harvested through Miracloth (Calbiochem), washed with cold
Mycelium Wash buffer (0.6M MgS0O,4.7H,0) and weighed after being blotted dry. The
cell pellet was re-suspended in cold MM buffer (1.2M MgS0,.7H,0; 20mM 2-(N-
Morpholino) ethane sulfonic acid sodium salt (CsH;o.NNaO,S, MES Sodium Salt)).
Lysing Enzyme (Sigma Aldrich) (100mg/ml in MM; sterilised through a 0.2um filter),
Chitinase (Sigma Aldrich) (4mg/ml in MM; sterilised through a 0.2um filter) and
Bovine Serum Albumin (Sigma Aldrich) (100mg/ml in MM, filter sterilised) were
added to the cell culture, to protect the protoplasts from protease activity, and
incubated at 30°C on an Innova 2300 platform shaker (New Brunswick Scientific) set
to 80rpm for 30min, and 50rpm thereafter checking microscopically after 2h and then
at 30min intervals. By the second 30min interval, protoplasting was visible throughout
the sample under the microscope. The protoplasts were purified through 2 columns
of sterile polyallomer wool (one loosely packed set atop the other column, tightly
packed) and washed with cold NM buffer (1M NaCl, 20mM MES) before being
centrifuged at 900g in a PK121Rmultispeed centrifuge (ALC) swing-out rotor for
10min. The pellet was re-suspended in 1ml cold STC (1.2M sorbitol, 10mM Tris
base, 50mM CacCl,.2H,0; adjusted to pH7.5, autoclaved at 117°C), topped up to
50ml with STC and mixed. The protoplasts were then centrifuged again, only at 550g

29



Chapter 2. Material and methods

in a swing-out rotor, and the protoplast pellet formed was re-suspended in 1ml cold

STC. A protoplast count was then done on a 107 dilution in a haemocytometer.

2.2.6.2 Transformation

For each transformation 3ug of selection vector was added to 100ul of protoplast
suspension (containing 2x10’ protoplasts) for a 25min incubation at room
temperature (minus-DNA control with STC instead was also done alongside). A total
of 1250pl of polyethylene glycol 4000 grade (PEG 4000) was then added and left to
incubate a further 20min. STC was then added up to 10ml to dilute the PEG and the
samples pelleted by centrifugation at 550g. The pellets were re-suspended in STC
and 100ul were spread onto sorbitol-containing minimal agar plates (made up to 1
litre containing 20ml Aspergillus salt solution; 6g NaNOj, 1% (w/v) glucose, 1.2M
sorbitol, pH 6.5, 15g agar and autoclaved at 117°C before aseptically added 20ml
50x MgS0, (6.5g MgS0O,.7H,0 in 250ml SDW, autoclaved) prior to pouring plates,
25ml per plate). The plates were incubated at 30°C for 6-8 days to allow cells to
rebuild their cell wall and grow to sporulation.

2.2.6.3 Selection of transformants

The ABA4.1 strain used for the transformation lacks the pyrG gene and is therefore
auxotrophic for uridine. The lack of uridine in the sorbitol-containing plates is a first
selection for integration of the plasmid into the AB4.1 genome as transformants
should express the pyrG gene after integrating the plasmid and are then able to grow
on media lacking uridine. The colonies that grew were picked out and streaked for
two successive rounds on glucose-containing minimal media agar slopes with no
uridine to allow selection and purification of the colonies containing an integrated
plasmid. In the next stage the selective pressure for maintaining the integrated pyrG
gene was released by growing the cells on PDA slopes containing uridine. This step,
also done in two successive rounds, allows the excision of the plasmid from the
AB4.1 genome, as illustrated in Figure 2.2. Finally, colonies that have excised the
plasmid from the genome were selected by transferring the cells onto a plate
containing 5-fluorouracil-6-carboxylic acid monohydrate (5’- FOA). Growth can only
occur from colonies that have excised the plasmid containing the pyrG gene, leaving
no active pyrG gene (the AB4.1 strain is pyrG-deficient) present in the genome.
Colonies still expressing the pyrG gene will be able, on plates containing uridine, to
convert the 5’-FOA into fluorodeoxyuridine, which is toxic to the cell. Colonies that do

grow throughout the 5’-FOA screening will be either wild-type revertant strains, or
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mutant strains. This is because the second crossover event can occur using either of

the flanking DNA regions, upstream or downstream, as illustrated in Figure 2.2.

Genomic DNA extractions were carried out with the colonies of A. niger grown on 5-
FOA plates, and PCR screening was done on the samples to identify any successful

deletion mutants as well as DNA sequencing.

pyrG

» X

5-FOAR
wammm———~~ OR @
Wild-type Deletion mutant

Figure 2.2: Schematic diagram of the PopIN/OUT transformation procedure.

This method was used for the deletion of the xInR, clrA, An11g06730, hypl, hsbA,
and hfbD genes as well as for the double deletion of hypl and hfbD. The primers
used for the deletion of the mentioned genes are listed in Table 2.1 (Appendix 2.1).

2.2.7 Growth related assays
2.2.7.1 pH measurement

pH was measured, using a pH 210 Microprocessor pH meter (Hanna instruments), in
the cultures as a wide range of organic acids is produced by A. niger during
fermentation which results in the acidification of the medium. Thus the measurement
of pH, which lowers due to acidification of the culture medium, can serve as an
indirect indicator of growth for A. niger (Archer et al. 1990, Pedersen et al. 2000,
Rosling et al. 2004).
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2.2.7.1.1 pH-controlled experiment

A 2L fermenter (FerMac 320, Electrolab) was used for growing the cultures of A.
niger strains where the pH was maintained at 5 using NaOH (200rpm, air 1L/min,
28°C). Glucose cultures were set up as described previously in 1L sterile Erlenmeyer
flasks containing 400ml AMM, 1% (w/v) glucose solution and incubated for 48h at
28°C on a shaker (New Brunswick Scientific) set to 150rpm. The cultures were
transferred to AMM supplemented with 1% (w/v) wheat straw to which was added
0.1M uridine. Samples were taken at 6h, 24h and 48h. Supernatants were collected
at each time points for enzymatic analysis.

2.7.1.2 Glucosamine assay

The contents of flasks were filtered and freeze-dried in 50ml centrifuge tubes,
including an insoluble substrate only control. Samples (0.1g dry weight for the
glucose cultures and the full content of the flask for the wheat straw cultures) were
hydrolyzed by 2 ml of concentrated sulphuric acid (98%) at room temperature for 24
hours. Similarly, N-acetylglucosamine (GIcNAc) standards were placed into 50 ml
centrifuge tubes and 2ml of concentrated sulphuric acid (98%) was added at room
temperature for 24 hours. The mixtures were transferred into 100ml bottles with 35ml
of dH,O already inside and then autoclaved at 121°C for 15 minutes. After cooling,
the solution was neutralized with NaOH to pH 7 and further diluted to 100 ml with
dH,0. 1 ml of the above sample solutions was transferred into a 2ml tube. 1 ml acetyl
acetone reagent (4% (v/v) acetyl acetone in 1.25 N Na,CO;) was added and then
incubated at 100°C for 20 minutes. The samples were transferred into a 15 ml
centrifuge tube. After cooling to room temperature, 6 ml of absolute ethanol was
added and then mixed gently. 1 ml of Ehrlich reagent (1.6 g of N-N dimethyl-p-
aminobenzaldehyde in 60 ml solution containing 50:50 (v/v) of absolute ethanol:
concentrated HCI) was added and mixed gently. The mix was incubated at 65°C for

10 minutes and the absorbance value was determined at 530 nm.
2.2.8 Cell wall analysis

2.2.8.1 Cell wall stress

To test for a cell wall stress, spores of the strains of interest were washed with 0.01%
(viv) Tween-80 solution and 10° spores/ml, in solution, were inoculated into a 96-well
plate, each well containing 150ul of AMM 1% (w/v) glucose solution supplemented
with Sodium Dodecyl Sulfate (SDS, final concentration 70pg/ml, Sigma Aldrich),
CalcoFluor White (CFW, final concentration 100ug/ml, Sigma Aldrich) or Congo Red
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(CR, final concentration 250ug/ml, Sigma Aldrich) and incubated at 28°C on a shaker
(New Brunswick Scientific) set to 150rpm. The ODgy Was read at Oh, 24h, 48h and

72h after inoculation.

The strains sensitivity to cell wall stressors was also performed by inoculating 10°
spores/ml (final concentration) on AMM 1% (w/v) glucose agar plates containing SDS
(final concentration 70ug/ml), CFW (final concentration 50ug/ml) and CR (final
concentration 250ug/ml). The plates were incubated for 4 days at 28°C in the dark.

2.2.8.2 Sugar composition analysis using DIONEX

For the preparation of cell wall samples, mycelia were collected through Miracloth
(Calbiochem), washed with AMM containing no carbon source and flash frozen in
liquid nitrogen prior to cell wall preparation. Frozen A. niger mycelia were ground to a
powder using a mortar and pestle. The resulting powder was washed with 5ml of
protein extraction buffer (2% w/v SDS, 40mM B-mercaptoethanol, 50mM Tris-HClI,
5mM EDTA, pH 7.4) and incubated at room temperature for 10 minutes before being
centrifuged in a PK121Rmultispeed centrifuge (ALC) swing-out rotor for 10min at
4000g. The pellets were then resuspended in 1ml H,O before being freeze-dried
overnight using a ThermoSavant Modulyo® Freeze-dryer coupled to an Edwards
RV8 vacuum pump. 10mg of dry cell wall mass was then resuspended in 225ul 72%
(w/w) sulphuric acid and incubated for 3h at room temperature with gentle shaking by
hand throughout the incubation to allow complete contact of the acid solution with the
polysaccharides. The samples were then further diluted to 1M sulphuric acid by
addition of 2.85ml ultra-pure H,O containing 1mg/ml fucose (internal standard) and
homogenised. The suspensions were incubated 4h at 100°C using a boiling water
bath. After incubation, the tubes were cooled to room temperature and 1ml of the
hydrolysate was transferred to a new centrifuge tube. The hydrolysate was
neutralised by dropwise addition of a saturated barium hydroxide solution (40g/L
Ba(OH), in ultra-pure H,O) until the pH reached neutrality and incubated overnight at
4°C. After incubation the pH was checked, the volume adjusted to 10ml with ultra-
pure H,O and the samples were centrifuged at 4000g for 10min in a
PK121Rmultispeed centrifuge (ALC) swing-out rotor. 0.1ml of the supernatant was
diluted 10 times and 1ml of the sample was taken and placed into a numbered HPLC
vial for sugar analysis using the HPLC (DIONEX ICS 3000) Reagent-FreeTM lon
Chromatograph equipped with Dionex ICS-3000 system, electrochemical detection

using ED 40 and computer controller. A CarboPacTM PA 20 column (3 x 150 mm)
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was used for the separation with a mobile phase of 10 mM NaOH and a flow rate of

0.5 mL/min. The injection volume was 10 pl and the column temperature was 30°C.

2.2.8.3 Microscopy
2.2.8.3.1 Cell wall permeability assay using Phloxine B

1ml of 16 hours-old germinating conidia was incubated with Phloxine B (Sigma
Aldrich) solution (5uM final concentration) and observations were performed under a
fluorescent microscope with blue and green filter combinations. This dye stains
cytosolic material due to a loss of the integrity of the cell making it more permeable to
Phloxine B (Rasooly 2007). The images were taken using a GXML3201 LED
microscope (Suffolk, United Kingdom) equipped with a GT Vision camera (Suffolk,
United Kingdom). A 100x objective lens and a final magnification of x1000 were
used. Microscope images were viewed and recorded using GXCapture version 7.3
software (Suffolk, United Kingdom). The fluorescence intensity was determined using

the ImageJ software on 50 images taken for each condition from 3 biological repeats.

2.2.8.3.2 Transmission Electron Microscopy

Samples were grown in AMM 1% (w/v) glucose solution and incubated for 48h at
28°C on a shaker (New Brunswick Scientific) set to 150rpm. They were then fixed
with EM fixative buffers (3% glutaraldehyde in 0.1 M sodium cacodylate buffer). After
two rinses in 0.1 M cacodylate buffer (pH 7.2), samples were placed in 1% osmium
tetroxide in the same buffer for 1hr, then rinsed in distilled water for 5 min. They were
subsequently dehydrated in graded ethanol series, culminating in two changes in
propylene oxide. The samples were then infiltrated, polymerized with resin and
sectioned. They were stained with ethanolic uranyl acetate followed by lead acetate
and examined using a Tecnai bio twin digital transmission electron microscope run at
100 Kv.

2.2.9 Mitochondrial assay and ROS accumulation

2.2.9.1 Inhibition of the mitochondrial complexes

To test for the functionality of the mitochondrial complexes, spores of the strains of
interest were washed with 0.01% (v/v) Tween-80 solution and 10° spores/ml, in
solution, were inoculated into a 96-well plate, each well containing 150ul of AMM 1%
(w/v) glucose solution supplemented with Antimycin A (AntiA, Sigma Aldrich) (final
concentration 60ug/ml) and/or Salicylhydroxamic acid (SHAM, Sigma Aldrich) (final

concentration 5mM) and incubated at 28°C on a shaker (New Brunswick Scientific)
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set to 150rpm. AntiA is an inhibitor of the complex Il of the respiratory chain (Ahmad
et al. 1950; Rieske et al. 1962) whereas SHAM is an inhibitor of the AOX (Murphy et
al. 1999). The ODggo Was read at Oh, 24h, 48h and 54h after inoculation. The no drug
control was AMM supplemented with the solvents of AntiA and SHAM, Ethanol and
Dimethyl Sulfoxide (DMSO, Sigma Aldrich).

2.2.9.2 Intracellular ROS accumulation

Iml of 16 hours-old germinating conidia suspension was incubated with 2'7'-
dichlorodihydrofluorescein diacetate (H2DCF-DA, Sigma Aldrich) solution (5 pM final
concentration) and observations were performed under a fluorescent microscope
with blue and green filter combinations. H2DCF-DA passively diffuses into cells and
is retained in the intracellular level after cleavage by intracellular esterases
(Kristiansen et al. 2009; Xie et al. 1999). Upon oxidation by ROS, the non-fluorescent
H2DCF-DA is converted to the highly fluorescent 2',7'-dichlorofluorescein (DCF)
(Kristiansen et al. 2009). The images were taken using a GXML3201 LED
microscope (Suffolk, United Kingdom) equipped with a GT Vision camera (Suffolk,
United Kingdom). A 100x objective lens and a final magnification of x1000 were
used. Microscope images were viewed and recorded using GXCapture version 7.3
software (Suffolk, United Kingdom). The fluorescence intensity was determined using

the ImageJ software on 50 images taken for each condition from 3 biological repeats.

2.2.10 Protein analysis

2.2.10.1 Enzymatic assays
2.2.10.1.1 Congo Red Assay

The Congo Red assay was used to visualise the production of extracellular enzymes
by A. niger on different substrates. Radial diffusion of enzyme into substrate
incorporated in an agar gel produces zones of hydrolysis which can be visualized by
staining non degraded substrate with Congo red dye (Carder 1986). 10 pl of the
supernatants collected were spotted on CMC or xylan plates (0.5% w/v CMC or
xylan, 1% Agar) and incubated for 2h at 37°C. The plates were then washed with 5ml
of SSC solution (1M NaCl, 0.1M sodium citrate). 3ml of Congo Red solution (5mg/ml
in water) was then added to stain the polysaccharides but no single sugars. Plates
were left on a shaker for 15min before the liquid was poured off and replaced with
SSC solution. Plates were left on a shaker for 15min to allow de-staining to occur.

Pictures were taken using a HP ScanjetG4010 scanner.
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2.2.10.1.2 3,5-dinitrosalicylic acid (DNS) assay for reducing sugars

The reaction was started by mixing 500 pL of supernatant from fungal cultures with
750 pL of 2% wheat straw made in 50mM Citrate buffer (pH 4.8) in 2ml tubes. The
mixture was incubated overnight at 50°C under agitation at 250rpm. The reaction
was stopped by heating the samples at 100°C. The samples were centrifuged for 10
minutes at 16060g and the supernatants were transferred to a new tube. The amount
of reducing sugars liberated in the enzyme reaction was assayed by mixing 80 pL of
the enzyme reaction with 120 yL DNS solution in a 96-well PCR microplate, heating
to the boiling point for 5 min and cooling on ice for 5 minutes. 150 pL of each
samples was transferred to a new 96-well microplate before measuring the
absorbance at 540 nm using an ELISA micro-plate reader (Multiskan™ GO
Microplate Spectrophotometer, Thermo Scientific). Ranges of glucose standards run
at the same time were used to calculate the saccharification activity of the samples.

All experiments were done in biological and technical triplicates.

2.2.10.2 Protein extraction and quantification

Pellets of A. niger mycelia were ground to a powder using a mortar and pestle under
liquid nitrogen. The powder obtained for each sample was lysed by mixing with in
150 pl of solution containing 4% (w/v) SDS, 100mM Tris/HCI pH 7.6, 0.1M DTT (lysis
solution) and incubated at 95°C for 3 min. The DNA was then sheared by sonication
to reduce the viscosity of the sample. Before starting sample processing the lysates

were clarified by centrifugation at 16,060 g for 5 min.

100 ul of the lysates obtained from the protein extraction was used for protein
guantification assay. This was performed using the RC/DC (reducing agent
compatible (RC) and detergent compatible (DC)) assay (BioRad) according to the

manufacturer’s instructions.

2.2.10.3 SDS PAGE gels and staining

Proteins in culture supernatant from relevant times were separated on 4-20% Tris-
glycine Novex SDS-PAGE gels (Invitrogen). 15 ml Tris-glycine-SDS loading buffer
was added to 12 ml supernatant plus 3 ml 1 M DTT. The sample mixture was heated
to 100°C for 5 minutes before being loaded onto the gel with running conditions of
100 V for 3 hours. The gel was subsequently stained with silver according to the
method of Yan et al. (2000).
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2.2.10.4 Western blot analysis

An equal concentration of protein samples (2mg/ml) were mixed with 5ul of NUPAGE
LDS Sample Buffer (4X) (Life Technologies), 2l of NuPAGE Reducing Agent (10X)
(Life Technologies) and sterile dH,O up to 20ul and heated at 70°C for 10 minutes.
The samples were then loaded onto a 10% Bis-Tris Novex SDS-PAGE gel (Life
Technologies) with running condition of 200V for about 35 minutes in 1X MES
Running Buffer (dilution of 20X MES Running Buffer in dH,O, Life Technologies) in a
XCell SureLock Mini-Cell System (Life Technologies). As samples were reduced,
500ul of NUPAGE antioxidant (Life Technologies) were added in the upper buffer
chamber. 10pl of Color Prestained Protein Standard, Broad Range (11-245kDa)

(NEB) was loaded onto the gel for size control.

The gel was then placed over 2 sponges and 3 layers of Whatman paper 3MM
(Sigma-Aldrich) and covered with a nitrocellulose membrane (GE Healthcare Life
Sciences), 3 layers of Whatman paper 3MM and 3 sponges that had been previously
soaked in the transfer buffer (10ml 20X NuPAGE Transfer Buffer (Life Technologies),
20ml methanol, 200pl NuPAGE antioxidant (Life Technologies), dH,O up to 200ml).
The system was placed in an XCell SureLock Mini-Cell System and the upper buffer
chamber was filled with the remaining transfer buffer and the tank was filled with

600ml dH,O. The running conditions were set at 30V constant for 1h.

After transfer, the membrane was washed with 1X Phosphate Buffered Saline (PBS),
0.1% v/v Tween 20, 3% milk (PBSTM) and further incubated with PBSTM for 1h at
room temperature under agitation (MidiMix, Denley). The membrane was then
incubated with the primary antibody (ABI), diluted in PBSTM to 1/2500 for the antiTyr
ABI (NEB), overnight at 4°C under agitation (MidiMix, Denley). After incubation with
the ABI, the membrane was washed 3 times (1x15min and 2x5min) in 1X PBS, 0.1%
Tween 20 (PBST). The polyHRP secondary antibody (ThermoFisher) was then
prepared to a dilution of 1/5000 in PBSTM and incubated with the membrane for 1h
at room temperature under agitation (MidiMix, Denley). The membrane was then
washed 3 times (1x15min and 2x5min) in PBST.

The membrane was finally incubated for 5min in the dark with the Pierce ECL
Western Blotting Substrate (Thermo Scientific) before being revealed using the
BioRad Chemidoc XRS+ using the Quantity One 4.6.6 program (BioRad).
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2.2.10.5 Phosphostaining using ProQ and SYPRO reagents

ProQ Diamond staining. Gels were stained using ProQ Diamond (Molecular
Probes, Invitrogen) to detect the phosphoproteome. Incubation was performed
overnight under gentle agitation. To avoid background, gels were extensively
destained in 50 mM sodium acetate, pH 4.0, containing 15% 1,2-propanediol for 6h.
After several washes with ultrapure water, gels were scanned using a BioRad
Chemidoc XRS+ with the Quantity One 4.6.6 program (BioRad). All steps were
performed in dark, and gels were immediately scanned after the end of the protocol.
All staining and destaining steps were optimized according to the detection of
Peppermint Stick markers (Molecular Probes).

Sypro ruby staining. Total levels of proteins were revealed using Sypro Ruby
(Molecular Probes, Invitrogen) staining. Gels were incubated in staining solution
overnight at room temperature under gentle agitation. Gels were successively
washed once with ultrapure water, twice in destaining solution [10% methanol (v/v),
7% acetic acid (v/v)], and finally twice with ultrapure water, each bath with a duration
of 10 min. All steps were performed in dark, and gels were immediately scanned after

the end of the protocol.

2.2.10.6 Phosphoproteomics

Proteomics was carried out by Dr Andrew R Bottrill at the University of Leicester
Proteomics Facility (PNACL, University of Leicester). Tryspin digestion was carried

out using the Filter Aided Sample Preparation (FASP) protocol.

Phosphopeptide enrichment was performed by immobilised metal affinity
chromatography. Peptides were bound to PHOS-Select iron affinity beads (Sigma,
UK) in 250mM acetic acid / 30% acetonitrile and the pH carefully adjusted to 2.5.
Washes were carried out with 250mM acetic acid / 30% acetonitrile and with water,
and peptides eluted using 400mM ammonium hydroxide. Samples were lyophilized in
a speedvac and resuspended in 0.1% (w/v) formic acid / 0.05% (w/v) trifluoroacetic
acid / 2% (v/v) acetonitrile. LC-MS/MS was carried out using an RSLCnano HPLC
system (Dionex, UK) and an LTQ-Orbitrap-Velos mass spectrometer (Thermo
Scientific). Samples were loaded at high flow rate onto a reverse-phase trap column
(0.3mm i.d. x Imm), containing 5um C18 300 A Acclaim PepMap media (Dionex)
maintained at a temperature of 37 °C. The loading buffer was 0.1% (w/v) formic acid /

0.05% (w/v) trifluoroacetic acid / 2% (v/v) acetonitrile.
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Peptides were eluted from the trap column at a flow rate of 0.3ul/min and through a
reverse-phase capillary column (75um i.d. x 250mm) containing Symmetry C18 100
A media (Waters, UK) that was manufactured in-house using a high pressure
packing device (Proxeon Biosystems, Denmark). The output from the column was
sprayed directly into the nanospray ion source of the LTQ-Orbitrap-Velos mass

spectrometer.

LC-MS/MS was carried out using an LTQ-Orbitrap-Velos mass spectrometer
(Thermo Scientific). The LTQ-Orbitrap-Velos mass spectrometer was set to acquire a
1 microscan FTMS scan event at 60000 resolution over the m/z range 350-1250 Da
in positive ion mode. Accurate calibration of the FTMS scan was achieved using a
background ion lock mass for polydimethylcyclosiloxane (445.120025Da).
Subsequently up to 20 data dependent CID MS/MS were triggered from the FTMS
scan. The isolation width was 2.0 Da, normalized collision energy 35.0. Dynamic

exclusion was enabled.

The .raw data file obtained from each LC-MS/MS acquisition was processed using
Proteome Discoverer (version 1.4, Thermo Scientific), searching each file in turn
using Mascot3 (version 2.2.04, Matrix Science Ltd.) against the UniProtkKB-
Swissprot4 database (2010). The peptide tolerance was set to 10 ppm and the
MS/MS tolerance was set to 0.4 Da. Fixed modifications were set as
carbamidomethyl (C) with variable modifications of carbamidomethyl (N-term),
oxidation (M) and phosphorylation (S/T/Y).

The output from Proteome Discoverer was further processed using Scaffold Q+S5
(version 4.0.5, Proteome Software) (Searle, 2010). Upon import, the data was
searched using X!Tandem6 (The Global Proteome Machine Organization).
PeptideProphet7 and ProteinProphet8 (Institute for Systems Biology) probability
thresholds of 95% were calculated from the decoy searches (Figure 5.1 in Appendix)
and Scaffold was used to calculate an improved 95% peptide and protein probability
threshold based on the data from the two different search algorithms, Mascot and

X!Tandem.
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Figure 2.3: General approach used by peptide-centric MS technologies for the
identification of protein complex mixtures. After proteolysis of a protein, or complex
mixture of proteins, the spectra associated with protease fragments are matched with
spectra generated in silico using information obtained from protein databases
(Duncan et al. 2010).

2.2.11 In silico analysis tools and statistics

2.2.11.1  Design of primers

Primers used for the deletion process were designed to bind to sequences upstream
and downstream from the genes of interest and at each end of the gene region.
Sequence files for each of the three genes were obtained from CADRE
(http://www.cadre-genomes.org.uk/index.html), and uploaded into Vector NTI 10.3.0
for primer design. The primers were designed with restriction sites and checked on
Vector NTI to verify the restriction sites were inserted correctly in the primers. The
designed primers (although excluding their restriction site recognition sequences)
were tested on Primer-BLAST (http://www.ncbi.nim.nih.gov/tools/primer-blast/) to
obtain the predicted product size. For complementation of the AxInR strain, a
complementation cassette was obtained by amplifying the upstream region of the
xInR gene, the xInR gene and the downstream region of the gene. The primers used
were the ones used to amplify the up and down flanking regions for the deletion

process. Primers used in this work are presented in Table 2.1 (Appendix 2.1).
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2.2.11.2 BLAST analysis

Search for homology between sequences was done using the algorithm BLAST
(Altschul et al. 1990) on the public database NCBI
(http://blast.ncbi.nim.nih.gov/Blast.cqgi). BLASTn and BLASTp allow the search for
homologies between DNA sequences and protein sequences respectively.

2.2.11.3 Sequence alignments

Sequences alignments were done using the default parameters of the MULTALIN

programme available online (http://multalin.toulouse.inra.fr/multalin/).

2.2.11.4 Protein motif scanning

The scanning of protein sequences for the presence of known motifs was performed
using the ScanProsite tool by ExPASy (http://prosite.expasy.org/scanprosite/),
InterProScan version 4.8 by MBL-EBI (http://www.ebi.ac.uk/Tools/pfa/iprscan/) and
SignalP (http://www.cbs.dtu.dk/services/SignalP/). The ScanProsite tool was used
against the PROSITE motif collection, excluding motifs with a high probability of
occurrence from the scan. The InterProScan was performed against the InterPro
collection of protein signature database, using the default protein motif scanning
parameters. SignalP 4.1 was used against the organism group Eukaryotes, with

default settings.

2.2.11.5 TFs binding site prediction

The prediction of PacC binding sites was done using the TF prediction tool available
at http://www.yeastract.com/tfsbindingsites.php and the Matlnspector prediction tool
from Genomatix Suite (http://www.genomatix.de/). The YEASTRACT (Yeast Search
for Transcriptional Regulators And Consensus Tracking) information system is a tool
for the analysis and prediction of transcription regulatory associations in
Saccharomyces cerevisiae. Last updated in June 2013, this database contains over
200 000 regulatory associations between TFs and target genes, including 326 DNA
binding sites for 113 TFs. The Matinspector tool comes with a large library of weight
matrices representing transcription factor binding sites which can be searched in

DNA sequences.
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3.1 Introduction

To access nutrients, fungi have developed the capacity to penetrate or access
complex substrates by either or both enzymatic processes and physical pressure.
The result is that hyphae can access nutrients unavailable to other microorganisms in
a range of different environments (Carlile et al. 1994). Environments can be highly
variable and fungi have evolved to occupy a wide diversity of habitats. The
heterogeneity of environments is caused by variation in deposition of organic
nutrients, availability of each nutrient and water and the response of the thallus at
each point to environmental factors. Growth in heterogeneous conditions results in
the mycelium having different parts in different stages of response (Carlile et al.
1994). Some parts of the mycelium may respond to available nutrients with
exponential growth, others will be static, and others declining. However, a range of
environmental factors influences the response of fungi beyond the overriding
nutritional requirements (Figure 3.1).

ENVIRONMENTAL FACTORS

Photoperiod, \ Atmospheric
light intensity gases
s R FUNgal Browth -

Type of S.lrzl.:\
substrate variability
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size
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agents
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Figure 3.1: Principal factors influencing fungal growth (modified from European
Commission (1994)).

Measuring growth of fungi can be a difficult task. Growth may be defined as an
increase in mass of the whole part of a living organism by the synthesis of
macromolecules. Organisms can grow by increasing the mass of their constituent
cells followed by cell division and an increase in cell number. In this chapter, a range
of assays have been tested when A. niger is grown in a simple substrate, glucose,

and in a complex substrate, ball-milled wheat straw. The AB4.1 strain of A. niger as

43



Chapter 3. Measurement of fungal growth on lignocellulosic substrates

well as the AxInR strain were used in this work. Hasper et al. (2000) showed that the
deletion of xInR in both A. niger and A. oryzae resulted in a strong decrease of the
transcript levels of genes encoding several hemicellulose-degrading enzymes.
Moreover, the authors showed that the growth of the A. niger AxInR strain was

strongly reduced on hemicellulosic substrates (Hasper et al. 2000).

3.1.1 Indicators of fungal growth

3.1.1.1  Acidification of the medium - pH

Many species of fungi change the pH as they grow with some species increasing and
others decreasing the pH of their medium as the use of inorganic nitrogen sources
(ammonium and nitrates) give different pH responses. Conventional culture media
used for physiological studies of fungi (e.g. Potato Dextrose Agar) have low buffering
capacities and the effects of pH on fungal growth on such media are difficult to
assess (Child et al. 1973). The pH of the medium is important as it influences mineral
availability, enzyme activity and membrane function. As for enzyme activity, enzymes
govern all metabolic processes and the functioning of enzymes is influenced by the
pH of the environment or media. The ambient pH has been shown to strongly
influence abiotic factors such as carbon availability (Andersson et al. 2000; Kemmitt
et al. 2006), nutrient availability (Kemmitt et al. 2006; Kemmitt et al. 2005; Pietri et al.
2008) and the solubility of metals (Firestone et al. 1983; Flis et al. 1993). In addition,
pH may control biotic factors, such as the biomass composition of fungi and bacterial
populations (Fierer et al. 2006) in agricultural soils, for example (Arao 1999; Bardgett
et al. 2001). Generally speaking, fungi can tolerate a wide range of pH values, as the
majority of fungi have been found to grow well at a pH range from 4.2 to 9.3 (Rousk
et al. 2010).

A wide range of acids (e.g. citric acid, gluconic acid) are produced by A. niger during
fermentation by the utilisation of the carbohydrate sucrose. A. niger can convert as
much as 95% of available carbon to organic acids (Karaffa et al. 2003). Secretion of
acids helps in degrading the plant cell walls on which the fungus grows, but it also
slows the growth of competing organisms (Pedersen et al. 2000). Thus pH plays a
very significant role in fungal growth and acidification of the medium can be a good
indicator of growth for A. niger (Archer et al. 1990, Pedersen et al. 2000, Rosling et
al. 2004) (Figure 3.2).
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Figure 3.2: Production of acids by the A. niger WT and Ax/nR strains on AMM +
Congo Red plates. Congo red can be used as a pH indicator and the medium turns
from red to blue when it becomes acid. The production of acids from A. niger
colonies resulted in the production of a blue halo. —indicates the size of the halo
produced. Congo Red image for pH indicator from
http://individual.utoronto.ca/jenna/B42/BA.htm.

3.1.1.2 Dry weight

Dry weight measurement is probably the most widely used and most generally
applicable method for assaying growth of fungi. Growth of filamentous fungi in liquid
culture is usually measured as an increase in dry weight, using either stationary or
shaken cultures in Erlenmeyer flasks. Dry weight measurement requires separation
of biomass from the growth medium which is relatively straightforward in liquid
cultures containing a soluble carbon source such as glucose. However, when
filamentous fungi are grown on lignocellulosic substrates, the fungus is mixed with
the substrate and dry weight measurement is not useful to determine the fungal
biomass. In this case, there are few methods that can provide representative and

reproducible values for fungal growth.
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3.1.2 Measurement of cellular components composition

The biomass can also be estimated from measurements of a specific component, as
long as the cell component constitutes a constant proportion of the biomass during
growth. Chemical estimation of its concentration can be used to estimate the growth
of the fungus. Whipps et al. (1982) suggested potentially suitable compounds such
as total nitrogen, chitin, proteins or ergosterol contents to provide indirect ways of
measuring fungal biomass. Cell wall components such as chitin, glucan and mannan
have been the most widely used. The disadvantages of these methods include
variation in cell composition which is influenced by specific growth rate of some fungi

or the medium composition.
3.1.21 Glucosamine assay

Glucosamine is a useful compound for the estimation of fungal biomass, taking
advantage of the presence of chitin, poly-N-acetylglucosamine, in the cell walls of
many fungi. Interference with this method may occur when using complex agricultural
substrates containing glucosamine in glucoproteins. It has been used in solid state
fermentation (SSF) systems to estimate fungal biomass (Aidoo et al. 1981) as the
amount present is known to be characteristic of the species and will remain constant
throughout the fermentation (Pusztai 1964). Mycelial glucosamine contents ranged
from 67 to 126 mg per g dry mycelium (Andersen 2008).

3.1.2.2 Ergosterol

Ergosterol is the predominant sterol found in the cell membranes of fungi. Ergosterol
estimation was therefore compared with the estimation of glucosamine for the
determination of growth of Agaricus bisporus (Matcham et al. 1985). In solid cultures,
directly proportional relationships for glucosamine and ergosterol during the linear
extension of the mycelium were obtained. The determination of ergosterol was
claimed to be more convenient than glucosamine as it can readily be measured by
gas chromatography, high performance liquid chromatography (HPLC) or ultra violet
spectrometry (Seitz et al. 1979). The determination of ergosterol is also valuable in
correlating fungal activity to synthesis of fungal secondary metabolites such as

aflatoxins, alternariol and zearalenone (Seitz et al. 1979; Zill et al. 1988).
3.1.2.3 Total protein concentration

The most readily measured biomass component is protein. Protein is a biomass

component which has commonly been used as an indicator of growth. Protein
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measurements are simple if a predominantly starchy substrate is used, but cannot be
used if the substrate contains significant amounts of protein, since the hydrolysis of
the substrate proteins will counter-balance the production of biomass proteins.
Generally, dry wheat straw is composed of around 3% (by weight) of proteins (Sarkar
et al. 2012). The protein content in the biomass of microscopic fungi and yeasts
depends on the species and the type of medium. For A. niger, proteins represent ca.
26% (w/w) of dry biomass (Andersen 2008).

3.1.24 Enzymatic assay

The production of extracellular enzymes can also be used as an index of the amount
of growth. Filamentous fungi are good secretors of metabolites and hydrolytic
enzymes, which has granted them an important role in biotechnology (Archer et al.
2008). Many of the hydrolytic enzymes secreted by fungi have evolved to degrade
the complex structure of plant cell walls (McCann et al. 2008). The most prominent
enzymes that are secreted in the process of plant cell wall decomposition are
hemicellulases, cellulases, pectinases and proteases. These enzymes degrade
complex organic matter such as hemicellulose or cellulose to simple sugars that are
used as a source of carbon, energy and nutrients (Burns et al. 2013). Therefore,
measuring extracellular enzymatic activity as the ability of A. niger to degrade wheat
straw to support its growth can serve as an assay of growth. However, methods
using extracellular activities as a measure of growth have been found to vary in their
results. For example, extracellular laccase (polyphenoloxidase) activities have been
used to estimate growth of A. bisporus on composted wheat straw (Wood 1979). In a
subsequent study, Wood (1980) found that laccase production by A. bisporus
mycelium in liquid culture varied by a factor of 4 between simple and complex culture
media raising doubts over the use of the laccase method as a means of accurately

determining unknown quantities of A. bisporus mycelium in solid substrates.
3.1.25 Molecular methods

They are based on nucleic acid sequences that are specific to the target fungi. The
most useful method is called nucleic acid hybridisation and it involves the selection,
cloning and chemical labelling of sequences specific to the target organism. These
are then used as probes to detect RNA or DNA of the fungus in the substrate
considered. DNA content has been used to estimate the biomass of A. oryzae on rice
(Bajracharya et al. 1980). The method was calibrated using the DNA contents of
fungal mycelia obtained in submerged culture. DNA contents were higher during

early growth and then decreased, levelling off as the stationary phase was
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approached. The method was corrected for the DNA content of unfermented rice,
which remained unchanged since A. oryzae did not produce extracellular DNases
(Smith et al. 1969).

Recently, Simeng et al. (2015) developed a qRT-PCR-based method to quantify
fungal genomic DNA to assess the fungal biomass during SSF. In fact, due to its high
specificity and sensitivity, gqRT-PCR allows quantification of specific DNA targets, at
potentially any phylogenetic level, from single genotypes to large taxonomic groups
or even all fungi. Recently, several studies have shown the reliability of this method
for monitoring and quantifying ochratoxin A producing fungal strains in several food
matrices (Rodriguez et al. 2011) or for quantifying fungus biomass in soil (Feinstein
et al. 2009; Snajdr et al. 2011). Simeng et al. (2015) used this method to compare
the ability of three basidiomycetes to grow on wheat straw and their suitability for
wheat straw pre-treatment. They concluded that the gRT-PCR-based method
provided a reliable alternative to conventional methods to estimate mycelium quantity
during SSF. However, Song et al. (2014) and Wallander et al. (2013) identified two
main limitations to this method: poor reproducibility in nucleic acid extraction and
variation of the conversion factors used to convert genomic DNA quantities to
mycelium dry weight between strains.

3.1.3 Aims

The aim of this chapter is to find a fast, reproducible, reliable and practical technique
for determining fungal biomass as a routine assay to phenotype A. niger deletion

strains when grown on wheat straw.

3.2 Material and Methods
See Chapter 2:

- 2.2.7.1 for pH measurement

- 2.2.7.2 for glucosamine assay

2.2.10.2 for protein extraction and concentration measurement
- 2.2.10.1.2 for DNS assay
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3.3 Results
3.3.1 Indicators of fungal growth

3.3.1.1 Acidification of the medium - pH

The pH was measured in cultures grown for 48h in glucose (starting pH of the
glucose medium pH6.5) before the mycelium was transferred to wheat straw medium
(starting pH of the wheat straw medium was 6.5). After 24h and 48h in wheat straw
medium, the pH was measured in the cultures. For the glucose condition, after 48h of
culture, the pH had dropped from 6.5 to 2.87 for the A. niger WT strain and from 6.5
to 3.64 for the AxInR strain. In wheat straw, after transfer to the medium, the pH had
dropped from 6.5 to 3.37 after 24h and to 2.84 after 48h for the WT strain when the
pH had increased from 6.5 to 6.55 after 24h and to 6.73 after 48h for the Ax/nR strain
(Figure 3.3). A two-way ANOVA test was performed within a same condition (e.g.
glucose 48h) to show differences between the two strains. The results from the test
showed that for the three conditions the differences between the WT strain and the

AxInR strain were significant.
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Figure 3.3: Culture pH measurements in the glucose 48h cultures as well as at 24h
and 48h after transfer of the mycelium to wheat straw 1% (w/v) cultures. A two-way
ANOVA test was performed. * indicates a significant difference within one condition

(e.g. glucose 48h) when the WT and the AxInR strains were compared (p<0.05).

49



Chapter 3. Measurement of fungal growth on lignocellulosic substrates

3.3.2 Measurement of cellular components

3.3.2.1 Glucosamine assay

The amounts of glucosamine in fungal cultures were measured at each time point
and converted back to a dry weight biomass. After 48h in glucose (1% wi/v) the dry
weight (DW) for the WT strain was 0.103g and 0.087g in the AxInR strain. The DW
(estimated from glucosamine assay and standard curves, glucosamine vs dry weight,
see Appendix 3.2) after 24h and 48h in wheat straw (1% w/v) were 0.21g and 0.34g
respectively for the WT strain and 0.15g and 0.197g for the AxInR strain (Figure 3.4).
For the WT strain the biomass increased by 2 times between the glucose condition
and the 24h wheat straw time point and by 3.3 times after 48h. The increase in
biomass was similar for the Ax/InR strain with a 1.7 times increase at 24h and 2.26 at
48h in wheat straw. However the WT biomass increased 1.4 times more than the
AxInR strain for the 24h time point and 1.7 times more for the 48h sample. A two-way
ANOVA test was performed within a same condition (e.g. glucose 48h) to show
differences between the two strains. The results from the test showed that for the
three conditions the differences between the WT strain and the Ax/InR strain were

significant.
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Figure 3.4: Glucosamine content measurements converted to dry weights in the
glucose 48h cultures as well as at 24h and 48h after transfer of the mycelium to
wheat straw 1% (w/v) cultures. The 48h glucose mycelia were considered as a Oh

time point samples in wheat straw. A two-way ANOVA test was performed. *
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indicates a significant difference within one condition (e.g. glucose 48h) when the WT

and the AxInR strains were compared (p<0.05).
3.3.2.2 Total protein concentration

The concentrations of total proteins in fungal cultures were measured at each time
point and converted back to a dry weight biomass. After 48h in glucose (1% w/v) the
dry weight (DW) for the WT strain was 0.041g and 0.044g in the AxInR strain. The
DW (estimated from protein assay and standard curves, total protein concentrations
vs dry weight) after 24h and 48h in wheat straw (1% w/v) were 0.09g and 0.06g
respectively for the WT strain and 0.12g and 0.05g for the AxInR strain (Figure 3.5).
For the WT strain the biomass increased by 3 times between the glucose condition
and the 48h wheat straw time point. The increase in biomass was lower for the AxiInR
strain with a 1.1 times increase between the glucose condition and the 48h wheat
straw one. A two-way ANOVA test was performed within a same condition (e.qg.
glucose 48h) to show differences between the two strains. The results from the test
showed that for the the 24h and 48h wheat straw time points the differences between

the WT strain and the AxInR strain were significant.
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Figure 3.5: Total protein concentration measurements converted to dry weights in
the glucose 48h cultures as well as at 24h and 48h after transfer of the mycelium to
wheat straw 1% (w/v) cultures. A two-way ANOVA test was performed. * indicates a
significant difference within one condition (e.g. glucose 48h) when the WT and the

AxInR strains were compared (p<0.05).
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3.3.2.3 Enzymatic activity

The measurement of the enzyme activity from the supernatants of the WT and AxInR
wheat straw cultures was done using the DNS assay measuring the reducing sugar
ends released from the incubation of the supernatants (500ul) with wheat straw. The
results showed that fewer reducing sugar ends were released from the incubation of
the supernatants from the xInR deletion strains when compared to the WT
supernatant. For the WT strain, 1.06 and 1.27 glucose equivalents were released
from the 24h and 48h supernatants respectively. For the A. niger xInR deletion strain,
0.51 and 0.73 reducing sugar ends were released from the incubation with wheat

straw (Figure 3.6).
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Figure 3.6: Measurement of reducing sugar ends released after incubation of equal
volumes of the supernatants (500ul) of the WT and Ax/InR wheat straw cultures with
wheat straw done by DNS assay. A two-way ANOVA was performed for each
condition in comparison to the WT strain. The results shown represent triplicates of
three independent biological samples and the error bars indicate the standard error
of the mean. * represent the condition for which the two-way ANOVA test result had a
p-value < 0.05 which means that the difference observed is significant when

compared to the WT.
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3.3.2.4 Relative growth in glucose cultures

The proportions of glucosamine and total proteins were calculated for the glucose-
grown mycelial samples in relation to the dry weight measurements. The proportion
of glucosamine in the glucose cultures was 4.78% (w/w) for the WT strain and 2.39%
(w/w) for the AxInR strain (Figure 3.7). For the total protein concentration, the
proportion in the WT strain was 31.9% (w/w) and 34.8% (w/w) for the Ax/InR strain
(Figure 3.8). A t-test was performed to show the levels of confidence in any
difference between the two strains. For the glucosamine and the protein proportions

the differences observed between the WT and the AxInR strains were significant.
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Figure 3.7: Proportion of glucosamine in the glucose 48h cultures compared to the
expected amount of glucosamine in pure culture of A. niger (5%) (Andersen et al.
2008). A t-test was performed for statistics analysis. * indicates a significant

difference between the WT and the Ax/nR strains (p<0.05).
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Figure 3.8: Proportion of total proteins in the glucose 48h cultures compared to the
expected amount of intracellular proteins in pure culture of A. niger (26%) (Andersen
et al. 2008). A t-test was performed for statistics analysis. * indicates a significant
difference between the WT and the Ax/InR strains (p<0.05).

3.4 Discussion

Various biomass determination methods are available for the quantification of fungal
biomass. Each method has its advantages and drawbacks. A perfect method does
not exist yet for measuring growth in complex substrates but some methods are more
suitable than others. Most of the tested methods are based on the quantification of
cell-specific components, which are known to change in response to environmental
changes (Scotti et al. 2001). Steudler et al. (2015) studied the effect of 3 main
cultivation variables on the estimation of fungal biomass: temperature, mycelium age
and the substrate. In their study they used the Basidiomycete fungus Trametes
hirsuta to investigate which biomass estimation assay would be the most suitable in
solid-state fermentation (SSF). They found that biomass estimation based on
glucosamine content was influenced by mycelium age confirming the results of
Matcham et al. (1985). However, in the case of Ascomycetes, such as A. niger, it
was shown that the age of the mycelium did not influence the glucosamine estimation
making it a suitable method for biomass estimation (Desgranges et al. 1991; Scotti et

al. 2001). In addition to the age of the mycelium, other studies showed that biomass
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values, obtained by all applied methods, were influenced by the medium and the
substrate (Desgranges et al. 1991; Klamer et al. 2004; Matcham et al. 1985; Miller et
al. 1998; Ooijkaas et al. 1998; Scotti et al. 2001). Substrates directly influence the
growth of the fungus or more precisely, the formation of fungal biomass, through their
nutrient contents, degradability and impurities (Steudler et al. 2015). Thus, total
biomass, cell component levels and metabolic activities would all be affected by the
substrate. For instance, straw is less decomposable than corn silage or orange peel,
thus more extracellular enzymes, different enzymes or a longer incubation time are
required to obtain nutrients from it (Steudler et al. 2015). Also, other parameters can
affect the biomass estimation such as (1) interference from components in the
substrate other than the target compounds or (2) interference resulting from the
presence of the target compounds in the substrate. In this perspective, ergosterol
content measurement seems to be the most suitable method, as ergosterol does not
occur in significant amount in plants (Matcham et al. 1985), no interference is
expected in the analysis of ergosterol content. Also, it is the predominant sterol in
fungal cell membranes (Klamer et al. 2004) so the samples are likely to contain
sufficient amounts for robust analysis. The ergosterol method is regarded as a major
approach for the estimation of living fungal biomass but that depends on the
assumption that ergosterol is rapidly degraded upon death of fungal hyphae.
Nevertheless, Mille-Lindblom et al. (2003) showed that ergosterol was persisting
independently of the presence of living fungi and further confirmed this result by
showing that ergosterol was very stable and slowly degraded even after 2 months in
environmental samples without living fungi (Mille-Lindblom et al. 2004). Therefore,
the possibility that a significant fraction of the measured ergosterol does not
represent living fungal biomass should be considered. In the perspective of using
biomass estimation as an indicator of fungal growth, ergosterol may not be the best
method to phenotype strains based on their growth rates, as dead hyphae could be
present in the culture of a strain that would not be able to grow well on complex
substrates such as the AxInR strain. Glucosamine is also a fungal specific compound
that is not found in plants and it should provide a suitable assay for the analysis of
fungal growth. However, hexosamines are known to interfere with glucosamine
content analysis (Matcham et al. 1985) and can be present in plant cell walls as in
the cell wall of rice coleoptile that was found to contain several hundred micrograms
hexosamine per gram of dry weight (Hoson et al. 1983). As for wheat straw, the level
of hexosamines is not yet known but it is likely that some hexosamines would be
present in wheat straw and would interfere with the glucosamine assay. However, all

the samples were grown all under the same condition and this interference should be
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the same in all the samples and be reflected in the results of all samples allowing for
phenotyping analysis. As for ergosterol, it is possible that glucosamine remains in
dead hyphae but to my knowledge no measurement of the stability of glucosamine in
time has been reported. When dry weights were calculated back from the
measurement of glucosamine contents, the values obtained were similar to the dry
weight measured from 1.5g wet weight glucose culture suggesting that the
interference from wheat straw for the glucosamine content analysis is nill or very low.
Here the glucosamine assay was tested to find out if it could be a suitable phenotypic
routine assay. The results obtained for the WT and the Ax/nR strains showed
differences in growth for the 2 strains suggesting that measuring glucosamine
content is a sensitive enough approach for growth phenotyping. However, the results
showed that the AxInR strain was growing according to the assay which was not
expected to this extent as this strain is known to grow poorly on complex substrates
such as wheat straw (Hasper et al. 2002). A sugar composition analysis of the WT
and AxInR strains was carried out (see Chapter 4) and the results showed that the
cell wall of the AxInR strain contained around 3% more glucosamine, by weight, than
the WT cell wall. This suggests that the growth rate observed for the xInR deletion
strain should be lowered as more glucosamine is present in the cell wall and
therefore increases the values measured for glucosamine content. Nonetheless, as
the AxInR strain is not degrading straw as efficiently as the WT strain, more wheat
straw is present at the time of measurement and the interference due to the substrate
could also be greater in the AxInR strain sample, increasing the measurement of the
glucosamine content. The advantage of using the glucosamine assay is that it can be
easily used routinely in the laboratory as it does not require any specific equipment

such as HPLC which is required in the case of the ergosterol content measurement.

The measurements of total protein concentration as well as enzymatic activities were
also used to assess the growth of A. niger in wheat straw. The measurement of
extracellular enzymatic activity seemed to be a suitable assay in the case of the
AxInR strain. However, the xInR gene encodes the main regulator XInR that is known
to be necessary for the expression of most CAZy-encoding genes for an efficient
degradation of lignocellulosic substrates (Hasper et al. 2000). Therefore, the
supernatants of the cultures obtained from the deletion strain do not include a lot of
secreted enzymes and so the assay allows for good phenotyping results. In the
perspective of using this assay for the phenotyping of other deletion strains, it may
not be as sensitive as in this case if the deletion strains to phenotype are not mutants

of genes that would be involved in the regulation of secreted enzymes. Measuring
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the total concentration of proteins was also a good indicator of growth as the results
showed differences between the 2 strains tested, yet there are some limiting factors
to the use of this method. The measure of the total protein content is not a fungal
specific method as the substrate can potentially contain proteins as well. In the case
of wheat straw, it was shown that dry wheat straw is composed of around 3% (by
weight) of proteins (Sarkar et al. 2012) which could lead to overestimation of the
protein content or could prevent the detection of small phenotypic differences. In
addition, protein assays are usually colorimetric assays that have been shown to be
sensitive to interferences (Peterson 1979) and their accuracy greatly depends on the
method used to extract proteins (Guerlava et al. 1998). Also, it is not known how

wheat straw could interfere with the colorimetric reaction.

Other more straightforward methods were used to measure fungal growth such as
measuring the pH of the culture as the result of the acidification of the medium or
measuring the dry weight of the flasks for each time point. A. niger produces a range
of acids as it grows during fermentation and thus measuring pH is a good indicator of
growth for this species (Archer et al. 1990; Pedersen et al. 2000) unless the medium
is heavily buffered. It is a reliable and reproducible way of measuring growth for A.
niger and is appropriate to use in both simple substrates such as glucose or in
complex substrates such as wheat straw. However, as expected, dry weight
measurement is not a suitable method for measuring growth in wheat straw as the
mycelium is mixed with the substrate. In order to use dry weight as an indicator of
growth in complex substrates, a way of separating the mycelium of the substrate

would be needed.

The proportions of total proteins and glucosamine were calculated relative to the dry
weight of the samples (from 1.5g wet weight samples). The total protein proportion
was shown to be around 26% for A. niger (Andersen 2008) and the results obtained
here showed that this proportion was correct in both the WT strain (around 30%) and
the AxInR strain (around 29%). However, the proportion of glucosamine measured
was around the correct value for the WT strain (around 5%) but was much lower for
the Ax/InR strain. This is in contradiction with the analysis of the cell wall sugars
composition. It could be explained by the fact that the dry weight of the Ax/InR strain
samples (from 1.5g wet weight samples) were lower than the WT one, therefore it
could decrease the proportion of glucosamine measured relative to dry weight. In the
case of the sugar analyses, it was done from the preparation of cell wall samples
from the content of a full culture which should make the measurement more reliable

and accurate.
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In most cases, it seems to be advantageous to use a combination of different
methods. This has two advantages. Firstly, it can increase the reliability of the
results. Secondly, it can provide additional information about the state of the culture

and allow for better measurements.

3.5 Future work

Among the different methods tested, pH seems to be the most appropriate to
phenotype strains from A. niger based on the particularity of this species to acidify
the medium on which it grows. The advantage of using pH measurement is that it is
suitable for both simple and complex substrates and that no interference would occur
from the complex substrate in the measurement. As for the fungal specific methods
to estimate fungal biomass, even if none of the described methods is perfect, the
glucosamine assay was the easiest to use in the laboratory as a routine assay for
relatively quick phenotyping. It is a quite straightforward and cheap method that does
not require extra equipment such as the use of HPLC in the case of the
measurement of ergosterol. In any case, the best approach is to combine different
methods and having a third assay to phenotype the strains would make the results
more reliable. However, how wheat straw interferes with the different assays
described in this chapter is not known and more investigation should be done to find

out how this interference is impacting the results of the different methods.
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4.1 Introduction

4.1.1 Transcriptional regulation and responses — CAZy genes and
associated regulatory mechanisms

Mechanisms of transcriptional regulation of genes encoding cellulases and
hemicellulases in filamentous fungi have been studied, in Aspergillus spp. (Noguchi
et al. 2009; van Peij et al. 1998b) and Trichoderma spp. (Stricker et al. 2008)
amongst other species. Producing these extracellular enzymes is energy-consuming
for the fungus, so the enzymes are produced only under conditions in which the
fungus needs to use plant polymers as an energy and carbon source. Moreover,
production of many of these enzymes is coordinately regulated, and they are induced
in the presence of the substrate polymers. Molecules such as gentiobiose in
Penicillium spp. (Kurasawa et al. 1992), xylose in A. niger (Mach-Aigner et al. 2012)
and sophorose in T. reesei (Sternberg et al. 1979) have been shown to be inducers
of genes encoding cellulases and hemicellulases. These molecules, gentiobiose and
sophorose, are products of the hydrolysis and/or transglycosylation of xylan and/or
cellulose (Hrmova et al. 1991; Mandels et al. 1962).

Transcription factors are proteins involved in the process of converting, or
transcribing, DNA into RNA. Transcription factors include a wide number of proteins,
excluding RNA polymerase that initiate and regulate the transcription of genes
(Roeder 1996). One distinct feature of transcription factors is that they have DNA-
binding domains that give them the ability to bind to specific sequences of DNA
called enhancer or promoter sequences. Some transcription factors bind to a DNA
promoter sequence near the transcription start site and help form the transcription
initiation complex. Other transcription factors bind to regulatory sequences, such as
enhancer sequences, and can either stimulate or repress transcription of the related
gene. These regulatory sequences can be thousands of base pairs upstream or
downstream from the gene being transcribed. Regulation of transcription is the most
common form of gene control. The action of transcription factors allows for unique
expression of each gene in different cell types and during development (Latchman
1997).

The zinc finger family of transcription factors is one of the most important families of
transcription factors, and many have regulatory functions in development or

metabolism (Caddick 2008). The Zn binuclear cluster motif, Zn,Cyss, is considered
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as fungal specific (Todd et al. 1997). Zinc finger TFs have a conserved DNA-binding
motif in their N-terminus (CX2CX6CX5-16CX2CX6-8). This conserved motif is
followed by a less conserved domain which was identified as a fungal specific TF
domain (Yuan et al. 2008).

Sequencing of the A. niger CBS 513.88 genome (Pel et al. 2007) has permitted the
identification of 286 ORFs predicted to have the Zn,Cysg motif in their sequence.
Nevertheless, the majority of these TFs have not been studied in detail and only a
few of them have been described (Table 4.1).
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Table 4.1: Known regulators of genes encoding CAZy enzymes and involved in pH
regulation in filamentous fungi.

. Binding Recognition
Factor Function ) ) References
domain motif
. ) C2H2 Zinc (Drysdale et
CreA Carbon Catabolite Repression ] SYGGRG
finger al. 1993)
Regulator of xylanolytic genes
encoding enzymes required for xylan (van Peij et al.
XInR i Zn,Cys; GGCTAAA
degradation and endoglucanase gene 1998b)
expression
Regulator of genes encoding
enzymes required for arabinose ) (de Vries et al.
AraR _ ) Zn,Cysg Not determined
degradation genes encoding 1999b)
enzymes
Regulator of genes encoding
] (Yuan et al.
AmyR enzymes required for starch Zn,Cys; CGGNgCGG 2008)
degradation
Regulator of genes encoding
) o (Yuan et al.
InuR enzymes required for inulin Zn,Cysg CGGNCGG 2008)
degradation
Regulator of genes activated in C2H2 Zinc (MacCabe et
PacC ] GCCARG
response to external pH finger al. 1996)
Regulator of genes encoding )
] ) (Coradetti et
CLR-1 enzymes required for cellulose Zn,Cys; Not determined . 2012)
al.
degradation A
Regulator of genes encoding )
] ] (Coradetti et
CLR-2 enzymes required for cellulose Zn,Cys; Not determined . 2012)
al.
degradation B
Regulator of genes encoding )
) ) ) ) (Kunitake et
CIbR enzymes required for cellobiose Not determined | Not determined

degradation

al. 2012)

4.1.2 Transcriptional responses of A. niger to lignocellulosic substrates

The responses of A. niger to different lignocellulosic substrates have been studied in

detail in the recent years. Transcriptional analyses have been carried out for various

62




Chapter 4. Transcriptional regulation of genes encoding Glycoside Hydrolases (GHSs) in

A. niger

substrates such as wheat straw (at two time points) (Delmas et al. 2012; van Munster
et al. 2014), willow (Pullan et al. 2014), and pre-treated sugar cane bagasse (de
Souza et al. 2011). The analyses showed many similarities in the CAZy
transcriptional responses of A. niger to wheat straw (at the later time point), willow
and pre-treated bagasse (de Souza et al. 2011; Delmas et al. 2012; Pullan et al.
2014). Most of the genes encoding the CAZy enzymes required to breakdown
cellulose and the hemicellulose backbones and side chains were induced. When the
responses of A. niger to wheat straw were compared to the responses to willow in
more detail, a similar pattern was observed, though there were some notable
differences in expression levels (Pullan et al. 2014). Genes that had higher
expression on wheat straw compared to willow included a GH62 arabinofuranosidase
and two feruloyl esterases. These increases in expression could be related to
compositional differences in the substrates (Pullan et al. 2014). A sequential
response was also suggested in the transcriptional responses of A. niger to wheat
straw where most of the genes encoding enzymes degrading hemicelluloses were
induced earlier than genes encoding enzymes with activity towards pectins (van
Munster et al. 2014). Andersen et al. (2012) described differences in the response of
A. niger to different polysaccharide substrates but comparisons between the study
with the different polysaccharides (Andersen et al. 2012) to the lignocellulose studies
(de Souza et al. 2011; Delmas et al. 2012; Pullan et al. 2014; van Munster et al.
2014) is complicated because the concentrations of xylose in the xylan cultures at
the time of sampling have the potential to also have a repressing as well as an
inducing effect. A previous study in A. niger showed that concentrations of xylose
higher than 1mM can have a repressive effect on CAZy genes (de Vries et al.
1999a).

4.1.3 Activators and repressors of CAZy gene transcription
4.1.3.1 Overview of transcriptional activators and repressors

There are some common and unique activators in fungi relevant to lignocellulose
degradation. Todd et al. (2014) showed that most of these activators are found in
Ascomycetes and not in Basidiomycetes. In a set of 64 characterised activators in
Ascomycetes, the authors found that among the 7 relevant to the breakdown of
lignocellulose (XInNR, AmyR, InuR, AraR, GalR, GalX and RhaR), none of them had

any orthologues in the 31 Basidiomycetes species that they considered (Todd et al.
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2014). Moreover, Todd et al. (2014) showed that most of these regulators belong to
the Zn,Cyss TF family which is prevalent in Ascomycetes compared to

Basidiomycetes.

A key repressor of transcriptional regulation in fungi related to lignocellulose is the
repressor CreA/CRE1 (Portnoy et al. 2011; Ruijter et al. 1997). This regulator
functions in Carbon Catabolite Repression (CCR), and, in the presence of sufficient
glucose, triggers the transcriptional suppression of genes encoding enzymes
responsible for the degradation of complex polysaccharides (Ruijter et al. 1997).
Contrary to Ascomycetes activators, CreA/CREL orthologues were found in both
Ascomycetes and Basidiomycetes fungi (Todd et al. 2014). However, for the other
well-known repressor ACE1 (Activator of Cellulase Expression 1) of T. reesei (Aro et
al. 2003), its presence was confirmed in Ascomycetes but no orthologues were found
in Basidiomycetes species analysed by Todd et al. (2014).

4.1.3.2 XInR/XYR1

The xylanolytic activator XInR is the most studied of the transcriptional activators
involved in the regulation of glycoside hydrolase (GH) encoding genes. It encodes a
polypeptide of 875 amino acids with a Zn,Cysg binuclear cluster at the N-terminal
region. Based on electrophoretic mobility shift assays, DNase | footprinting and
comparison of various xylanolytic promoters, the binding consensus motif was
proposed to be GGCTAAA (van Peij et al. 1998b). It should be noted that while most
Zn,Cyse motifs bind as a dimer to an inverted or direct repeat of CGG, XInR binds to
a GCC triplets. It remains to be clarified whether XInR functions as a dimer.
Functional analysis of the A. niger XInR has revealed that the putative C-terminal
coiled-coil region is involved in the nuclear import of XInR, and the C-terminus
downstream of the coiled-coil region has an inhibitory function in XInR-controlled

transcription (Hasper et al. 2004).

XInR regulates the expression of genes encoding cellulases, hemicellulases and also
accessory enzymes. It is the main regulator of xylan degradation in Aspergillus spp. It
is also the orthologue of the xyrl gene of T. reesei (van Peijj et al. 1998b). van Peijj et
al. (1998b) showed that XInR was involved in the regulation of three major genes
associated with xylan degradation: xInB, xInC and xInD, encoding endoxylanases B,
C and B-xylosidases, respectively. Accessory enzymes regulated by XInR are

involved mainly in hemicellulose degradation such as the acetylxylan esterase A or
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the feruloyl esterase A. XInR is also associated with the expression of some
cellulase-encoding genes such as endoglucanases eglA and eglB. Hasper et al.
(2002) showed that the endoglucanase (GH74)-encoding gene egIlC was
transcriptionally regulated by XInR in A. niger.

van Peij et al. (1998b) and Hasper et al. (2002) carried out studies to demonstrate
the importance of XInR on the activation of the expression of GH-encoding genes in
A. niger. They used a wild-type strain, an xInR deletion strain and a strain containing
multiple copies of xInR. The studies showed that, in a strain lacking a functional xInR,
the genes encoding XInB, XInC and XInD (van Peij et al. 1998b) and EgIC (Hasper et
al. 2002) were not expressed. In contrast, the transcription levels of these genes
were increased in the multiple-copy strains. This highlights the role of XInR in the
regulation of their expression. Also, in A. niger, the constitutive activation of XInR
resulted in constant xylanase production even under repressing conditions (Hasper
et al. 2004).

Brunner et al. (2007) and Endo et al. (2008) first showed in their studies that several
genes encoding cellulolytic enzymes were controlled by an XInR-independent
pathway. They showed this for Fusarium graminearum and A. nidulans respectively.
Recently, Tani et al. (2012) provided evidence of two distinct pathways in A.
aculeatus: an XInR-dependent and an XInR-independent pathway. In A. aculeatus,
Tani et al. (2012) showed that the XInR-dependent pathway regulates the expression
of genes encoding cellulases whereas the XInR-independent pathway controls the
expression of genes encoding hemicellulases. This study suggests that the different
signals from cellulose degradation to both the XInR-dependent and -independent
signalling pathways are at the beginning of the signalling pathway in A. aculeatus.

4.1.3.3 CreA/ICRE1

In addition to induction by mono- and oligo-saccharides, genes encoding hydrolytic
enzymes involved in plant cell wall deconstruction in filamentous fungi can be
repressed during growth in the presence of easily metabolized carbon sources, such
as glucose. CreA is a global carbon regulatory protein of CCR in Aspergillus species.
CCR is an important mechanism to repress the production of plant cell wall
degrading enzymes during growth on preferred carbon sources (de Vries et al. 2001;
Kubicek et al. 2009).
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CreA is a Cys,His,- type TF (Dowzer et al. 1991; limén et al. 1996). CreA has been
shown to repress the expression of genes encoding cellulases, arabinases,
xylosidases, feruoyl esterases and also pectinases (de Vries et al. 2001). Glucose is
not the only easily metabolized sugar that leads to CreA-mediated repression. High
concentrations of xylose have been demonstrated to activate CreA repression which
leads to decreasing expression levels of xylanolytic and cellulolytic genes in A. niger
(de Vries et al. 1999a) and A. terreus (Ali 1992).

In A. nidulans, mutations in the genes encoding a hexokinase and a glucokinase led
to the CCR mediated by CreA. This suggests a potential role of these two protein

kinases in the sugar signalling regulation (Flipphi et al. 2003).

4.1.3.4 Roles of XInR and CreA in A. niger

Previous work carried out in the laboratory showed that the regulation of the
expression of responsive genes in A. niger was sequential. Firstly, the lack of easily
available carbon source leads to the alleviation of CreA repression and to the
induction of a subset of starvation- induced genes. A subset of CAZy genes was
found to be expressed upon starvation, when there is no XInR induction or CreA
repression. Those derived CAZy enzymes, resulting of the activation of the CAZy
genes, are hypothesized to have a scouting role, to degrade carbon sources in the
vicinity to release inducing sugars. These sugars can in turn induce the expression of
XInR-dependent CAZy genes (Figure 4.1) (Delmas et al. 2012). However,
transcriptional regulation of cellulase and hemicellulase genes is imcompletely
understood in filamentous fungi, such as A. niger, capable of degrading
lignocellulose. Other possible regulators have been identified such as CIbR in A.

aculeatus or CLR-1 and CLR-2 in Neurospora crassa.

66



Chapter 4. Transcriptional regulation of genes encoding Glycoside Hydrolases (GHSs) in

A. niger

0-6 hours Wheat straw

A. niger

[N 1. No Available Sugar . .

CreA 2. CreA Repression alleviated . . .
. " eg.cons | 00
4 3. Expression of a subset of starvation .
induced genes

6-9 hours 4, Starvation
. induced

enzymes act
@y AbfB on straw

XInR CreA @> cbhB 00 and release
@> GHs ‘ inducing

H dro stel i sugars
et .
Y lases . rase ‘

@ Lipase

9+ hours

0 5. Major hydrolase expression

‘. Activated by XInR in
d response
e

f @ °
“"-l o "0*

Hydrophobic
6. X]nR-independent expression @ bt
of hydrophobic binding proteins

Enzyme

interaction?
oo © recruitment?

Figure 4.1: Induction model based on the sequential expression of responsive
genes. The sequence of events is illustrated and key events are numbered. The
upper panel represents the transcriptional events in A. niger upon exposure (0—6 h)
to straw represented by filled ovals. The lack of easily-available carbon source leads
to the alleviation of CreA repression (represented by the arrow above CreA) and
induction of a subset of starvation-induced genes represented by cbhB. At 6-9 h
exposure to straw (middle panel), the expressed hydrolases and other enzymes act
upon the wheat straw, releasing small quantities of inducing sugars such as xylose
(filled pentamer) as well as glucose (filled hexamer). Transporters for the sugars are
induced (indicated by the trans-membrane cylinders and un-filled large arrow). By 9
hours (lower panel) the presence of xylose has caused activation of XInR and,
thereby, large-scale expression of hydrolases genes. Also induced by 9 hours, in an
XInR-independent manner, is the hydrophobic binding protein HsbA. The
hydrophobin HfbD is induced by 12 hours. A physical association of hydrophobic
binding proteins with straw and degradative enzymes is hypothesised and
represented (see Chapter 5). Note that the functionality of XInR and CreA is indicated
by attachment to recognition sequences in target promoters and is meant only to

indicate the functional control of those promoters by the transcription factors.
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Maodifications to those transcription factors (e.g. phosphorylation of XInR in A. oryzae
(Noguchi et al. 2011) may occur without necessarily implying that their location

changes.

4.1.3.5 CLR-1 and CLR-2 in Neurospora crassa

In N. crassa, the xInR/xyrl orthologue xIr-1 does not have the same function in
regulating expression of cellulase encoding genes as in A. niger or T. reesei. In the
AxiIr-1 mutant, growth on cellulose, and cellulolytic activity, are only slightly affected
(Sun et al. 2012). Instead in N. crassa, two other Zn,Cysg family transcription factors
CLR-1 and CLR-2 were found to be the predominant regulators of the expression of
cellulase-encoding genes (Coradetti et al. 2012). This study showed that genes
encoding these TFs are conserved among the genomes of most filamentous fungi
capable of degrading cellulose. This suggests that homologues of CLR-1 and CLR-2
play an important role in plant cell-wall degradation. Coradetti et al. (2012)
demonstrated that these two TFs are important regulators of genes encoding both
cellulases and hemicellulases in the presence of cellulose (Avicel, 97% cellulose and
3% xylan) as carbon source, but they are not required for growth or hemicellulase
production in the presence of xylan. In this work, Coradetti et al. (2012) showed that
CLR-1 is the crucial element in a cellobiose sensing mechanism when N. crassa is
grown on Avicel. CLR-1 promotes expression of several genes necessary for
cellobiose utilization, as well as the expression of clr2. CLR-2, maybe in a complex
with CLR-1, directly induces cellulase and hemicellulase gene expression when N.
crassa is grown on Avicel. clrl and clr2, as for xInR, are regulated by CCR, and their
expression is induced only when the CCR is relieved. Moreover, Coradetti et al.
(2012) showed that clr2 is under transcriptional regulation by CLR-1 and that the
relative abundance of CLR-1 under de-repressed conditions is insufficient for the
induction of the expression of clr2 (Figure 4.2) (Coradetti et al. 2012). In A. oryzae,
the orthologue of CLR-2 called ManR was characterised as a regulator of genes

encoding mannan-degrading enzymes (Ogawa et al. 2013).
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Figure 4.2: Model of cellulase induction mediated by CLR-1 and CLR-2 in N. crassa.
When de-repressed, genes encoding cellulases, [B-glucosidases, cellobiose
transporters, and CLR-1 are expressed at low levels. CLR-1 is activated in the
presence of cellobiose, promoting expression of cellodextrin transporters and [3-
glucosidase genes. Activated CLR-1 is necessary for increased expression levels of
clr-2 and may also regulate its own expression. CLR-2 (possibly in concert with CLR-
1) drives expression of the Avicel regulon, releasing more cellobiose in a positive
feedback loop. Adapted from Coradetti et al. (2012).

4.1.3.6 Other relevant transcription factors

Among the other TFs found in Ascomycetes to be relevant to lignocellulose
degradation, AraR (Arabinolytic Regulator) seems to be of importance. AraR is a
Zn,Cyse TF resulting from a recent duplication event of xInR and is only found in
certain fungal species (Battaglia et al. 2011b). Battaglia et al. (2011a) showed that
AraR was working in co-operation with XInR in the regulation of the pentose catabolic
pathway. In A. niger, the deletions of araR and xInR showed that the expression of
CAZy genes was partly dependent on AraR. However, there was no clear evidence
that some genes would be under the sole regulation of AraR (de Souza et al. 2011;
de Souza et al. 2013).
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Another Zn,Cysg TF identified is CIbR (Cellobiose Response Regulator) which was
characterised in A. aculeatus (Kunitake et al. 2012). In this study, Kunitake et al.
(2012) showed that CIbR regulated CAZy genes in response to cellulose and
cellobiose (but not xylose) in an XInR-dependent and independent manner.
Moreover, the authors showed that the deletion of cIbR leads to a decrease of the
cellobiose and cellulose responsive induction of the cbhl, cmcl, cmc2, xynlb and
xynla genes encoding respectively a cellobiohydrolase, two carboxymethylcellulases

and two xylanases.

Two other TFs, ACE1 and ACE2, were identified in T. reesei and were shown to be
potentially involved in the regulation of hydrolase formation (Aro et al. 2001;
Saloheimo et al. 2000). In their study, Rauscher et al. (2006) showed that ACE1
acted as a repressor antagonist of XYR1 function by competing for one of its binding
sites in the xynl promoter. In contrast, the deletion of ace2 led to a decrease of the
expression levels of the main cellulose encoding genes but did not affect induction by
sophorose (Aro et al. 2001). ACE2 was also shown to contact the xylanase-activating
element XAE (essential for xyn2 expression) in the xyn2 promoter (Wurleitner et al.
2003) but is not involved in xyn1 transcription (Aro et al. 2001; Rauscher et al. 2006).
Finally, a new regulator, ACE3 (Activator of Cellulase Expression 3) which contains a
PFam Fungal specific TF domain, was identified in T. reesei (Hakkinen 2014). The
results of the study showed that when ace3 was deleted or over-expressed, the
expression of xyrl (xXInR homologue) was altered, suggesting that ACE3 could be a

major regulator in T. reesei (Hakkinen 2014).

4.1.4 Environmental regulation of CAZy genes

Factors other than starvation and small molecule inducers can trigger the expression
of CAZy genes in fungi and include environmental factors such as light or pH. Fungi
use light as a source of information (and not as a source of energy like plants) as the
ability to sense light is essential to recognize and anticipate conditions unfavourable
for vegetative growth, such as loss of water or deprivation of nutrient availability on
the soil surface. About one hundred fungal species have been shown to react to light
(Marsh 1959) with perception mechanisms for blue, near UV, green and red light
(Herrera-Estrella et al. 2007; Purschwitz et al. 2006). Light has been demonstrated to
affect the transcription of CAZy genes and secretion of CAZy enzymes in both N.

crassa (Schmoll et al. 2012) and T. reesei (Tisch et al. 2011b). The signalling
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pathways responsible for this light responsiveness are mediated by homologous
proteins in both species although the regulatory mechanism behind this response
differs slightly between these two fungi. In N. crassa, the blue light photoreceptors
white collar 1 (WC-1) and WC-2 which are transcription factors, can form a complex
(white collar complex (WCC)) that regulates transcription of light-responsive genes
through binding to light responsive elements (LREs) in their promoters (He et al.
2005). The VVD (VIVID) photoreceptor interacts with the WCC and modulates the
response to light (Chen et al. 2009). In T. reesei, CAZy gene expression in response
to light is regulated by the homologues of WC-1, WC-2 and VIVID which are BLR1,
BLR2 and ENV (ENVOY). In darkness, deletion of some of these genes increased
the amount of cellulase activity in the culture filtrate (Gyalai-Korpos et al. 2010).
Gyalai-Korpos et al. (2010) considered that the effect on cellulase activity of birl and
bir2 deletion was due to differences in protein secretion and that of envl deletion was
due to adjustments in response to the environment. Tisch et al. (2013) described a
key difference in the functioning of the homologous proteins in T. reesei and N.
crassa. Transcriptional analysis of deletion mutants under light and dark conditions
showed that photoreceptor regulation of carbon metabolism is mediated by BLR1
and BLR2 stimulation of envl transcription in T. reesei, whereas in N. crassa VIVID
had a negative effect on the WCC (Tisch et al. 2013). Also, BLR1 and BLR2 in T.
reesei are not considered to act as a complex under darkness (Gyalai-Korpos et al.
2010). The T. reesei ENVOY protein has an additional function; it affects the
expression of G-protein alpha subunits GNA1 and GNA3. Changes in signalling of
these proteins in the heterotrimeric G-protein pathway affect cAMP and consequently
the cAMP-PKA pathway that influences cellulase expression. ENV1 can also adjust
CAMP levels, probably via a phosphodiesterase, a protein that degrades cAMP
(Tisch et al. 2011a).

4.1.4.1 pH regulation of CAZy gene expression

There are many examples demonstrating a connection between ambient pH and
differences in CAZy enzyme production with one of the first examples demonstrated
by Bailey et al. (1993) in T. reesei. The authors showed that a higher pH (pH 6.0 —
7.0) was favourable for xylanase production whereas a lower pH (pH 4.0) was
favourable for cellulase production. In a recent study, Li et al. (2013) showed that the
optimum pH levels for production of endoglucanases, exoglucanases and [-

glucanases by T. reesei were different. Adav et al. (2011) also showed with T. reesei

71



Chapter 4. Transcriptional regulation of genes encoding Glycoside Hydrolases (GHSs) in

A. niger

that the secreted CAZy profiles changed with different pH levels ranging from pH 3.0
to pH 9.0. The differences in CAZy enzyme production in the above examples can
partly be explained by the homeostatic system by which fungi respond to pH
fluctuations in their environment and PacC, the transcription factor effector of this
system, which can regulate some of the CAZy genes.

A. nidulans is the main model systems where pH regulation has been studied. In A.
nidulans, the ambient pH is considered to signal through a plasma membrane
complex (Herranz et al. 2005; Hervas-Aguilar et al. 2010) where this signal is passed
on through a signalling cascade made of six Pal proteins encoded by the genes palA,
palB, palC, palF, palH and pall (Arst et al. 1994; Caddick et al. 1986; Calcagno-
Pizarelli et al. 2007). The target of the signalling cascade is the zinc finger
transcription factor PacC. Three different forms of PacC have been described: in
acidic conditions the full-length form of PacC predominates (Diez et al. 2002)
whereas in alkaline pH conditions, the activation of the pathway leads to two
subsequent cleavage steps resulting in two shorter forms of PacC. The product of the
PalB-mediated cleavage step, PacC53 is then cleaved to create the active form of
PacC (Hervas-Aguilar et al. 2007). The deletion of pacC or pal genes leads to a
phenotype mimicking that displayed in acidic conditions whereas a constitutively
active PacC results in alkaline-expressed genes and repression of acid-expressed
genes regardless of pH (Arst et al. 1994; Caddick et al. 1986). So in effect in A.
nidulans during alkaline conditions, PacC activates alkaline-expressed genes and

represses acidic-expressed genes (Tilburn et al. 1995).

The active PacC binds the core target sequence 5’-GCCARG-3’ in the promoters of
its target genes (Espeso et al. 1997), however to my knowledge a comprehensive
search for this motif has not been reported in species such as T. reesei, N. crassa or
Aspergillus spp. The promoter of pacC contains PacC binding sites confirming that
PacC autoregulates with higher abundance of pacC transcripts shown at alkaline pH
(pH 8.0) (Mello-de-Sousa et al. 2011; Tilburn et al. 1995). A study with the
thermophilic ascomycete Humicola grisea investigated the pH-dependent
transcriptional regulation of CAZy enzyme encoding genes with sugarcane bagasse
as the substrate (Mello-de-Sousa et al. 2011). The transcript levels of cbhl.1, cbh2.2,
egll, egl2, bgl4 and xynl increased at alkaline pH (pH 8.0) and Mello-de-Sousa et al.
(2011) identified one or multiple PacC binding sites in the promoters of these genes.

Other CAZy genes regulated by PacC include the A. nidulans xylanase genes (xInA
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and xInB) (Maccabe et al. 1998) and alpha-L-arabinofuranosidase gene (abfB)
(Gielkens et al. 1999). In a recent global transcriptomic study in T. reesei, Hakkinen
(2014) investigated the effects of extracellular pH and of PAC1 (the T. reesei
orthologue of pacC). A large number of genes responded to changes of pH and 60
CAZy genes (from GH, CE or polysaccharide lyase (PL) classes) were among the
pH-responsive genes. The authors showed that of the genes encoding proteins with
the same enzymatic activity, some were up-regulated at low pH (pH 4.0) and others
at high pH levels (pH 6.0-7.0). It is possible that the genes upregulated at the low pH
encode for enzymes that have higher activity at the low pH. However, Hakkinen
(2014) found that the pH-responsive genes were not only under PAC1 regulation.
There were likely to be other regulatory mechanisms functioning at the same time,
affecting the pH-dependent expression of CAZy genes.

4.1.5 Other regulatory mechanisms
4.1.5.1 Stress responses

Nutrient limitation stresses

Situations of nutrient starvation, such as carbon limitation, can lead to a stress
response in fungi exposed to lignocellulose. When A. niger and T. reesei are
exposed to lignocellulose, expression of genes encoding plant polysaccharide-
degrading enzymes was shown to be sequential (Delmas et al. 2012; van Leeuwen
et al. 2013; van Munster et al. 2014). This may lead to the easily degraded
carbohydrates being hydrolysed and the products imported first, leaving the fungus
with the recalcitrant part of the substrate. This recalcitrance of lignocellulose can
result in carbon limitation or starvation, and thus nutrient stress. In response to
carbon starvation, recycling of fungal cell material and asexual sporulation are
induced (Kim et al. 2005; Nitsche et al. 2012; Szilagyi et al. 2013). Genes involved in
asexual sporulation and autolytic cell wall recycling were induced in A. niger after
exposure to wheat straw for 24 hours, suggesting the fungus indeed experiences
carbon limitation or starvation when growing on wheat straw (van Munster et al.
2014).

Endoplasmic reticulum stress

The endoplasmic reticulum (ER), which represents 50% of the total cellular

membranes, contributes to several vital functions for homeostasis and cell survival. It
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is within the ER that secreted proteins, as well as proteins involved in cell wall
composition and intracellular organelles, are synthesised, modified and folded into
their native conformation. Indeed, the ER lumen provides an oxidative environment
allowing the formation of disulphide bonds. The ER lumen is also particularly rich in
chaperone proteins and in specialised enzymes for the folding of proteins that are
Ca** dependent for their catalytic activity. Finally, it is within the ER that proteins
undergo post-translational modifications (e.g. N-glycosylation, oligomerisation). The
ER is therefore an important cellular component and only the correctly folded
proteins will pass the quality control system and be transported to the Golgi
apparatus for their secretion or transport to other components of the cell. The
proteins identified as incorrectly folded are degraded through a process called ER-
associated-degradation (ERAD) (Ellgaard et al. 2003; Sitia et al. 2003). To do so,
proteins are dislocated to the cytoplasm where they are degraded through the
proteasome pathway. Any event leading to a modification of the ER function, such as
the accumulation of unfolded proteins or the modification of the calcium homeostasis
of the cell triggers a physiological response called the Unfolded Protein Response
(UPR) or ER stress (Kaufman 2002; Schroder et al. 2005). The UPR aims to: (1)
slow down the protein synthesis to avoid the arrival of other proteins in the ER lumen;
(2) synthesise new chaperone proteins or foldases to stimulate folding processes; (3)
lead unfolded proteins to degradation; (4) trigger cell apoptosis when all of the
previous processes have failed. The UPR pathway was first described in the yeast S.
cerevisiae. The UPR pathway implies the activation of an ER transmembrane protein
Irel (Inositol-requiring enzyme-1) (Rutkowski et al. 2004). Irel is the only ER stress
sensor present in all Eukaryotes and therefore reflects the most ancient and
conserved branch of the UPR (Mori 2009). The activation of this protein requires its
dissociation from the chaperone protein BipA that keeps it in an inactive form within
the ER membrane. The increased arrival of proteins into the ER lumen triggers the
dissociation of BipA which can then associate to proteins that are being folded
allowing for the UPR pathway activation. Recent evidence demonstrated that the
yeast Irelp also directly binds to unfolded proteins that can trigger its activation
suggesting that Irel can sense ER stress by directly monitoring the concentration of
unfolded proteins (Credle et al. 2005; Zhou et al. 2006; Gardner and Walter 2011).
Therefore, the higher-order oligomerisation of Irel, which is required for downstream
activation, is influenced by two factors: binding to unfolded proteins, which shifts Irel

toward an active, oligomeric state, and binding to BiPA, which stabilizes Irel in the
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inactive, monomeric state. Irel has serine/threonine kinase and endoribonuclease
activities in its cytoplasmic domain (Rutkowski et al. 2004) and even though its
oligomerisation triggers its auto-transphophorylation, Irel does not signal
downstream via phosphorylation. Instead, a conformational change occurring upon
nucleotide binding acts as a molecular switch to activate Ire1’s RNase domain
(Aragon et al. 2009; Korennykh et al. 2009; Papa et al. 2003). Irel plays an important
role in the processes of apoptosis and survival when an ER stress is observed in
physiological or physiopathological conditions. Once activated Irel triggers the
splicing of a non-conventional intron present in the mRNA of the bZIP TF Hacl
releasing a translational block for the production of Hacl. Hacl binds ER Stress
Element (ERSE) sequences present in the promotor regions of many, but not all, of
the UPR pathway target genes, to up-regulate genes encoding ER quality control
components (Bouchecareilh et al. 2009; Sidrauski et al. 1996; Travers et al. 2000;
Yoshida et al. 2001).

The UPR is therefore an important factor in the optimised secretion of proteins at
very high vyields in industrial production. The significance of the UPR is under-
explored in relation to the saccharification of lignocellulose by fungi. For example,
under conditions where A. niger (Delmas et al. 2012; Suto et al. 2001) or T. reesei
(Kriel et al. 2011) were transferred from glucose-grown conditions to wheat straw
there was no clear impact on the transcript levels of selected UPR marker genes
such as hacl, bipA or pdil, although the UPR involves transcript level changes to
several hundreds of genes, e.g. in A. niger (Guillemette et al. 2007). The apparent
lack of induction of the UPR was presumably because the GH enzymes secreted
were native proteins that the fungi naturally secrete well and that the enzyme levels
secreted did not cause undue load on the system at the time-points studied. In
contrast, a study in N. crassa showed induction of the UPR pathway (increase in the
transcript level of the hac-1 gene and increase splicing of the hac-1 mRNA) when
exposed to Avicel (Szilagyi et al. 2013). Transcriptomic data supports the occurrence
of ER-autophagy, which is linked to ER stress, when fungi are exposed to
lignocellulose. The transition from nutrient-rich growth conditions to lignocellulose
involves a carbon starvation response in A. niger (Parenicova et al. 2000). The
carbon starvation response involves the induction of ER-autophagy genes and GH-
encoding genes (Geysens et al. 2009; Martens-Uzunova et al. 2009) and it was also

shown that wheat straw up-regulated the transcript levels of ER-autophagy genes in
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T. reesei (Ries et al. 2014). Other studies have shown that increased flux of native
protein through the secretory system can lead to induction of the UPR in both T.
reesei and A. niger (Bernales et al. 2006; Nitsche et al. 2013). It is therefore likely
that there is at least a transient ER stress when fungi are transferred from conditions
where simple sugars are available to one where lignocellulose is the sole source of
carbon, but detection of the UPR probably depends on sampling time and possibly
the composition of the lignocellulose.

4.1.5.2 Antisense RNA

A less well studied mechanism of transcriptional regulation is that involving regulatory
RNAs but it is emerging as a major focus of research on regulation (Morris et al.
2014). One type of regulatory RNA is natural antisense transcripts (NATS), where
RNA complementary in sequence to the sense RNA is transcribed (Lapidot et al.
2006). There are several examples of genes in A. niger and T. reesei for which
antisense transcripts exist and where the amount of antisense transcripts changes in
the presence of lignocellulose (Delmas et al. 2012; Ries et al. 2013). One example
described in A. niger is a putative acetate permease transporter, for which the
majority of the gene transcripts were antisense in a glucose rich medium, while in a
wheat straw medium the majority of the transcripts were in the sense orientation
(Delmas et al. 2012). In the conditions of the study of Delmas et al. (2012), ~ 2% of
the total RNAseq reads were antisense transcripts. Recent research provides
support for a functional role of antisense transcription and for a mechanism for how
antisense RNAs regulate gene expression involving the stalling of RNA polymerases
(Xue et al. 2014). The authors showed that transcriptional interference by antisense
RNA is required for circadian clock function in N. crassa (Xue et al. 2014). The
circadian clock has relevance to transcriptional responses to lignocelluloses as light
has a role in regulating transcription related to cellulases via WC-1 and WC-2. The
transcription factors WC-1 and WC-2 also regulate the gene frequency (frg) which
functions in maintaining rhythmicity and also has antisense expression (Xue et al.
2014).

4.1.6 Aims

The aims of this chapter were to (1) characterise the orthologues of the newly

discovered TFs CLR-1 and CLR-2 of N. crassa in A. niger, (2) Discover new TFs by
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further analysing the RNA-Sequencing dataset and (3) further phenotype deletion

strains of already known regulators.

4.2 Material and Methods

See Chapter 2:

- 2.2.11 for the bioinformatics analysis

- 2.2.5and 2.2.6 for the gene deletion procedure

- 2.2.7.1 for pH measurement

- 2.2.7.2 for glucosamine assay

- 2.2.10.3 for SDS PAGE gel on the culture supernatants

- 2.2.10.1.2 for DNS assay

- 2.2.3.4.2for gRT-PCR

- 2.2.8 for cell wall analysis

- 2.2.9 for the mitochondrial assay and the ROS measurement
- 2.2.7.1.1 for the pH controlled experiment

4.3 Results

4.3.1 Identification and analysis of the orthologues of cIr-1 and clr-2 in
A. niger

Based on the work of Coradetti et al. (2012), the orthologues of the clIr-1 and clr-2
genes in A. niger were predicted in the genome using the algorithm BLAST from

NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cqgi). The orthologue of clr-1 was identified

as the gene An05g00020 (cIrA). This gene is located on chromosome VIl in the
genome of A. niger. It is 1956 bp long and encodes a 621aa protein. The orthologue
of clr-2 is the gene An12g01870 (cIrB). This gene is located on the chromosome Il in
the genome of A. niger. It is 2127 bp long and encodes a 708 aa protein

(http://www.cadre-genomes.org.uk/index.html).

The software ProSite (http://prosite.expasy.org/) was used to determine the protein

domains present in the protein sequences of CIrA. Prosite is a database of protein
families and domains (Sigrist et al. 2002). It consists of biologically significant sites,
patterns and profiles that help to reliably identify to which known protein family (if
any) a new sequence belongs. The results show that the CIrA protein contains a Zinc

finger type DNA-binding domain as for the CLR-1 protein of N. crassa. A Zinc finger
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DNA-binding domain was also identified in the CIrB sequence of A. niger using the
tool search for conserved domain of the NCBI website

(http://www.nchbi.nlm.nih.gov/Structure/cdd/wrpsb.cqi) (Appendix 4.1-4.5).

4.3.2 Characterising these genes in A. niger
4.3.2.1 RNA-sequencing data

An overview of the protocol used for each set of experiments performed by Delmas
et al. (2012) using glucose and wheat straw, together with the use of willow and no

carbon source (Pullan et al. 2014; van Munster et al. 2014) is shown in Figure 4.3.

glucose substrate substrate glucose + substrate

RNA-Sequencing

Figure 4.3: A. niger was grown on a sole carbon source of glucose for 48hrs,
followed by either wheat straw, willow or no carbon source (substrate) for 24hrs, and
then the substrate supplemented with glucose for 5hrs, and RNA extracted from
mycelia at each of the three stages for RNA-seq, in biological replicate. Transcription
data was then mapped to the A. niger ATCC1015 and CBS 513.88 genomes to
produce a transcriptome and expressed as RPKM (Reads Per Kilobase of exon
model per Million mapped reads). Data were collected and analysed for wheat straw
substrate by Delmas et al. (2012), the carbon free dataset by van Munster et al.
(2014) and the data from the willow substrate by Pullan et al. (2014).

When looking at the RPKM values for the different transcription factors of interest,
xInR is the most transcriptionally induced on wheat straw when compared to clrA or
cIrB. There was a 13 times fold change in the transcript level of the xInR gene when
the strain was switched from glucose (repressing condition) to wheat straw for 6h. In

the same conditions the fold change for the clrA gene was 1.25 times and 6.2 times
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for the cIrB gene (Table 4.2). RPKM values for all genes were calculated for each of
the separate biological replicates, as well as for the combined mapping of all three.
The results shown were from the combined mapping scores. Three statistical
significance tests were applied to changes in gene expression. The increase in
RPKM values for the xInR and the clrB genes were significant but not the value for
the clrA gene.

Table 4.2: RPKM values for the xInR, clrA and clrB genes of A. niger

RPKM values xInR clrA clrB
Glucose 48h 8.55 17.27 71.73
Straw 6h 110.54 21.67 446
Fold change 13 1.25 6.2

4.3.2.2 Deletion of the clr genes in A. niger

4.3.2.2.1 Construction of the ligated flanking regions of the clrA

gene from A. niger

The primers used to build the deletion cassette were designed to have restriction
enzyme tags, to allow for precise ligations of the up and down flanking regions of the
clrA gene, and between the product of the ligation of the up and the down fragments
(named cIrA updwn fragment) with the pC3 plasmid (Figure 4.4).
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Figure 4.4: Schematic of the deletion cassette for the cIrA gene and its ligation in the
pC3 plasmid. Firstly the up and down fragments were amplified by PCR before being
digested with the following restriction enzymes: EcoRI and Kpnl for the up fragment
and Kpnl and Notl for the down fragment. The up and down inserts were then ligated
together. The pC3 plasmid was digested with EcoRI and Notl and the updwn

fragment was inserted by ligation.

PCRs were carried out on samples of genomic DNA from A. niger strain N402 using
primers for either the upstream DNA fragment of the gene of interest, or the
downstream DNA fragment. The sizes of the expected PCR products were estimated
in silico based on the sequence of the gene of interest and the set of primers used for
the PCR reaction. Figure 4.5 below shows the results from these initial PCRs.

After purification, the upstream and the downstream DNA fragments were digested
using the restriction enzyme Kpnl. After digestion, the DNA was then purified and the
upstream and downstream DNA regions of the clrA gene were ligated using the T4
DNA ligase enzyme. The products of the ligation were then separated by agarose gel
electrophoresis and the ligated clrA updwn DNA fragments were extracted. The
ligation product obtained was then amplified by PCR and double digested with the
restriction enzymes EcoRI and Notl to allow the ligation in the pC3 plasmid which

had been digested using the same enzymes.
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Figure 4.5: RT-PCR of the upstream and downstream flanking DNA regions of the
clrA gene. The expected sizes for the PCR products of the flanking regions were
2412bp for the upstream fragment, and 1772bp for the downstream fragment. The
clrA updown ligation product’s size estimated in silico is 4184bp and a product of
around 4kb was obtained as shown in the figure. The exact size of the obtained
product was calculated from the sequencing result of the PCR product.

4.3.2.2.2 Cloning

The double-digested fragment obtained was then ligated in the Multiple Cloning Site
(MCS) of the pC3 plasmid. The predicted map of the pC3 plasmid with the correct

clrA updown fragment insertion is shown in Figure 4.6.
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Figure 4.6: Predicted map of the pC3 plasmid with the cIrA deletion cassette

correctly inserted.

The ligation mix was transformed in E. coli XL1-Blue for the blue-white screening.

White colony transformants obtained from these transformations were purified and

the plasm

ids were isolated from transformants using the Miniprep procedure. In

Figure 4.7, the results show that the predicted plasmid for the cIrA deletion cassette

was obtained.
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Figure 4.7: (A) In silico prediction of the pC3_clrA plasmid digested with the
restriction enzyme Ndel (B) Positive screening of the pC3 plasmid containing the cIrA

deletion cassette after digestion with the Ndel restriction enzyme.

4.3.2.2.3 Transformation of A. niger and screening for

transformants

Genomic DNA extractions were carried out with the colonies of A. niger grown on 5-
FOA plates, and PCR screening was done on the samples to identify any successful
deletion mutants of AclrA using the clrA external primers (Appendix Table 2.1). From
15 colonies tested 3 colonies were positive for the gene deletion. The electrophoresis

profiles of the DNA fragments obtained after PCR are shown below in Figure 4.8.
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Figure 4.8: PCR screening using the external clrA gene primers. The estimated size
(based on in silico analysis) for the PCR product with the AB4.1 strain was 6451bp,
and 4457pb for the AclrA mutant strain. Here a band between 6kb and 7kb was
obtained for the WT strain another one between 4kb and 5kb for the AclrA mutant

strains tested confirming the deletion of the clrA gene.

4.3.3 Strain phenotypes
4.3.3.1 Culture pH

The pH was measured in cultures grown for 48h in glucose (starting pH of the
glucose medium pH6.5) before the mycelium was transferred to wheat straw medium
(starting pH of the wheat straw medium pH6.5). After 24h and 48h in wheat straw,
the pH was measured in the cultures. For the glucose condition, after 48h of culture,
the pH had dropped from 6.5 to 2.87 for the WT strain, from 6.5 to 2.73 for the AclrA
strain, from 6.5 to 3.08 for the AclrB strain and from 6.5 to 3.64 for the Ax/InR strain.
In wheat straw, after transfer to the medium, the pH had dropped from 6.5 to 3.37
after 24h and to 2.84 after 48h for the WT strain, from 6.5 to 3.48 after 24h and to
2.89 after 48h for the AclrA strain and from 6.5 to 4.63 after 24h and to 3.47 after 48h
for the AclrB strain. In contrast, the pH had increased from 6.5 to 6.55 after 24h and
to 6.73 after 48h for the AxInR strain (Figure 4.9). A two-way ANOVA test was
performed within the same condition (e.g. glucose 48h) to show differences between
the two strains. The results from the test showed that for the three conditions the
differences between the WT strain and the Ax/inR and the AclrB strains were

significant.
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Figure 4.9: pH measurements from glucose and wheat straw cultures. For both
substrates the starting pH of the medium was set up at pH6.5. The results shown
represent triplicates of three independent biological samples and the error bars
indicate the standard error of the mean. A two-way ANOVA was performed for each
condition in comparison to the WT strain. * represents the condition for which the
two-way ANOVA test result had a p-value < 0.05 which means that the difference
observed is significant when compared to the WT.

4.3.3.2 Glucosamine content

The content of the cultures in glucosamine was measured at each time point and the
equivalent dry weight was calculated back using a standard curve of known
glucosamine content of known dry weight samples. After 48h in glucose the dry
weight of the WT strain (from 1.5g wet weight) was 0.103g, 0.093g for the AclrA
strain, 0.1g for the AclrB strain and 0.087g in the AxInR strain. The dry weights,
calculated back from glucosamine contents of each flask, after 24h and 48h in wheat
straw were 0.207g and 0.338g respectively for the WT strain, 0.213g and 0.353g for
the AclrA strain, 0.159g and 0.229g for the AclIrB strain and 0.149g and 0.197g for
the AxInR strain (Figure 4.10). A two-way ANOVA test was performed within a same
condition (e.g. glucose 48h) to show differences between the two strains. The results
from the test showed that for the glucose condition the differences between the WT
strain and all the deletion strains were significant. On wheat straw only the
differences between the WT strain and the AxInR and the AcIrB strains were

significant.
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Figure 4.10: Increase in the biomass content of the AxInR, AclrB and AclrA cultures
in glucose and wheat straw. The wheat straw cultures were inoculated with 1.5g wet
weight mycelium from the corresponding glucose culture. The dry weight conversion
of wet weight is around 15 times less than the wet weight. The glucosamine content
was measured from 1.5g (wet weight) for the glucose culture and from the content of
the full culture for the wheat straw cultures and the dry weight was calculated back
using a standard curve of the glucosamine content against the dry weight. The
results shown represent triplicates of three independent biological samples and the
error bars indicate the standard error of the mean. * represents the condition for
which the T-test result had a p-value < 0.05 which means that the difference
observed is significant when compared to the WT.

4.3.3.3 Supernatant protein profiles

The supernatants from cultures grown in wheat straw for 24h and 48h were analysed
on SDS-PAGE gels for differences in the protein secretion profiles for the different
deletion strains (Figure 4.11). The secretion profile observed for the AclrA deletion
strain is very similar to the WT one with the main bands being the same at the two
time points. However, the supernatants of the AclrB culture seem to contain fewer
secreted proteins as some bands are missing when compared to the WT
supernatants, especially at the 48h time point. As for the AxInR deletion strain, the
secretion profile observed is very different to the WT one or the other deletion strains

with only faint bands appearing on the gel and only few of them seem to be common
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to the WT strain showing that the deletion of XInR prevents the secretion of degrading
enzymes. Interestingly, some bands appear stronger after 48h of exposure to wheat

straw for the WT and the AclrA deletion strain suggesting that the expression of

enzymes is still up-regulated at this time point.
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Figure 4.11: Silver-stained protein gel on supernatants from cultures transferred to
wheat straw for 24h and 48h. LD stands for Ladder.

4.3.3.4 3,5-dinitrosalicylic acid (DNS) Assay

The measurement of the enzyme activity from the supernatants of the AxinR, AcirB
and AclrA wheat straw cultures was done using the DNS assay measuring the
reducing sugar ends released from the incubation of the supernatants with wheat
straw. The results showed that fewer reducing sugar ends were released from the
incubation of the supernatants from the three deletion strains when compared to the
WT supernatant. For the WT strain, 0.12 and 0.2 mg of reducing sugars per mg of
wheat straw were released from the 24h and 48h supernatants respectively. For the
deletion strains, 0.11 and 0.15 mg of reducing sugars per mg of wheat straw were
released for the AclrA strain, 0.1 and 0.12 mg of reducing sugars per mg of wheat
straw for the AcirB strain and 0.07 and 0.11 mg of reducing sugars per mg of wheat
straw for the AxInR strain. Statistical analysis showed that the result was significantly
different to the WT strain for the xInR deletion strain after 24h and the results were

significantly different to the WT strain for the 3 deletion strains after 48h (Figure
4.12).
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Figure 4.12: Measurement of sugars reducing ends released after incubation of
equal volumes of the supernatants of the AxInR, AcirB and AclrA wheat straw
cultures with straw done by the DNS assay. A two-way ANOVA was performed for
each condition in comparison to the WT strain. The results shown represent
triplicates of three independent biological samples and the error bars indicate the
standard error of the mean. * represents the conditions for which the two-way
ANOVA test result had a p-value < 0.05 which means that the difference observed is

significant when compared to the WT.

4.3.4 Expression of TF-encoding genes and GH-encoding genes

4.3.4.1 Expression of the cIrA and clIrB genes in the WT and AxInR
strain
The transcript levels of the cIrA and cIrB genes were measured in the WT and the
AxInR strains using qRTPCR. The results for the WT strain confirmed the RNA-
sequencing data with the clrB gene being more highly induced than the cIrA gene.
However, the transcript levels of the two transcripts were lowered in the Ax/InR strain
with around a one-fold change induction for both genes when compared to the

glucose condition (Figure 4.13).
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Figure 4.13: Expression of the cIrA and cIrB genes in A. niger grown in wheat straw
media. The results shown represent triplicates of three independent biological
samples and the error bars indicate the standard error of the mean. The expression
values represent the expression fold change relative to the 48h glucose culture.

4.3.4.2 Expression of GH-encoding genes in shake flask cultures

The transcript levels of the genes cbhA, bgIB, xynA and eglC were measured by
gRT-PCR in the AxInR, AclrB and AclrA strains after 24h of incubation in wheat straw
in shake flask cultures. The fold changes relative to the 48h glucose cultures were
measured and compared to the WT strain. For the cbhA gene, the fold change
relative to the glucose culture was 4273 for the WT strain, 49 for the AclrA strain, 2.9
for the AclirB strain and 0.6 for the AxInR strain. For the eglC gene, the fold change
relative to the glucose culture was 330 for the WT strain, 115 for the AclrA strain,
0.056 for the AclrB strain and 0.035 for the AxInR strain (Figure 4.14). For the bglB
gene, the fold change relative to the glucose culture was 101 for the WT strain, 0.73
for the AclrA strain, 0.21 for the AclrB strain and 0.20 for the AxInR strain. For the
XynA gene, the difference was not significant between the WT and the AclrA strain.
However, the fold change relative to the glucose culture decreased to 802 for the
AclirB strain and to 12.2 for the AxInR strain when the WT strain had a fold change of

1660 compared to glucose cultures.
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Figure 4.14: Transcript levels from the cbhA, egIC, bgIB and xynA genes in A. niger
grown in wheat straw media. The results shown represent triplicates of three
independent biological samples and the error bars indicate the standard error of the
mean. The transcript levels values represent the fold change relative to the 48h
glucose culture. * represents the condition for which the T-test result had a p-value <
0.05 which means that the difference observed is significant when compared to the
WT.

4.3.4.3 gRT-PCR in pH-controlled environment

To investigate if the decrease of the transcript levels of the cbhA, egIC, bglB and
XynA genes observed in the gRT-PCR experiment (Figure 4.14) could be due to the
non-acidification of the culture (Figure 4.9), the Ax/InR and the AclrB strains were
grown in a fermenter with the pH maintained at pH5. For the cbhA gene, the fold
change relative to the glucose culture was 0.60 in the non-controlled experiment and
0.50 for the pH-controlled experiment for the Ax/hR strain and 2.91 under non-

controlled condition and 1.25 in the pH-controlled experiment for the AcirB strain. For
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the egIC gene, the fold change relative to the glucose culture was 0.035 in the non-
controlled experiment and 0.48 for the pH-controlled experiment for the AxInR strain
and 0.056 under non-controlled condition and 1.6 in the pH-controlled experiment for
the AclrB strain. For the bgIB gene, the fold change relative to the glucose culture
was 0.20 in the non-controlled experiment and 1.6 for the pH-controlled experiment
for the AxInR strain and 0.21 under non-controlled condition and 0.48 in the pH-
controlled experiment for the AclrB strain. For the xynA gene, the fold change relative
to the glucose culture was 12.2 in the non-controlled experiment and 45.6 for the pH-
controlled experiment for the Ax/nR strain and 802.2 under non-controlled condition
and 781.2 in the pH-controlled experiment for the AclrB strain (Figure 4.15). The fold
change measured for the WT strain in the fermenter condition was similar to the one

measured in the non-controlled condition.
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Figure 4.15: Comparison of the transcript levels of the cbhA, xynA, bglB and egIC
genes in A. niger grown in wheat straw media under pH-controlled condition (pH5.0
in fermenter) and no control of pH (flask). The results shown represent triplicates of
two independent biological samples and the error bars indicate the standard error of
the mean. For both experiments, the transcript level values represent the fold change

relative to the 48h glucose culture. * represents the condition for which the T-test
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result had a p-value < 0.05 which means that the difference observed is significant

when compared to the WT.

4.3.4.4 Prediction of PacC binding sites

The prediction of PacC binding sites was done using the TF prediction tool available

at http://www.yeastract.com/tfsbindingsites.php.

Table 4.3: Prediction of PacC binding sites in the promoter sequences of GH-
encoding genes and TF-encoding genes. The positions are from the ATG

translational start codon of the gene.

Gene PacC motif Binding Position Strand
Sequence

cbhA Yes TGCCAAG -1471 Reverse (R)

cbhB No

eglC Yes TGCCAAG -301 Forward (F)

bglB No

XynA No

xInR No

creA Yes TGCCAAG -177 F

clrA No

clrB No

pacC Yes Teccaac | ot /0_1186/ FIF/IR

4.3.5 Role of XInR in the fungal cell integrity
4.3.5.1 Cell permeability

The cell permeability of the xInR deletion strain was assessed using the dye Phloxine
B. This dye stains cytosolic material due to a loss of the integrity of the cell making it
more permeable to Phloxine B (Rasooly 2007). The fluorescence intensity was
measured for 50 images for each strain in three biological repeats. The average
intensity measured for the clrB deletion strain was around the WT one whereas the

fluorescence intensity of the xInR deletion strain was increased by 2.2 times in the
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deletion strain when compared to the WT intensity. An increase of the fluorescence

means that more dye has entered the cell. (Figure 4.17).
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Figure 4.17: Cell permeability measurement using the dye phloxine B. Phloxine B
stains the cytosolic material due to a more permeable cell in the Ax/InR and AcirB
strains. The fluorescence intensity was measured using the ImageJ software. The
results shown represent 50 measurements of three independent biological samples
and the error bars indicate the standard error of the mean. * represents the condition
for which the t-test result had a p-value < 0.05 which means that the difference
observed is significant when compared to the WT.

4.3.5.2 Cell wall composition and imaging

An analysis of the sugars composing the cell wall of the WT, Ax/InR and the xInR
complemented strains was done using HPLC. The results showed differences in the
content of glucosamine and galactose with the Ax/nR strain containing around 3%
more glucosamine and around 4% more galactose than the WT strain (Figure 4.18).
There was no significant differences for the content of glucose, mannose and

galactosamine between the two strains. Concerning the xInR complemented strain,
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the galactose content of the strain was similar to the xInR deletion strain whereas the

amount of glucose was increased when compared to the WT and Ax/nR strains.

*
80+
-, wT

S AxInR
= 60+ .
4 XInR complementation
Q.
£
[}
O 40-
©
=
8 20 « .
2 [l I

0'1 T T T . T S—

\er 060 090 090 &
2 & & > ~
o’ > o ) o’
% o &
N 2
()

Figure 4.18: Sugar analysis of the cell wall of the WT, AxInR and the xInR
complemented strains using HPLC. A two-way ANOVA was performed for each
condition in comparison to the WT strain. The results shown represent triplicates of
three independent biological samples and the error bars indicate the standard error
of the mean. * represents the condition for which the two-way ANOVA test result had
a p-value < 0.05 which means that the difference observed is significant when

compared to the WT.

Transmission Electron Microscopy (TEM) was used to look at the cell wall thickness
of the WT and AxInR strains. On the images, the cell wall of the AxInR strain appears
whiter than the WT strain one but no difference in thickness was observed from the
images (Figure 4.19). The thickness of the cell wall of the strains was measured and
showed a significant difference between the WT and the Ax/nR strains with the Ax/InR
strain cell wall being around 50nm thinner than the WT strain one (Figure 4.19).
However, although the phenotype of the xInR complemented strain was similar to the
WT one in terms of colour, the cell wall of the complemented strain was also thinner
even though the difference between the Ax/inR strain and the complemented strain

was significant.
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Figure 4.19: Microscopy and cell wall thickness.

A. niger
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4.3.5.3 Induction of the Cell Wall Integrity Pathway (CWI)

To investigate if the differences in the cell wall of the different strains could be due to
a deficiency of the CWI pathway, a range of different cell wall stressors were tested
in liquid cultures and on plates. If the CWI pathway is affected in the deletion strains,
no response should be activated and the strains should be sensitive to the stressors
such as Sodium Dodecyl Sulfate (SDS), CalcoFluor White (CFW) and Congo Red
(CR). In both assays, liquid cultures (Figure 4.20A) and on plates (Figure 4.20B), no
significant differences in the growth of the strains were observed in the presence of
stressors. This suggests that the CWI pathway is functional in the deletion strains

and that a compensatory response is activated in response to stressors.
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Figure 4.20: Test for a cell wall stress by using cell wall stressors such as Sodium
Dodecyl Sulfate (SDS, 70ug/ml), CalcoFluor White (CFW, 50-70ug/ml) and Congo
Red (CR, 250ug/ml) in a 96-well plate assay (A) or in Petri dishes (B).

4.3.5.4 Activation of the Alternative Oxidase (AOX) pathway and
accumulation of Reactive Oxygen Species (ROS) in the the A. niger AxInR

strain

Few studies have associated oxidative stress with the induction of AOX at the

transcript and protein level (Morgan et al. 2008; Welchen et al. 2012). As a result,
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AOX is now often used as a general marker of mitochondrial dysfunction and/or
cellular oxidative stress. Further, numerous abiotic and biotic stress conditions are
known to elevate AOX amount, supporting the idea that such stresses impact
mitochondrial function and that AOX might represent an important acclimation
response. Therefore, to confirm that an oxidative stress and accumulation of ROS in
the AxInR strain cells may be happening, the transcript level of the aox1 gene was
measured. In the WT strain, in the glucose condition, the relative expression level of
the aox1 gene was 5.2 and it was 287 in the AclrB strain and 310 Ax/nR strain. This
corresponds to a fold change of 55.2 between the WT strain and the AclrB strain and
of 59.6 between the WT strain and the AxInR strain (Figure 4.21).
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Figure 4.21: Expression of the alternative oxidase gene (aox1l) measured by gRT-
PCR in the WT and the AxInR and AcirB strains. The results shown represent
triplicates of three independent biological samples and the error bars indicate the

standard error of the mean.

The accumulation of ROS was assessed using the fluorescent dye 2',7'-
dichlorodihydrofluorescein diacetate (H,DCF-DA). H,DCF-DA passively diffuses into
cells and is retained in the intracellular level after cleavage by intracellular esterases.
Upon oxidation by ROS, the non-fluorescent H,DCF-DA is converted to the highly
fluorescent 2',7'-dichlorofluorescein (DCF). The fluorescence intensity was measured
for 50 images for each strain in three biological repeats. The average intensity
measured for the WT strain was 0.87, 1.74 for the AclrB strain and 3.2 for the AxInR
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strain suggesting that the Ax/nR strain may be exposed to an oxidative stress with an

accumulation of intracellular ROS in the fungal cells (Figure 4.22).
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Figure 4.22: Reactive Oxygen Species (ROS) accumulation using the dye H,DCF-
DA. H,DCF-DA emits a green fluorescence when it is oxidised by ROS in the cell.
The fluorescence intensity was measured using the ImageJ software. The results
shown represent 50 measurements of three independent biological samples and the
error bars indicate the standard error of the mean. * represents the condition for
which the T-test result had a p-value < 0.05 which means that the difference

observed is significant when compared to the WT.

4.3.5.5 Inhibition of the mitochondrial complexes by Antimycin A
(AntiA) and salicylhydroxamic acid (SHAM)

To verify that the activation of the AOX pathway and the accumulation of intracellular
ROS were due to a decrease in the cell membrane permeability rather than to a
mitochondrial dysfunction, the integrity of the mitochondrial complexes was assayed
using inhibitors. In the case of a mitochondrial dysfunction, the inhibition of
complexes, especially the complex Il located after the alternative oxidase in the
respiratory chain (Figure 4.23B), should result in no growth of the strains. Antimycin
A (antiA) was used to inhibit the complex Il of the respiratory chain and

salicylhydroxamic acid (SHAM) was used to inhibit the AOX. The results showed that
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when the AOX is inhibited, the different strains tested were growing well though a bit
less than the control with no inhibitors. However when the complex Il was inhibited,
the growth rates of the strains were much lower showing that the complex Il was
functional and that there was no mitochondrial dysfunction in the deletion strains
(Figure 4.23A).
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Figure 4.23: (A) Inhibition of the mitochondrial complexes using Antimycin A (AntiA)
which targets the complex Il of the respiratory chain and salicylhydroxamic acid
(SHAM) which targets the Alternative Oxidase (AOX) pathway. (B) Mitochondrial
respiratory chain.
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4.4 Discussion

Genes that encode CAZy enzymes active towards polysaccharides are one of the
major groups of genes induced in response to lignocellulose. Transcription factors
that function as repressors and activators regulate the expression of these CAZy-
encoding genes. XINR/XYR1 is the key activator in Aspergillus spp. and T. reesei of
genes encoding cellulase and hemicellulase enzymes (Stricker et al. 2006; Stricker
et al. 2008; van Peij et al. 1998a; van Peij et al. 1998b). In N. crassa, in contrast, the
xInR/xyrl orthologue xIr-1 does not have the same function in regulating expression
of cellulase-encoding genes as in A. niger or T. reesei. Instead, two other
transcription factors CLR-1 and CLR-2 were found to be the predominant regulators
of the expression of cellulase-encoding genes in N. crassa (Coradetti et al. 2012).
This suggests that homologues of CLR-1 and CLR-2 play an important role in plant
cell-wall degradation by fungi. Coradetti et al. (2012) demonstrated that these two
TFs are important regulators of genes encoding both cellulases and hemicellulases
in the presence of cellulose (Avicel) as carbon source, but they are not required for
growth or hemicellulase production in the presence of xylan. In A. oryzae, the
orthologue of CLR-2 called ManR was characterised as a regulator of genes
encoding mannan degrading enzymes (Ogawa et al. 2013). The aims of this chapter
were to (1) characterise the orthologues of the newly discovered TFs CLR-1 and
CLR-2 of N. crassa in A. niger, (2) discover new TFs by further analysing the RNA-
Sequencing dataset and (3) further phenotype deletion strains of already known

regulators.

In A. niger, the roles of CIrB in the Aspergilli are distinct from the roles in N. crassa.
When comparing the roles of the clr-2/clr-B orthologues in both N. crassa and A.
nidulans, Coradetti et al. (2012) showed that the induction pattern of major cellulase-
encoding genes in the Aclr-B deletion strain was several thousand-fold less than WT
but, in the Aclir-A deletion strain, the transcript level of the studied genes was two- to
fourfold less. In the results presented here, the same induction pattern was observed
for both the eglC and the xynA genes. The cIrA deletion strain showed a 3-fold
decrease in its transcript level for the eglC gene and a similar transcript level for the
XynA gene when compared to the WT. This suggests that, as in A. nidulans for which
the induction of cellulase genes required clr-B but not clr-A (Coradetti et al. 2012),
the A. niger clrA orthologue may not be involved in the induction of GH-encoding

genes. However, for all the genes tested, the transcript level of the AclrB deletion
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strain was significantly decreased when compared to the WT strain showing
similarities with the regulatory patterns observed in A. nidulans (Coradetti et al.
2012).

The CAZy enzymes active upon wheat straw are enzymes that are secreted by the
fungus to degrade wheat straw and release compounds that would support its
growth, and also release inducer molecules. The lack of induction of the enzymes
essential for growth on the substrate would result in an impaired growth of the fungus
as well as less enzyme activity from the supernatants of the cultures grown on wheat
straw. Therefore, the growth of the A. niger clrA, cIrB and xInR deletion strains was
assayed by measuring the pH and the glucosamine content of the cultures. In our
data, both the A. niger xInR and the cIrB deletion strains did not lower the pH of the
cultures in wheat straw as low as in the WT or the AclrA strains. As presented in the
Chapter 3, glucosamine is a useful compound for the estimation of fungal biomass,
taking advantage of the presence of chitin, poly-N-acetylglucosamine, in the cell
walls of many fungi and was found to range from 67 to 126 mg glucosamine per g dry
mycelium (Andersen 2008). The measurement of the glucosamine content of the
cultures as a measure of growth showed that the clrB and xInR deletion strains had a
lower glucosamine content supporting the results from the pH measurements
suggesting that these strains grew less well in those conditions. The xInR deletion
strain is known to grow poorly on wheat straw as it was shown that the growth of the
AxInR strain was impaired on plates containing xylan and was not producing
xylanolytic enzymes anymore (van Peij et al. 1998a; van Peij et al. 1998b). The
increase in the glucosamine content observed for the 48h culture for the A. niger
AxInR strain could be due to interference of the wheat straw with the assay (e.g. from
hexosamines (Hoson et al. 1983), see Chapter 3 for details) and as the substrate is
not being degraded as efficiently as for the other strains, the interference of wheat
straw with the assay could be greater than for the other strains. Also, the sugar
analysis of the cell wall of the Ax/nR strain showed that it was composed of around
3% more glucosamine and of around 4% less galatose than the WT strain which
could increase the glucosamine value measured with the assay. A Congo red assay
was carried out on a cellulosic substrate, CarboxyMethylCellulose (CMC), and xylan
to evaluate if there was enzymatic activity in the supernatants of the cultures on
these substrates (Appendix 4.6). The results showed that the AxInR strain did not

produce any xylanolytic enzymes as no halo could be observed on the plates.
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However, some cellulolytic activity remained even if it was less than for the WT
strain. This suggests that some cellulases are still being produced in the AxInR strain
and that could explain why the strain shows some growth on wheat straw based on

the glucosamine content.

As the functioning of enzymes can also be influenced by the pH of the environment
or the media, the A. niger AxInR and AclrB strains were grown in a fermenter
controlled at pH5.0 in order to confirm that the growth results, as well as the
expression data, were the outcome of the lack of growth by the non-expression of the
degrading enzymes rather than a pH effect on the enzyme activities. There are many
examples demonstrating a connection between ambient pH and differences in CAZy
enzyme production with one of the first examples demonstrated by Bailey et al.
(1993) in T. reesei. In a recent study, Li et al. (2013) showed that the optimum pH
levels for production of endoglucanases, exoglucanases and [(-glucanases by T.
reesei were different. Adav et al. (2011) also showed with T. reesei that the secreted
CAZy profiles changed with different pH levels ranging from pH 3.0 to pH 9.0. The
differences in CAZy enzyme production in the above examples can partly be
explained by the homeostatic system by which fungi respond to pH fluctuations in
their environment and PacC, the transcription factor effector of this system, which
can regulate some of the CAZy genes. The active PacC binds the core target
sequence 5-GCCARG-3’ in the promoters of its target genes (Espeso et al. 1997).
The prediction of PacC binding sites in the four genes studied showed that both cbhA
and egIC sequences contained a PacC binding site while xynA and bgIB do not seem
to be regulated by pH conditions as no PacC binding sites were found in their
sequences. The data showed that the transcript levels from the cbhA, eglC and xynA
genes were the same in the flask cultures (where the pH values dropped to 2.84 for
the WT strain after 48h and remained at 6.5 for the AxInR strain) as in the fermenter
condition (pH5.0). This was noticeable, for example, with the AxInR strain where the
pH was lower by 1.5 units in the fermenter when compared to the pH in the flasks.
Therefore, the phenotypes observed in the qRT-PCR experiment (Figure 4.14) were
due to the deletion of the genes encoding XInR and CIrB showing the importance of
both TFs in the degradation of wheat straw in A. niger. To confirm these
transcriptomic results at a functional level, the enzymatic activity from the
supernatants of cultures grown in wheat straw was assayed. The measurement of

glucose molecule released from the incubation of wheat straw cultures with wheat

103



Chapter 4. Transcriptional regulation of genes encoding Glycoside Hydrolases (GHSs) in

A. niger

straw showed less saccharification activity on wheat straw in the supernatants of the
cultures for the A. niger AxInR, AclrA and AclIrB strains compared to the wild-type
strain with the AxInR and AclirB strains being the least able to release reducing sugar
ends. This result was confirmed by SDS-PAGE ran with the culture supernatants.
This showed that the profiles of the cIrA deletion strain, from both the 24h and 48h
samples, were very similar to the WT one while the one from the cIrB deletion strain
showed fewer bands and the one from the xInR deletion strain showed a completely
different pattern with fainter bands and very few bands were similar to the WT strain
especially at 48h where there were more bands present. Based on the genes up-
regulated in the transcriptomic dataset (Delmas et al. 2012), assumptions of the
proteins present for each strain can be made. At 24h and 48h, a band of an
approximate size of 36kDa is present for both the WT and the AclrA strain, very faint
for the AclrB strain and absent for the AxInR strain. This protein could correspond to
EgIC that has an estimated size of 36.5kDa although two close bands are present at
48h at around 28 and 30kDa for both the WT and the AclrA strain but absent for the
other strains. The proteins of these estimated sizes could be a GH61 of 29.4kDa and
a feruloyl esterase of 28.6kDa. Also, a protein of around 80kDa that could be a B-
glucosidase precursor, is present for all the strains but fainter for the Ax/nR strain.
The presence of stronger bands at the 48h time point for both the WT and the AclrA
strain suggests that enzymes are still produced at this later time point. This means
that these enzymes are of potential interest for the degradation of wheat straw for
biofuels production as they could be added to the enzyme mixture to increase the
efficiency of the degradation after 48h. Similarly, enzymes such as GH61, the feruloyl
esterase or EgIC, that seem to be the most highly induced, could be added to the
enzyme mixture for a better degradation at 24h of exposure to wheat straw.
Interestingly a protein of around 170kDa seems to appear on the profiles of both the
AxInR (at 48h) and AclirB (at both time points) strains but is not identified. To identify
the proteins cited, a 2-dimensional electrophophesis should be done, in order to
separate proteins based on their sizes and their isoelectric points. The corresponding
bands can then be excised from the gel and identified using protein mass

spectrometry.

There are significant differences in how XInR in A. niger and XYRL1 in T. reesei
regulate transcription of their target genes (Stricker et al. 2008). In T. reesei, XYR1

interacts with the co-regulators ACE1 and ACE2 (activator of cellulase expression 2)
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(Aro et al. 2001) whereas A. niger lacks an ace2 orthologue (Stricker et al. 2008;
Todd et al. 2014). Furthermore, the acel orthologue does not have the same function
in Aspergillus spp. as shown by deletion of the acel orthologue stzA in A. nidulans
(Chilton et al. 2008). Chilton et al. (2008) showed that if in T. reesei ACE1 was
involved in cellulose utilisation, its orthologue in A. nidulans, StzA, was controlling the
abiotic stress response in this species. The RNA-sequencing data showed that the
clrB gene was more highly induced on wheat straw than the clrA gene. This was
confirmed by measuring the expression levels of the two genes by gRT-PCR for the
WT strain. However, in the xInR deletion strain, the transcript levels of both cIrA and
clrB were decreased to around one-fold change compared to the glucose time point.
This suggests that XInR may regulate the two genes. In N. crassa, CLR-1 and CLR-2
interact for the induction of specific genes. As in A. niger, clrA is not highly induced,
an interaction between CIrA and CIrB might not be happening. Instead, another
possibility would be that XInR and CIrB interact together for the induction of a subset
of genes. Several methods allow for the identification of protein-protein interactions.
In vitro methods include co-immunoprecipitation (co-IP) and pull-down assay. The
co-IP method is used to identify physiologically relevant protein-protein interaction by
using target protein-specific antibody to indirectly capture proteins that are bound to a
specific target protein. These protein complexes can then be analysed to identify new
binding partners, binding affinities, the kinetics of binding and the function of target
proteins. The pull-down assay is used to selectively extract a protein-DNA complex
from a sample. Typically the pull-down assay uses a DNA probe labelled with a high
affinity tag, such as biotin, which allows the probe to be recovered or immobilised.
The proteins are then eluted from the DNA and detected by western blot or identified
by mass spectrometry. Pull down assays are a form of affinity purification and are
similar to immunoprecipitation, except that a "bait" protein is used instead of an
antibody. If XInR and CIrB interact together, these methods would allow for the
identification of their complex and of the targeted DNA sequence in the case of the
pull-down assay. In vivo assays can also be used to detect protein-protein
interactions. One of these methods is the Fluorescence Resonance Energy Transfer
(FRET). FRET is a phenomenon that occurs when 2 fluorophores are in sufficient
proximity (<100A) and an appropriate relative orientation such that an excited
fluorophore (donor) can transfer its energy to a second, longer-wavelength
fluorophore (acceptor) in a non-radiative manner. Thus, excitation of the donor can

produce light emission from the acceptor, with attendant loss of emission from the

105



Chapter 4. Transcriptional regulation of genes encoding Glycoside Hydrolases (GHSs) in

A. niger

donor. Because FRET is a non-destructive spectroscopic method for measuring
molecular interactions, it can be done in living cells as represented by the ratio

between donor and acceptor emission intensities (Pollok et al. 1999) (Figure 4.24).
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Figure 4.24: The principle of FRET. Energy transfer from excitation of the donor
molecule (CFP) to the acceptor molecule (YFP) will occur only if the molecules are
less than 100A apart. This causes quenching of donor fluorescence and excitation of
the acceptor at its emission wavelength.

(http://www.bristol.ac.uk/biochemistry/halestrap/FRET.html).

Genes encoding the homologue proteins of the sensors of the High Osmolarity
Glycerol (HOG) pathway, SSK1 and SSK2, were found to be up-regulated in the
AxInR strain in Sugarcane Exploded Bagasse (SEB) by de Souza et al. (2011).
Hoglp is a crucial participant in osmotic stress response in S. cerevisiae but does
not appear to play a significant role in the oxidative stress (Ferrigno et al. 1998).
However, Kawasaki et al. (2002) showed that the HOG pathway was required for
normal oxidative resistance in A. nidulans with the deletion of the HOG1 homologue,
sakA, resulting in a high sensitivity to oxidative stress. Recently, Mesa-Arango et al.
(2014) demonstrated that when the cell membrane of A. fumigatus is changed (e.qg.
by the action of fungicides), the membrane was more permeable and resulted in the
accumulation of ROS. Few studies have associated oxidative stress with the

induction of AOX at the transcript and protein level (Morgan et al. 2008; Welchen et
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al. 2012). In our results, the gene aox1 is highly induced in both the cIrB and xInR
deletion strains. The use of the dye H2DCF-DA, as a marker of oxidative stress,
showed the accumulation of ROS with an increased in the dye fluorescence for the
two strains. These results suggest that the AclrB and the AxInR strains undergo an
oxidative stress when grown on glucose. These results are supported by the
transcriptomic data from de Souza et al. (2011) where several genes encoding
proteins with oxidoreductase activity were found to be up-regulated in the Ax/inR
strain. In addition to being sensitive to oxidative stress, the Ax/nR strain displayed
cell wall defects with increased sensitivity to phloxine B.

Several signalling pathways act to ensure the cell wall integrity (CWI), for example
the Protein Kinase C and HOG pathways (Eisman et al. 2006; Munro et al. 2007;
Paravicini et al. 1996) and the Ca**-calcineurin pathway (Munro et al. 2007; Singh et
al. 2009; Wiederhold et al. 2005). Dagley et al. (2011) showed that defective cell
walls were linked to dysfunctional mitochondria and phospholipid imbalance in
Candida albicans and mutants tested were hypersensitive to cell wall targeting drugs.
However, when the xInR and clrB deletion strains were tested for mitochondrial
dysfunction, by inhibiting the different complexes of the respiratory chain, or for cell
wall stress, no significant differences were observed between the deletion strains and
the WT strain (Figure 4.23). Nonetheless, a phosphoproteomics analysis showed that
several proteins involved in lipid metabolism were activated in the glucose condition
for the AxInR strain (see Chapter 5) suggesting that a deregulation of the lipid
metabolism may be occurring in the deletion strain. On the contrary, protein kinases
of the Ca®*-calcineurin pathway, known to be involved in the CWI (Munro et al. 2007;
Singh et al. 2009; Wiederhold et al. 2005), were found to be activated in the WT
strain under the same condition. This is supported by the study of Chen et al. (2010)
which showed that mutants affected in the phospholipid biosynthesis pathway were
not sensitive to cell wall stressors in C. albicans even though displaying defects in
CWI. Additionally, the deletion of the gene PGS1, involved in the synthesis of the
mitochondrial phospholipid cardiolipin, has been shown to have cell wall defect
(Zhong et al. 2005; Zhong et al. 2007) in S. cerevisiae. How lipid metabolism affects
CwI is unknown, but effects of  phosphatidylethanolamine  on
glycosylphosphatidylinositol (GPI) anchor synthesis and compromised signalling
through the PKC or calcineurin pathways in the phospholipid biosynthesis mutants

have been proposed mechanisms by Chen et al. (2010). Phospholipid imbalance
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affects the activity of B-glucan synthase. 1,3-B-glucan synthase catalyses the
formation of a B-1,3-glucan polymer that is a major component of the yeast cell wall
(Mio et al. 1997). B-glucan synthase is an integral membrane protein and earlier
biochemical work indicates a critical role for the phospholipid environment in ensuring
proper B-glucan synthase activity (Saugy et al. 1988; Sloan et al. 1987; Wasserman
et al. 1986). Therefore, one hypothesis is that XInR, in addition to be essential for
CAZy enzyme-encoding genes expression, may also be involved in the cell wall
synthesis by maintaining the lipid homeostasis necessary for cell wall synthase
proteins activity. The deletion of xInR leads to the incapacity of the strain to grow on
straw but also could lead to a lipid imbalance that would cause cell wall defects and
make the strain to undergo oxidative strain with exposure to ROS.

Lipid imbalance could be due to fewer lipids being present or to a change in the lipid
composition of the membranes. Phospholipid Fatty Acids (PFLAS) (and sterols) are
the integral hydrophobic components of membranes and can be considered as the
insulating material between proteins and other charged molecules. The content in
PFLAs can be measured by fractionating the lipids on a solid-phase extraction
column and then the phospholipid phase can be dried prior to esterification to form
the fatty acid methyl esters (FAMES) that can be identified and quantified using gas
chromatography coupled to mass spectrometry. This method would allow for
identification of the fatty acids present in both the WT and the xInR deletion strain to
see whether or not there are differences in the lipid composition of the two strains. If
one of the targets of XInR is synthesis of the mitochondrial lipids, the quantification of

the cardiolipin could be assayed using HPLC (Ruggiero et al. 1984).

Altogether, the results presented in this chapter confirm the importance of XInR as
the main regulator of GH-encoding genes. However, CIrB seems to also have an
important role in this regulation with the AclrB strain being strongly compromised in
its ability to grow on wheat straw. On the contrary to the Ax/nR strain, the AclrB strain
did not display any change in the cell wall and was, overall, less sensitive to oxidative
stress, which may be a reason why the strain is able to grow better on wheat straw
than the xInR deletion strain. The data also suggest that XInR may have other role
than being the regulator of GH-encoding genes. A role in cell wall synthesis and/or
lipid homeostasis is hypothesised and further work would be needed to test this

hypothesis.
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Figure 4.25: Proposed model of the effect of the deletion of xInR in A. niger. XInR, in
addition to be essential for CAZy enzyme-encoding genes expression, may also be
involved in the cell wall synthesis by maintaining the lipid homeostasis necessary for
cell wall synthase proteins activity. The deletion of xInR leads to the incapacity of the
strain to grow on straw but also could lead to a lipid imbalance that would cause cell
wall defects and make the strain to undergo oxidative strain with exposure to ROS. In
response to the increased level of ROS, the Alternative Oxidase (AOX) is activated to
guench the ROS.

4.5 Future work

The results presented in this chapter show that the transcriptional response of A.
niger to wheat straw is not solely controlled by the TF XInR. CIrB, and to some extent
CIrA, seem to play a role in this response. To further phenotype the corresponding
deletion strains, the AclrA and AclrB strains could be tested on other substrates such
as willow or sugarcane bagasse to investigate whether or not their role is specific to

wheat straw. Also the complementation strains of the clrA and clrB deletions should
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be done to confirm their phenotypes. However, other TFs must be involved and
futher screening of transcriptomic and proteomic datasets would help identifying and
characterising these new TFs. Those studies will explore both the molecular basis of
the fungal responses (to include sensing, signalling and transcriptional regulation) but
will also provide pointers to the optimised saccharification of target lignocellulosic
materials. A better understanding of the regulatory networks involved in the
transcriptional response to lignocellulosic substrates will help to reduce costs of
inducing enzymes and improving the functionality of the enzymatic cocktail used in
the biofuel production process.
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5.1 Introduction

5.1.1 Phosphorylation of proteins, a modification involved in signalling

Phosphorylation is a post-translational modification of proteins that occurs in a wide
range of cellular processes (e.g. differentiation, cell division, proliferation, and
apoptosis) and particularly in signalling mechanisms. Phosphorylated proteins have
been known for over a century (Levene 1906), followed by the discovery of a
phosphoserine in the yolk sac (Lipmann 1932) and finally by the first description of a
protein phosphorylation event (Burnett et al. 1954). The phosphorylation brings about
important functional modifications of the target protein, such as amplification or
inhibition of its enzymatic activity, change in its cellular localisation and structural
changes that allow the association with other proteins. The phosphorylation reaction
is the esterification of the serine, tyrosine or threonine side chain, by adding one or

several phosphate groups (Figure 5.1).

MHN\%J\ /H(L/ﬁ MHN\HJ\ /H(k/ﬁ

CH,
ATP ADP
,P:D'
0% ~0-

Figure 5.1: phospho-esterification of tyrosine (http://biochimej.univ-angers.fr/).
Phosphorylation is the esterification reaction on the side chain of serine, threonine or

tyrosine by adding one or several phosphate groups.

Phosphorylation is mediated by protein kinases. The added phosphate groups are
then removed (de-phosphorylation) by phosphatase enzymes. The processes of
phosphorylation and de-phosphorylation provide a mechanism by which metabolic or

signalling pathways are regulated.
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5.1.2 Protein kinases families

The 27 eukaryotic families of protein kinases represent one of the most important
protein super-families. They account for around 2% of the genes in eukaryotic
genomes. These proteins are involved in the regulation of most of the metabolic
pathways and seem to phosphorylate around 30% of the proteome. Up to date, 2000
kinases have been identified and over 100 tri-dimensional structures have been
reported in the Protein Data Bank (PDB) (Sussman et al. 1998).

5.1.2.1 Tyrosine kinases

Over 90 tyrosine kinases have been identified in the human genome and they are
part of a multigenic family (Robinson et al. 2000). Tyrosine kinases are divided into 2
groups:

- Cytoplasmic tyrosine kinases (32 of that type — EC 2.7.10.2).
- Transmembrane receptor-linked tyrosine kinases (58 of that type — EC
2.7.10.1 - EC 2.7.1.112) e.g. insulin receptor.
These proteins have an extracellular domain that can link to a specific ligand and an
intracellular catalytic domain (CD) that links to and phosphorylates the targeted
proteins. The binding of the ligand to the extracellular domain leads to structural

modifications of tyrosine kinase that trigger their activation.

5.1.2.2 Serine/Threonine kinases

Examples of Serine/Threonine kinases are:

- Protein kinases regulated by cyclic nucleotides (CAMP, cGMP): protein kinase
A (PKA — Calmodulin dependent kinase EC 2.7.1.123) and protein kinase G

- Protein kinase C (PKC - Calmodulin dependent kinase EC 2.7.1.123)
activated by diacylglycerol

- Mitogen-activated protein kinases (MAPK - EC 2.7.11.24): Extracellular
signal-regulated kinase (ERK), c-jun N-terminal kinase, MAP Kinase p38

- Protein kinases [calcium — calmodulin]-dependent (CaM kinases — EC
2.7.1.123) in animals

- Calcium-dependent protein kinases (CDPK - EC 2.7.11.1) in plants and
protozoans

- Glycogen phophorylase kinase (EC 2.7.11.1)
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5.1.2.3 Histidine kinases (EC 2.7.13.3)

These proteins do not have the same structure as the other protein kinases and are
mainly found in prokaryotes and plants (Nongpiur et al. 2012). They work in relay
together with an aspartate residue that receives the phosphate group transferred
from ATP to the histidine.

5.1.3 Mitogen Activated Protein Kinases (MAPKs - EC 2.7.11.24)

Mitogen-activated protein kinases are also known as MAP kinases that
are serine/threonine-specific  protein  kinases belonging to the CMGC
(CDK/MAPK/GSKB3/CLK) kinase group. The closest relatives of MAPKs are the
cyclin-dependent kinases (CDKs) (Manning et al. 2002). MAPKs are involved in
directing cellular responses to a diverse array of stimuli, such as mitogens, osmotic
stress, heat shock and proinflammatory cytokines. They regulate cell proliferation,
gene expression, differentiation, mitosis, cell survival, and apoptosis, among many
others (Pearson et al. 2001). MAP kinases are found in eukaryotes only, but they are
fairly diverse and encountered in all animals, fungi and plants, and even in an array

of unicellular eukaryotes.

5.1.3.1 Activation

MAPKs are kinases that catalyse the phosphorylation of MAPs. MAPK signalling
pathways involve a series of kinases that are activated in a cascade: a MAPK is
activated by a MAPKK, itself activated by a MAPKKK. The MAPKKK is activated by
another protein kinase activated, also by phosphorylation, in response to different
signals (Madden et al. 1997). These cascades of activation are composed of different
modules. MAPKs (MAPKKK, MAPKK, and MAPK) have a conserved Thr-X-Tyr motif,
composed of a threonine, a variable amino acid depending on the MAPK type, and a
tyrosine in their activation loop. This motif needs to be phosphorylated on both the
threonine and the tyrosine residues in order to lock the kinase domain in a
catalytically competent conformation. In humans, the variable amino acid is essential
as it allows each MAPK to be specifically recognised by its activating kinase which
induces an adapted response to the external signal (Robbins et al. 1993). The
tandem activation loop phosphorylation is performed by members of the MAPKK or
Ste7 family. MAPKK kinases in turn, are also activated by phosphorylation, by a

number of different upstream serine-threonine kinases, the MAPKKK. Because
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MAPKK kinases display very little activity on substrates other than their cognate
MAPK, classical MAPK pathways form multi-tiered, but relatively linear pathways.
These pathways can effectively convey stimuli from the cell membrane (where
many MAPKKKs are activated) to the nucleus (where only MAPKs may enter) or to
many other subcellular targets. The specificity of interaction between the kinase and
the protein to phosphorylate is due to the recognition of the tertiary structure of
proteins. Three-dimensional structural analysis showed that phosphorylation can
affect protein activity by inducing allosteric conformational changes (Sprang et al.
1998). It is also quite clear that the activity of the protein kinases is linked to their
level of phosphorylation. Thus, it has been shown that for mammalian MAPK, 2
distinct phosphorylation sites are present, at tyrosine and threonine residues, and
only the double phosphorylation of the protein leads to a full and efficient activation
(Anderson et al. 1990). In a similar way, MAPKK require a double phosphorylation on
both serine residues or on one serine residue and one threonine residue to be
activated and be able to phosphorylate the MAPK downstream of the cascade
(Huang et al. 1994). The MAPKKK activation seems to be more complex due to the
diversity of signals and effectors (e.g. G protein coupled receptors, phosphorelays,
membrane sensors, protein kinase) leading to the activation of the cascade.
Moreover, some MAPKKK can associate in oligomers resulting in their auto-
phosphorylation (Tobiume et al. 2002).

Each activated MAPK phosphorylates various substrates (TFs, other protein kinases,
phospholipases and different proteins associated with cytoskeleton) that will be
necessary for the cell to react efficiently to a change in its environment (Payne et al.
1991).

5.1.3.2 Signalling cascade

The first elements of the signalling pathway are the receptors coupled to the cell
membrane (Gray et al. 1997; Verna et al. 1997). In fact, the activation of the protein

kinase is passed on via these receptors associated with the membrane (Figure 5.2).
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Figure 5.2: MAPK signalling cascades (adapted from www.cellsignal.com).
Signalling via the conventional MAPKs follows a classical three-tiered kinase
cascade: MAPKKK— MAPKK—MAPK. A broad range of extracellular stimuli
including mitogens, cytokines, growth factors, and cellular stressors stimulate the
small GTPases of the Ras/Rho family, leading to activation of a MAPKK kinase
(MAPKKK). MAPKKK phosphorylates and activates a downstream MAPK kinase
(MAPKK), which in turn phosphorylates and activates a MAPK. Activation of MAPKs
leads to the phosphorylation and activation of specific MAPK-activated protein
kinases, such as members of the ERK, SAPK, or p38 families. These MAPK-
activated protein kinases function to amplify the signal and mediate the broad range

of biological processes regulated by the different MAPKSs.

5.1.3.3 MAPKs in animals

All Eukaryotic cells have multiple MAPK pathways regulating gene expression,
mitosis, metabolism, survival, apoptosis and differentiation. Five MAPK modules
have been described up to now: extracellular signal-Regulated Kinases (ERKs) 1 and
2 (ERK1/2), c-JuN amino-terminal Kinases (JNKs) 1, 2 and 3, p38 isoforms a, B, y
and 6, ERKs 3 and 4, and ERKS5. These five pathways share proteins involved in the
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different signalling cascades but lead to different specific biological responses
(Denhardt 1996; Woodgett et al. 1996).

1- Extracellular signal-Regulated Kinases (ERK1, ERK?2):
The ERK1/2 pathway of mammals is probably the best-characterized MAPK system.
This pathway is preferentially activated in response to growth factors and to phorbol
esters (tumour inducer). It also regulates cells proliferation and differentiation.

2- C-Jun N-terminal Kinases (JNKs) (MAPK8, MAPK9, MAPK10):
These kinases are also known as Stress-Activated Protein Kinases (SAPKS).

3- P38isoforms (MAPK11, MAPK12 (=ERK6), MAPK13, MAPK14):
JNKs and p38 signalling pathways are responsive to stress stimuli such as cytokines,
UV exposure or osmotic and heat shocks. These pathways are involved in cell

differentiation and apoptosis.

4- ERK5 (MAPKTY):
This MAPK is activated in response to growth factors and to stress. It participates in

cell proliferation.

5- ERK3 (MAPK6) and ERK4 (MAPK?):

ERK3 and ERK4 are distinguished from other MAP kinases in that they lack the
conserved TXY motif in their activation loop, possessing instead an SEG motif
(Boulton 1991; Cheng et al. 1996). Phosphorylation at Ser189 in the SEG motif has
been reported (Cheng et al. 1996; Coulombe et al. 2003). With limited information
about its upstream kinases and downstream substrates, the significance of this
phosphorylation remains to be elucidated (Coulombe et al. 2004; Coulombe et al.
2003; Julien et al. 2003). Erk3 is an inherently unstable protein, rapidly degraded
through amino-terminal ubiquitination and proteasome degradation while ERK4 is
more stable (Bind et al. 2004; Coulombe et al. 2003; Kant et al. 2006). Accumulating
evidence suggests that Erk3 is involved in cell differentiation (Julien et al. 2003).

5.1.3.4 MAPKSs in fungi

Survival of fungi in the environment involves coping with different kind of stresses.
This implies a complex network of cellular mechanisms to adapt and deal with
changes occurring in the environment. Signal transduction pathways involving MAPK
cascades probably constitute the major mechanism by which fungi sense such
changes and develop adaptive responses. Studies carried out on the model
organism Saccharomyces cerevisiae showed that five MAPK pathways were

implicated in different processes: mating, adjustment to nutrient limiting conditions,
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survival under hyperosmotic conditions, repair of cell wall injuries and ascospore cell
wall assembly (Chen et al. 2007). Two pathways have been particularly well
characterized in S. cerevisiae: the High Osmolarity Glycerol pathway (HOG) and the
Cell Wall Integrity pathway (CWI) (Figure 5.3).

5.1.3.4.1 HOG pathway

The HOG pathway is involved in cellular adaptation to hyperosmotic environments.
Eukaryotic cells respond to osmotic stress by increasing their internal osmolarity. S.
cerevisiae responds to these conditions of stress by activating the synthesis of
glycerol and by decreasing its cellular permeability. This triggers an important
accumulation of glycerol in the yeast’'s cytoplasm. The HOG pathway is mainly
composed of three MAPKKKs encoded by the genes SSK2/22 or STE1ll, and
MAPKK and MAPK encoded respectively by the genes PBS2 and HOG1 (Hohmann
2002). Two crucial elements are involved in the fast and transitory activation of the
HOG pathway in response to hyperosmolarity and these elements provide specific
responses to different stress conditions (O'Rourke et al. 2002). The first one is a
system that is comparable to the two-component bacterial system. It is composed of
a membrane sensor and a cytosolic regulator. In this system, the transmembrane
sensor is the protein Sinlp (group VI histidine kinase). In the absence of stress,
Sinlp autophosphorylates and transfers the phosphate group to the phosphorelay
protein Ypdlp which can then phosphorylate Ssklp. This leads to the inactivation of
the HOG pathway. In conditions of stress, Ssklp is dephosphorylated which allows
the activation of the MAP kinase cascade. The triggering signal is passed on to the
MAPKKK Ssk2/22 and then to the MAPKK Pbs2p (Singh 2000). Another sensor
involved in the activation of the HOG pathway in response to osmolarity is the protein
Sholp which has a SH3 domain allowing protein interactions. Through this SH3
domain Sholp directly interacts with Pbs2p via Stellp (MAPK involved in the
response to pheromone and filamentous growth) which leads to the activation of
Hoglp by phosphorylation. It seems that the interaction between Stellp and Sholp
is necessary for Pbs2p interaction. It has been suggested that Pbs2p may act as a
scaffold protein by maintaining Sholp, Stellp and Hoglp in an assembly. Such an
association enables the cells to avoid any crosslink activation between shared
components of different pathways (O'Rourke et al. 2002). In addition to its activation
in response to hyperosmolarity, the Sholp part of the HOG pathway is also activated
in response to heat shock (Winkler et al. 2002). The MAPKK Pbs2p, then,
phosphorylates the MAPK Hoglp. The phosphorylated form of Hoglp can be either
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cytoplasmic or transferred to the nucleus assisted by Gsplp, a protein involved in
transferring to the nucleus proteins with a nuclear localisation signal (Oki et al. 1998)
In that case Hoglp has a role of transcription factor (TF). The targets of the
phosphorylated Hoglp are yet to be clearly identified. However, the main targets of
the TF Hoglp seem to be genes involved in cell wall synthesis such as EXG1 or
other TFs such as Msn2/7p, Hotlp, Skolp, Mcmlp and Smplp (Reiser et al. 1999;
Rep et al. 1999; Xu 2000). Three phosphatases Ptclp, Ptp2p and Ptp3p are involved
in the negative regulation of the HOG pathway (Hohmann 2002).

In A. fumigatus, the Shol homologue was shown to be involved in osmotic stress
(Ma et al. 2008). The shol gene also plays a role in radial growth, germination and
polarity establishment in the same species (Ma et al. 2008). In A. nidulans, Pbs2 was
also shown to be involved in stress responses (Furukawa et al. 2005). In A.
fumigatus, the homologue of yeast Hoglp, SakA, is involved in the response to
osmotic stress. However, in A. nidulans, SakA is not required for surviving in
hyperosmotic conditions which indicates that different mechanisms may be involved
in these two species (Kawasaki et al. 2002). Finally, Tmk3, a homologue of yeast
Hoglp in T. reesei, has been shown to act in the CWI pathway similarly to Slt2-type
MAPK showing again differences in the regulation in filamentous fungi (Wang et al.
2013).

5.1.3.4.2 CWI pathway

The CWI pathway has been well described in the yeast S. cerevisiae. The activation
of the CWI pathway by a stress that compromises the cell wall integrity leads to, via a
MAPK cascade (Bck1lp, Mkk1p/Mkk2p), the phosphorylation of the MAPK Slt2p (also
named Mpk1p). This triggers the expression of genes involved in the synthesis and
the restructuring of cell wall components and to the establishment of a mechanism
called “compensatory mechanism” (Baetz et al. 2001). This response is
characterised by an increase in the cell wall contents of B-glucans and chitin,
changes in the cell wall polymers association and by an increase in the quantity of
proteins necessary for cell wall synthesis. This response can be triggered by
chemical reagents interfering with the cell wall (Calcofluor White, Congo Red,
glucanases) or by oxidative stress, osmotic or heat shocks (Bermejo et al. 2008). The
CWI pathway activation is controlled by five cellular membrane proteins (Wsclp,
Wsc2p, Wsc3p, Mid2p and Mtllp). Under stress conditions, Wsclp and Mid2p
interact with Rom2p, a guanine exchange factor that activates the small GTPase

Rholp. Rholp, once activated, interacts with Pkclp (Protein kinase 1) leading to its
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activation (Bermejo et al. 2008). The active form of Pkclp starts the signalling
cascade by phosphorylating Bcklp (MAPKKK). Bcklp, then, phosphorylates and
activates two MAPKK, Mkk1p and Mkk2p. In turn, these MAPKK activate their target,
Slt2p. Phosphorylated Slt2p acts upon two TFs, RIm1lp (Watanabe et al. 1995) and
SBF (Baetz et al. 2001). SBF is a heterodimer made of two proteins, Swi4p and
Swi6p, involved in the regulation of genes entailed in the G1/S transition in the cell
cycle. Swidp and Swibp as well as RImlp TFs act upon the expression of genes

involved in cell wall biosynthesis and restructuring (Jung et al. 1999).

The CWI pathway has been shown to be the main pathway activated in response to
a cell wall stress in Alternaria brassicicola (Sellam et al. 2007). In the same way, in S.
cerevisiae, studies showed that the CWI pathway was activated by cell wall damage
when caused by zymolyase (Bermejo et al. 2008) but also by a hyperosmotic shock

in a HOG1-dependent manner (Garcia et al. 2009).
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Figure 5.3: HOG and CWI pathways in S. cerevisiae.

5.1.3.5 MAPKSs in plants

The genome of Arabidopsis thaliana is predicted to encode around 1100 protein
kinases, corresponding to 4% of the 25,500 predicted genes. This proportion is

double that observed in human, S. cerevisiae or Caenorhabditis elegans. In A.
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thaliana, the protein kinases that are transmembrane receptors phosphorylate the
serine and threonine residues (they phosphorylate mainly the tyrosine residues in

animals and fungi).

Despite the high number of MAPK genes, MAPK pathways of higher plants have
been studied less than animal or fungal ones. Although their signalling appears very
complex, the MAPK3, MAPK4 and MAPKG6 kinases of A. thaliana are key mediators
of responses to osmotic shock, oxidative stress, to cold and are involved in anti-
pathogen responses (Rodriguez et al. 2010; Sinha et al. 2011). In addition, they are
also involved in morphogenesis, since MPK4 mutants display severe dwarfism
(Kosetsu et al. 2010).

5.1.4 Transcription factor activation

TF may be activated (or deactivated) through their signal sensing domain by a

number of mechanisms including:

— Ligand binding: nuclear receptors have the ability to directly bind to DNA and
regulate the expression of adjacent genes. Hence, these receptors are classified
as transcription factors (TFs) (Evans 1988; Olefsky 2001). The regulation of gene
expression by nuclear receptors generally only happens when a ligand is present.
More specifically, ligand binding to a nuclear receptor results in a
conformational change in the receptor which, in turn, activates the receptor resulting

in up-regulation or down-regulation of gene expression.

— Phosphorylation: Phosphorylation of a transcription factor, often at multiple sites,
is @ common mechanism for responding to signalling events (Karin et al. 1995). This
modification can lead to changes in transcription factor concentration or activity in the
nucleus (Calkhoven et al. 1996). Three main levels of regulation modulate TF activity
through phosphorylation. Firstly, TFs can be kept in a latent state in the cytoplasm
and are then translocated into the nucleus upon activation. Secondly, the nuclear
binding activity of nuclear TFs can be modulated either positively or negatively by
phosphorylation. Finally, phosphorylation can affect the interaction of transcription
factor transactivation domains with the transcriptional machinery (Hunter et al. 1992)
(Figure 5.4).
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— Interaction with other TFs or co-regulatory proteins: TFs may interact with DNA
indirectly through protein-protein interactions with other transcription factors or
coregulatory proteins (Metivier et al. 2003).

Extracellular signals

Protein kinases and protein phosphatases

Phosphorylation and dephosphorylation

TF activity

DNA binding Chromatin structure

Cellular localisation Protein stability

Oligomerisation Binding to coregulators

Figure 5.4: Protein phosphorylation and protein dephosphorylation regulate the
activities of TFs through multiple mechanisms. In response to extracellular signals,
the phosphorylation state of TFs and co-regulators is modulated by the activities of
protein kinases and protein phosphatases. These modifications either positively or
negatively affect TF activity by regulating distinct aspects of TF function (Whitmarsh
et al. 2000).

5.1.5 MAPK signalling cascades and expression of GHs

In fungi, lignocellulolytic enzyme production is tightly controlled at the transcriptional
level by the action of transcriptional activators and repressors. Wang et al. (2013)
showed that the deletion of tmk3, homologue of hogl in T. reesei, down-regulated
the transcript level of genes encoding GH enzymes. The authors observed a
decrease in the transcript levels of cbhl, cbh2, egll, egl2 and bgll encoding,
respectively, two cellobiohydrolases, two endoglucanases and one [(-glucosidase

when tmk3 was deleted. They, therefore, suggested that Tmk3 may be involved in
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cellulase and hemicellulase production and/or induction. Tmk3 may also regulate
cellulase production by phosphorylating and activating TFs responsible for GH

induction in T.reesei.

Brown et al. (2013) studied SnfA, the homologue of Snfl, a sensor of cellular
energetic state in S. cerevisiae, in A. nidulans. Snfl is known to be required for
growth on alternative carbon sources. The authors studied the effect of snfA deletion
upon expression of GHs. They demonstrated that the deletion of snfA decreased the
production of hydrolytic enzyme production by decreasing the ability of A. nidulans to
utilise cellulose and transcribe genes encoding hydrolytic enzymes. Snfl has also
been shown to regulate the expression of 400 genes in response to carbon
exhaustion (Young et al. 2003) (Figure 5.5).

Growth on cellulose
or carbon starvation

GCPRs :

[
Drop in ATP
1
| 1
X .
Hyperactivated PkaC
Loss of signal for CreA repression

l—lHydrontic enzymes l—)

Derepression and CreA relocalisation

Figure 5.5: A schematic for the mechanisms by which non-essential protein kinases
regulate CreA repression and hydrolytic enzyme production in A. nidulans. Upon
growth on cellulose as a sole carbon source, a drop in phosphorylated glucose and
RAS-mediated PKA activation, results in the loss of the positive signal for CreA
nuclear localisation and repression. Subsequently, the drop in intracellular ATP and
an alteration in TOR signalling, results in SchA and SnfA controlling CreA re-
localisation and hydrolytic enzyme production. Bold arrows represent experimentally

proven, while dotted arrow represent hypothetical, connections (Brown et al. 2013).
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5.1.6 Aims

A phosphoproteomics-based analysis has been carried out on both the WT and the
xInR deletion strains of A. niger. The aims of the analysis were to:

- ldentify key regulators of signalling pathways activated in response to
exposure to wheat straw in A. niger.
- Improve our knowledge of the mechanisms involved in the degradation of

wheat straw in A. niger.

5.2 Material and methods

See Chapter 2:

2.2.10.6 for the phosphoproteomis analysis

- 2.2.10.4 for western blot analysis

- 2.2.3.4.2for qRT-PCR

- 2.2.5and 2.2.6 for the gene deletion procedure
- 2.2.7.1 for pH measurement

- 2.2.7.2 for glucosamine assay

5.3 Results

As highlighted in the Chapter 3, the wheat straw substrate seems to interact with the
colorimetric measurement of the protein concentrations using the RC/DC assay. The
protein extractions carried out for the phosphoproteomics study where quantified for
concentrations using this assay. Therefore, the results presented in this chapter may
be due to a difference in the protein concentration estimation with some samples
(e.g. AxInR glucose condition) having more proteins detected during the

phosphoproteomics analysis than others.

A phosphoproteomic study was carried out on both the WT and the AxInR deletion
strains of A. niger in order to identify key regulators of the signalling pathways
involved in the breakdown of a lignocellulosic substrate, wheat straw. The analysis
consisted in comparing the phosphoproteome profile of the strains when grown in a
simple, easily available carbon source, glucose, with the phosphoproteome profile of

the same strains when exposed to a complex substrate, wheat straw, for 6h, 12h
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and 24h to identify the proteins that could be involved in signalling pathways. The
data analysis was done on the phosphopeptides that were found in both biological

repeat for each sample.
5.3.1 Phosphoproteomics datasets

Noticeable differences in the WT strain and the Ax/nR strain were detected (Figure
5.6). In the WT strain, there were 15 phosphopetides in the glucose condition, and a
constantly increasing number of phosphopeptides in the wheat straw conditions
between 6h (7 phosphopeptides), 12h (18 phosphopeptides) and 24h (35
phosphopeptides) of exposure to the substrate. In the Ax/ihR strain, 147
phosphopeptides were found in the glucose condition, 15 phosphopeptides in the 6h
wheat straw condition, 22 after 12h of exposure to wheat straw and 13
phosphopeptides in the 24h of exposure to wheat straw sample. In addition, none of
the phosphopeptides found in the glucose condition for the two strains was found in
either of the 6h, 12h or 24h of exposure to straw samples (data not shown).
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Figure 5.6: Diagram showing the number of phosphopeptides found in the WT, the
AxInR and the AcreA strains for each condition: 48h glucose, 6h wheat straw, 12h
wheat straw and 24h wheat straw. The phosphopeptides were found in both

biological repeat samples.
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The comparison was then made between the same condition for the two strains to
identify if the phosphopeptides activated in response to a specific condition were the
same in the WT strain and the AxInR strain (Figure 5.7). The data show that these
phosphopeptides were different between the two strains. In the glucose condition
only 5 phosphopeptides were shared between the WT and the Ax/nR strain. In wheat
straw, there were no shared phosphopeptides at 6h of exposure to the substrate, 1
common phosphopeptide in the 12h sample and 3 in the 24h sample.
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Figure 5.7: A comparison of the number of phosphopeptides found in the WT and
the AxInR strains of A. niger in the different conditions: 48h of exposure to glucose,
6h, 12h and 24h of exposure to wheat straw respectively. The figure in the blue bar
corresponds to the number of phosphopeptides found in the WT strain, the one in the
grey bar to the number of phosphopeptides found in the AxInR deletion strain, and
the one in the yellow bar corresponds to phosphopeptides found in both the WT and

AxInR strains.

A shift in the response timing sequence can sometimes occur due to the deletion of
an important regulator such as XInR. To investigate whether or not the deletion of
xInR provoked such a change, the comparison of phosphopeptides found in the WT
glucose condition was compared to the one found in the different Ax/nR conditions.

The same comparison was made for all the conditions (Figure 5.8). Overall, there
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was no increase in the number of phosphopeptides shared between 2 different
conditions. The maximum number of phosphopeptides found between 2 conditions
was 9 when the WT 24h condition is compared to the Ax/inR glucose condition and

15 when the WT 12h condition was compared with the AxInR glucose condition.
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Figure 5.8: Comparison of the number of phosphopeptides found between the
different conditions. (A) Diagram comparing the number of phosphopeptides found in
the WT glucose and the Ax/InR strains after 6h, 12h and 24h of exposure to wheat
straw respectively. (B) Diagram comparing the number of phosphopeptides found in
the WT after 6h of exposure to wheat straw and the Ax/nR strains after 48h in
glucose and 12h and 24h of exposure to wheat straw respectively. (C) Diagram
comparing the number of phosphopeptides found in the WT after 12h of exposure to
wheat straw and the Ax/InR strains after 48h in glucose and 6h and 24h of exposure
to wheat straw respectively. (D) Diagram comparing the number of phosphopeptides
found in the WT after 24h of exposure to wheat straw and the AxInR strains after 48h

in glucose and 6h and 24h of exposure to wheat straw respectively.

Categories

Phosphoproteins were classified using the KEGG categories. In the WT glucose 48h
condition there were phosphoproteins in the following categories: protein kinase,
protein involved in endoplamic reticulum processing, protein involved in steroid
biosynthesis, transporter, transcription factors and other proteins. After 6h of
exposure to wheat straw, the categories found were one involved in meiosis in yeast,
in the methane metabolism, transcription factor, transporter and other proteins. After
12h, there were also proteins involved in cell wall biogenesis, germination, linked to
the Golgi apparatus as well as transcription factor, transporter and other proteins.
Finally, after 24h of exposure to wheat straw, proteins involved in cell wall
biogenesis, spliceosome, linked to the citrate cycle as well as transcription factor,
transporter, ribosome, protein kinase and other proteins were found. At that time
point the main categories were the transcription factors with 5 proteins, the protein
kinases with 4 and other proteins with 11 phosphoproteins found (Figures 5.9 and
5.10).
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Figure 5.9: KEGG categories of A. niger phosphopeptides found after 48h of
exposure to glucose (A) and after 24h of exposure to wheat straw (B) for the WT
strain. Scaffold (version Scaffold_4.0.7, Proteome Software Inc., Portland, OR) was
used to validate MS/MS based peptide and protein identifications. The software
calculated an improved 95% peptide and protein probability threshold based on the

data from the two different search algorithms, Mascot and X!Tandem.
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Phosphoproteomic profile of the WT strain
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Figure 5.10: KEGG categories of A. niger phosphopeptides found after 48h of exposure to glucose and after 6h, 12h and 24h of exposure to
wheat straw respectively for the WT strain. Scaffold (version Scaffold_4.0.7, Proteome Software Inc., Portland, OR) was used to validate
MS/MS based peptide and protein identifications. The software calculated an improved 95% peptide and protein probability threshold based on
the data from the two different search algorithms, Mascot and X!Tandem.
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Concerning the AxInR deletion strain, there were 25 categories when the strain was exposed
for 48h to glucose. Among these 25 categories the most represented one was the
transcription factor one with 15 phosphoproteins, the transporter one with 11 proteins, the
protein kinase with 10 and finally the category grouping the other proteins with 69
phosphoproteins found. After 6h of exposure to wheat straw, different categories than the
one found for the WT strain were found and included proteins involved in amino sugar and
nucleotide sugar metabolism or SNARE interaction in vesicular transport. There were also
transcription factors, transporters and other proteins. After 12h of exposure to wheat straw,
the proteins found were homologues of proteins involved in meiosis in yeast, but also
transcription factors, transporters, protein kinases and other proteins. At 24h, only 2
categories were found: proteins involved in the spliceosome and a category called ‘other
proteins’ (Figures 5.11 and 5.12).
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Figure 5.11: KEGG categories of A. niger phosphopeptides found after 48h of exposure to
glucose (A) and after 24h of exposure to wheat straw (B) for the AxInR deletion strain.
Scaffold (version Scaffold_4.0.7, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. The software calculated an
improved 95% peptide and protein probability threshold based on the data from the two

different search algorithms, Mascot and X!Tandem.
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Phosphoproteomic profile for the AxInR deletion strain
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Figure 5.12: KEGG categories of A. niger phosphopeptides found after 48h of exposure to glucose and after 6h, 12h and 24h of exposure to
wheat straw respectively for the Ax/InR deletion strain. Scaffold (version Scaffold_4.0.7, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. The software calculated an improved 95% peptide and protein probability threshold

based on the data from the two different search algorithms, Mascot and X!Tandem.
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Concerning the AcreA deletion strain, there were 17 categories represented when the strain

was exposed for 48h to glucose. Among these 17 categories the most represented one was

the transcription factor one with 7 phosphoproteins, the transporter and cell wall category

with 3 proteins, the protein kinase with 4 and finally the category grouping the other proteins

with 20 phosphoproteins found. The total number of phosphopeptides detected in the

glucose condition was 52. After 24h of exposure to wheat straw, the most represented

categories were the transcription factor one with 10 phosphoproteins, the transporter one

with 11 proteins and the category grouping the other proteins with 28 phosphoproteins

found. The total number of phosphopeptides detected in the glucose condition was 64
(Figure 5.13).
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AcreA straw 24h
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Figure 5.13: KEGG categories of A. niger phosphopeptides found after 48h of exposure to
glucose (A) and after 24h of exposure to wheat straw (B) for the AcreA deletion strain.
Scaffold (version Scaffold_4.0.7, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. The software calculated an
improved 95% peptide and protein probability threshold based on the data from the two

different search algorithms, Mascot and X!Tandem.
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5.3.2 Confirmation of the phosphoproteomics results
5.3.2.1 Differences in the phoshphoproteomes of the different strains
5.3.2.1.1 Western blot analysis

To show differences in the phosphoproteomes of the WT and the AxInR strains, western blot
and phosphostaining analyses were performed. Western blot analysis was carried out using
anti-Phospho-Tyrosine Mouse (P-Tyr-100) antibody (Ref #9417 New England Biolabs) but
did not show any bands on gels (data not shown). Phosphostaining, using the ProQ
Diamond method, showed bands but did not show differences between samples (data not
shown). For the western blot analysis, a range of protein amounts from 7ug to 100ug from
the glucose culture were used and resulted each time in no detection of Tyrosine-
phosphorylated (Tyr-P) proteins using the anti-Phospho-Tyrosine Mouse (P-Tyr-100)
antibody. Different dilutions of the primary and secondary antibody were also assayed to try
increasing the sensitivity of the detection but did not give any results either. This may be due
to a lack of sensitivity of the antibody towards fungal phosphoproteins rather than a technical
problem as the proteins in the positive control (EGF Receptor Control Cell Extracts) were
detected. Also, the ladder was used as a negative control in the experiment as no Tyr-P

proteins are present in it (NEB technical service communication).

5.3.2.1.2 Induction of two phosphatase-encoding genes in the AxInR

strain at 48h in glucose

Two phosphatase-encoding genes were found to be phosphorylated in the xInR deletion
strain in the glucose condition. These genes have not been characterised in filamentous
fungi but are annotated as phosphatase-encoding genes in the UniProt database for A.
niger. The results showed an increase of the transcript levels of the 2 phosphatase encoding
genes in the AxInR glucose condition when compared to the WT strain. The transcript levels
of the two genes were 3 times higher in the xInR deletion strain than in the WT strain in the
glucose condition. In the wheat straw time point, the phosphatase 1 gene (An18g03660) had
a transcript level increased when compared to the WT strain. However, the phosphatase 2
gene (An11g07970) had a transcript level lower than for the WT strain for the same condition
(Figure 5.14).
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Figure 5.14: Expression of two phosphatase encoding genes in A. niger grown in glucose
and wheat straw media for the WT and the AxInR strains. The results shown represent
triplicates of three independent biological samples and the error bars indicate the standard
error of the mean. The expression values represent the expression fold change relative to
the 48h glucose culture. * represents the condition for which the T-test result had a p-value <

0.05 which means that the difference observed is significant when compared to the WT.
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5.3.2.1.3 Induction of slt2 and hogl in the AxInR strain at 48h in glucose

The slt2 gene encodes the last MAPK of the CWI pathway whose main function is the
maintenance of the cell wall integrity. When looking at the transcript level of the gene in both
the WT and the AxInR strains in glucose and in wheat straw, a 5 times increase in the
transcript level was observed in the glucose condition for the AxInR strain when compared to
the WT strain (Figure 5.15). This indicates an activation of the CWI pathway in the xInR

deletion strain when exposed to glucose for 48h.
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Figure 5.15: Expression of the slt2 gene in A. niger grown in glucose and wheat straw
media for the WT and the Ax/InR strains. The results shown represent triplicates of three
independent biological samples and the error bars indicate the standard error of the mean.
The expression values represent the expression fold change relative to the 48h glucose
culture. * represents the condition for which the T-test result had a p-value < 0.05 which

means that the difference observed is significant when compared to the WT.

The hogl gene encodes the last MAPK of the HOG pathway whose main function is the
response to hyper or hypo-osmostic conditions. When looking at the transcript level of the
gene in both the WT and the AxInR strains in glucose and in wheat straw, a 6 times increase

was observed in the glucose condition for the AxInR strain when compared to the WT strain
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(Figure 5.16). This indicates an activation of the HOG pathway in the xInR deletion strain

when exposed to glucose for 48h.
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Figure 5.16: Expression of the hogl gene in A. niger grown in glucose and wheat straw
media for the WT and the Ax/InR strains. The results shown represent triplicates of three
independent biological samples and the error bars indicate the standard error of the mean.
The expression values represent the expression fold change relative to the 48h glucose
culture. * represents the condition for which the T-test result had a p-value < 0.05 which

means that the difference observed is significant when compared to the WT.
5.3.3 Deletion of the An11g06750 gene in A. niger

The gene An11g06750 encodes a Zn,Cysg TF. In the phosphoproteomic dataset, the protein
was found in the WT condition but not in the AxInR samples. This suggests that the TF
coded by this gene could be under the regulation of XInR. This gene has not been previously
characterised in A.niger or other filamentous fungi. It is the homologue of the CTI6 gene of

S. cerevisiae which encodes a component of the Rpd3L histone deacetylase complex.
5.3.3.1 Growth phenotype of the AAn11g06750 strain

The pH was measured in cultures grown for 48h in glucose before the mycelium was

transferred to wheat straw medium. After 24h and 48h in wheat straw, the pH was measured
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in the cultures. For the glucose condition, after 48h of culture, the pH had dropped from 6.5
to 2.87 for the WT strain and from 6.5 to 3 for the AAn11g06750 strain. In wheat straw, after
transfer to the medium, the pH had dropped from 6.5 to 3.37 after 24h and to 2.84 after 48h
for the WT strain and from 6.5 to 3.2 after 24h and to 3.4 after 48h for the AAn11g06750
strain (Figure 5.17). A two-way ANOVA test was performed within the same condition (e.g.
glucose 48h) to show differences between the two strains. The results from the test showed
that only the wheat straw 48h time point had significant difference between the WT and the
AAn11g06750 strains.
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Figure 5.17: pH measurements from glucose and wheat straw cultures. For both substrates
the starting pH of the medium was set up at pH6.5. The results shown represent triplicates of
three independent biological samples and the error bars indicate the standard error of the
mean. A two-way ANOVA was performed for each condition in comparison to the WT strain.

A significant difference was observed between the WT and the AAn11g06750 strain for the

wheat straw 48h time point.

The content of the cultures in glucosamine was measured at each time point and the
equivalent dry weight was calculated back using a standard curve of known glucosamine
content of known dry weight samples. After 48h in glucose the dry weight of the WT strain
(from 1.5g wet weight) was 0.105g and 0.1g in the AAn11g06750 strain. The dry weights
after 24h and 48h in wheat straw were 0.16g and 0.19g respectively for the WT strain and
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0.14g and 0.175g for the AAn11g06750 strain (Figure 5.18). A two-way ANOVA test was
performed within a same condition (e.g. glucose 48h) to show differences between the two
strains. The results from the test showed that the differences between the WT strain and the

An11g06750 deletion strain were not significant.
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Figure 5.18: Increase in the biomass content of the WT and the AAn11g06750 cultures in
glucose and wheat straw. The wheat straw cultures were inoculated with 1.5g wet weight
mycelium from the corresponding glucose culture (ca. 0.1g dry weight). The glucosamine
content was measured from 1.5g (wet weight) for the glucose culture and from the content of
the full culture for the wheat straw cultures and the dry weight was calculated back using a
standard curve of the glucosamine content against the dry weight. The results shown
represent triplicates of three independent biological samples and the error bars indicate the
standard error of the mean. No significant differences were observed between the WT and
the AAn11g06750 strain.

5.3.3.2 Expression of GH-encoding genes in the AAn11g06750 strain

The transcript levels of the cbhA, eglC and bgIlB genes were measured in the WT and the
AAn11g06750 strains. The fold change of cbhA transcript levels, between the glucose
culture and the wheat straw culture was 88, 7 for the eglC gene and 5 for the bglB gene in
the AAn11g06750 strain (Figure 5.19). This is 49 times (cbhA), 47 times (egIC) and 20 times

(bgIB) less than for the WT strain when compared to the glucose cultures.
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Figure 5.19: Expression of the cbhA, egIC and bglB genes in A. niger grown in wheat straw
media for the WT and the AAn11g06750 strains. The results shown represent triplicates of
three independent biological samples and the error bars indicate the standard error of the
mean. The expression values represent the expression fold change relative to the 48h
glucose culture. * represents the condition for which the T-test result had a p-value < 0.05

which means that the difference observed is significant when compared to the WT.

5.3.3.3 Expression of the xInR gene in the AAn11g06750 strain

When looking at the transcript level of the xInR gene in the AAn11g06750 strain in glucose
and in wheat straw, a decrease in the transcript level was observed in the glucose and
wheat straw conditions for the AAn11g06750 strain when compared to the WT strain (Figure
5.20).
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Figure 5.20: Expression of the xInR gene in A. niger grown in glucose and wheat straw
media for the WT and the AAn11g06750 strains. The results shown represent triplicates of
three independent biological samples and the error bars indicate the standard error of the
mean. The expression values represent the expression fold change relative to the 48h
glucose culture. * represents the condition for which the T-test result had a p-value < 0.05

which means that the difference observed is significant when compared to the WT.

5.4 Discussion

Phosphorylation is a key reversible modification that regulates protein function, subcellular
localisation, complex formation, degradation of proteins and therefore cell signalling
networks. With all of these modification results, it is assumed that up to 30% of all proteins
can be phosphorylated, some multiple times. Phosphoproteomics provides clues on what
protein or pathway might be activated because a change in phosphorylation status almost
always reflects a change in protein activity. Therefore, exposing A. niger to glucose, in a
non-starving condition for 48h and then transferring it to wheat straw, can lead to changes in

the phosphoproteomic profile of cells in the two conditions.

Mass spectrometry is the most widely used method for the study of phosphoproteomes
(Mann et al. 2001). After digestion of the proteins, the peptides are marked and enriched

before being analysed by LC MS/MS. The spectra obtained are then compared to
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theoretical spectra generated in silico from theoretical peptides. Only a fraction of the
MS/MS spectra obtained leads to the identification of the corresponding peptides. This step
depends on the spectrometer performance, on the quality of the MS/MS spectra obtained
and on the presence of the peptide in the database used for the identification. These
parameters could explain why only a low number of phosphopeptides were found in this
work. Also, the target-decoy strategy was used for the identification of the phosphopeptides.
It relies on the creation of a “target-decoy” database which is firstly achieved by obtaining all
the sequences of the target proteins of the studied samples (Uniprot A. niger). Then, a
decoy database is generated that preserves the amino acid composition of the target
database. The target-decoy database is then obtained by combining the target and the
decoy databases together (Figure 5.1 Appendix). This strategy allows for the estimation of
the probability for an identification to be correct which depends on the accuracy of the
identification and on the sensitivity of the analysis (Elias et al. 2010). Therefore, depending
on the parameters used for the analysis, the number of phosphopeptides can vary
significantly. In the case of this study, a choice for an optimised accuracy of the identification
could have led to a number of true positive identifications lower than in the case of an
optimisation of the sensitivity of the identification (Figure 5.21 and 5.2 Appendix).

All spectra FP — False Positive
TP — True Positive
FN — False Negative

All spectra that pass the

Ep TP EN O identification criteria (95%
threshold)

O All spectra with correct

identification
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All spectra

D

Optimisation of the accuracy
of the identification

Figure 5.21: Selection criteria applied to score distributions (left) determine the form of the
Venn diagrams. Application of a single score threshold, which excludes most incorrect
identifications can yield an acceptable precision rate, but yields sub-optimal sensitivity
(adapted from Elias et al. (2010)).

When the phosphoproteins in A. niger in the glucose condition were compared with those
found in the 3 time points of exposure to straw it was observed that there were no proteins
commonly found in the two conditions for both the WT and the AxInR strain. This suggests a
specific response for each of the substrates with a pool of phosphoproteins being activated
specifically in response to glucose and another pool activated in response to wheat straw.
The phosphoproteomic profiles of the WT and AxInR strains of A. niger showed very few
phosphoproteins common to the 2 strains for the same condition. In the WT strain, after 48h
of exposure to glucose there was a phosphorylated monosaccharide transporter and two
protein kinases. The first one was a phosphotransferase that is an enzyme that catalyses
the reaction of phosphorylation. The phosphotransferase is part of the phosphotranferase
system (PTS) that transports sugars (glucose/mannose/mannitol) into the cell. It acts by
phosphorylating the substrate via the phosphotransferase during transport. In the case of
glucose, the product obtained after phosphorylation is Glucose-6-Phosphate (G6P), the
product of the first reaction of glycolysis which degrades glucose to pyruvate (Deutscher et
al. 2006; Roseman 1969). The second protein kinase found was a Ca,'/CaM dependent
kinase. These protein kinases are activated by a release of Ca,". The formation of G6P (via

the phosphotransferase) generates Adenosine TriPhosphate (ATP) whose accumulation
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leads to the closure of ATP-dependent channels and to a depolarization of the cell. This
cellular depolarization triggers the opening of the Ca,” channels and the increase of
intracellular Ca," activating the Ca,"/CaM dependent kinase (Hook et al. 2001). Only 10
phosphoproteins were found in the glucose condition but it shows consistency for a specific

response to glucose.

After 24h of exposure to wheat straw, among the phosphoproteins found there were 4
protein kinases essential for growth of A. niger. One of them is a RIM15-like protein that
positively regulates the entry into stationary phase of cells under starvation condition such
as when exposed to wheat straw (van Munster et al. 2014). In S. cerevisiae, Rim15p
phosphorylates Igolp and lgo2p that are part of TORC1, a complex of proteins that
regulates cell growth and metabolism in response to environmental cues. The second
protein kinase was a phototropin-like Ser/Thr protein kinase. This protein is the homologue
of nrc-2 in Neurospora crassa. Nrc-2 in N.crassa has a role in growth and development by
controlling the entry into the asexual developmental program (Kothe et al. 1998). The
presence of these proteins as well as maltose and fucose permeases suggests an
adaptation of A.niger to the new substrate to support its growth. Moreover, Delmas et al.
(2012), showed that the major enzymes for degradation of wheat straw were induced after
24h of exposure to straw which is consistent with the transport of sugars like maltose and

fucose.

XInR is the most studied of the transcriptional activators involved in the regulation of
glycosyl hydrolase genes. XInR regulates the expression of cellulases, hemicellulases and
also accessory enzymes (Hasper et al. 2000; van Peij et al. 1998b). It is the main regulator
of xylan degradation in Aspergillus spp, therefore studying the phosphoproteomic profile of
the AxInR strain when exposed to wheat straw can provide important information on this
regulation. When the A. niger AxInR strain was exposed to glucose for 48h, 147
phosphoproteins were detected in contrast to only 10 phosphoproteins detected for the WT
strain in the same condition. Among these phosphoproteins there were protein kinases such
as an aspartokinase or a glycogen synthase kinase. Aspartokinase is an enzyme that
catalyzes the phosphorylation of the amino acid aspartate. This reaction is the first step in
the biosynthesis of three essential amino acids: methionine, lysine, and threonine, known as
the "aspartate family" (Viola 2001). It has been shown in a WT strain of Klebsiella
aerogenes that the presence of glucose stimulates the loss of aspartokinases | and Il (Fulks
et al. 1985). The presence of glucose may have the same effect in A. niger as no
aspartokinases were found in the glucose 48h condition for the WT strain. Another protein

kinase found was a glycogen synthase kinase (GSK). Phosphorylation of a protein by GSK-
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3 usually inhibits the activity of its downstream target (Woodgett 1994; Woodgett 2001).
GSK-3 is active in a number of central intracellular signaling pathways, including cellular
proliferation, glucose regulation, and apoptosis. Orena et al. (2000) showed that when the
human GSKa3 is inhibited by LiCl the transport of glucose is stimulated. This suggests that in
the WT strain XInR may, under the non-starvation condition inhibit the GSK protein to allow
glucose transport. The homologue of the gsk gene in A. niger is the gene An15g00170. If
the protein is found to be phosphorylated in the dataset, the gene itself was not found to be
induced in the RNA-Seq dataset. The RPKM values corresponding to the An15g00170 gene
were the same in the glucose 48h time point and after 24h of exposure to wheat straw.
Moreover 2 phosphatases were found in this condition. Phosphatases are enzymes that
remove a phosphate group from its substrate by hydrolysing phosphoric acid monoesters
into a phosphate ion and a molecule with a free hydroxyl group (dephosphorylation) (Hunter
1995). The phosphorylation of a protein can make it active or inactive. Therefore, a
phosphatase dephosphorylating a protein can make it active in the Ax/nR strain when the
same protein was inactive in the WT strain suggesting that XInR may have a role in

maintaining these proteins in an inactive state.

After 24h of exposure to wheat straw the number of phosphoproteins found dropped to 7 in
the AxInR strain. None of them are involved in the growth of A. niger or in the regulation as
no protein kinase or transcription factors were found. This is consistent with other studies
carried out on the XInR protein. Van Peij et al. (1998b) showed that XInR was involved in
the regulation of three major genes associated with xylan degradation: xInB, xInC and xInD,
encoding endoxylanases B, C and [-xylosidases, respectively. Accessory enzymes
regulated by XInR are involved mainly in hemicellulose degradation such as the acetylxylan
esterase A or the feruloyl esterase A (de Vries et al. 1999a; de Vries et al. 1999b). XInR is
also associated with the expression of some cellulase genes such as englucanases eglA
and egIB. Hasper et al. (2002) showed that the endoglucanase (GH74)-encoding gene egIC
was transcriptionally regulated by XInR in A. niger. Van Peij (1998b) and Hasper (2002)
carried out studies to demonstrate the importance of XInR in the activation of the expression
of GH-encoding genes in A. niger. They used a wild-type strain, an xInR deletion strain and
a strain containing multiple copies of xInR. The studies showed that, in a strain lacking a
functional xInR, the genes encoding XInB, XInC and XInD (van Peij et al. 1998b) and EgIC
(Hasper et al. 2002) were not expressed. In contrast, the transcription levels of these genes
were increased in the xInR multiple-copy strains. This highlights the role of XInR in the
regulation of their expression and in the ability of A. niger to grow in presence of a complex
substrate such as wheat straw. In the Ax/hR strain, these enzymes are not produced

anymore and, as a result, A. niger cannot grow on wheat straw explaining why after 24h
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proteins involved in its development were not found. These results are consistent with the
results presented in Chapter 3 showing that the AXInR strain was not able to grow on wheat
straw with its glucosamine content being much lower than for the WT strain. Also, the
measurement of the pH in the AxInR cultures showed that there was no drop of pH in the
wheat straw cultures suggesting that the enzymes necessary for wheat straw degradation
are not produced. This was confirmed in Chapter 4 with transcript level measurements of
the eglC, bglB, cbhA and xynA genes in the xInR deletion strain. The results showed that all
the genes tested had their transcript levels substantially decreased in the AxInR strain

compared to the WT strain.

The inductions of the slt2 and hogl genes also confirm the results obtained in Chapter 4.
The results presented in the previous chapter showed that the xInR deletion strain was more
permeable possibly due to a change in its cell wall composition. By having increased cell
permeability the deletion strain is likely to be more sensitive to osmotic stress. In A.
fumigatus, the homologue of yeast Hoglp, SakA, was shown involved in the response to
osmotic stress (Kawasaki et al. 2002). Also, Tmk3, the homologue of yeast Hoglp in T.
reesei, has been shown to act in the CWI pathway similarly to Slt2-type MAPK showing
again differences in the regulation in filamentous fungi (Wang et al. 2013). It is not clear in
A. niger if the homologue of Hoglp or Slt2p would be responsible for the response to
osmotic stress. The deletion of these two genes could help deciphering their respective

roles.

The results described in this chapter have not been confirmed using alternative methods
which is necessary to do to confirm the changes in the phosphoproteome that have been
observed. One of the methods used for the confirmation of phosphoproteomic data is the
use of two-dimensional (2-D) gel electrophoresis. In the first dimension, proteins can be
separated based on differences in isoelectric point (pl). In the second dimension, they can
be separated according to molecular weights. Following separation, 2-D electrophoresis
gels are stained for protein visualization and analysis. The proteins of interest can then be
identified using mass spectrometry. Another method is to detect phophoproteins according
to their phosphorylation sites using antibodies. Different antibodies exist that target the
tyrosine, threonine or serine phosphorylation sites but most of them have been designed to
be specific for human proteins and were shown to lack of specificity for A. niger proteins in
this study. Therefore in order to be able to use western blot as a confirmation for the data
presented here, specific antibodies for A. niger proteins should be produced. An antibody is
a large, Y-shape protein produced by plasma cells that is used by the immune system to

identify and neutralize pathogens such as bacteria and viruses. The antibody recognizes a
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unigue molecule of the pathogen, called an antigen, via the variable region (Janeway 2001,
Litman et al. 1993). Monoclonal antibodies are monospecific antibodies that are made by
identical immune cells that are all clones of a unique parent cell, in contrast to polyclonal
antibodies which are made from several different immune cells. Monoclonal antibodies have
monovalent affinity, in that they bind to the same epitope where as polyclonal antibodies are
a collection of immunoglobulin molecules that react against a specific antigen, each
potentially identifying a different epitope. The production of antibodies for A. niger proteins
for the different sites of phosphorylation would allow for the identification of differences in

the phosphoproteomes of the WT strain and the xInR and creA deletion strains.

Nevertheless, the data obtained in this work showed that the deletion of xInR led to an
increase in the number of proteins phosphorylated in the glucose condition. This is in line
with the results presented in the Chapter 4 that showed that the AxInR strain had increased
cell permeability and a different cell wall composition. These results are confirmed with the
induction of the slt2 and hogl gene that are involved in the response to osmotic stress.
Therefore, a suggested model is that XInR, in addition to regulate GH-encoding genes
expression, may act upon an Upstream Activating System (UAS) to activate protein kinase
or TFs that would be involved in different cellular processes (Figure 5.23).
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Figure 5.23: The release of xylose leads to the induction of XInR that triggers the activation
of an upstream activating system (UAS). According to the dataset presented here, this UAS
could be composed of kinases or TFs. This system then leads to the expression of genes

encoding GH enzymes such as cbhA or eglIB for example.
5.5 Future work

The preliminary data of this study showed interesting results and may provide new
information on the importance of XInR in the regulation of GH-encoding genes expression
but also in controlling the environment to which A. niger is exposed depending on nutrient
availability. Further analysis of the dataset will have to be done as well as some qRT-PCR
to examine the expression of genes encoding some of the phosphoproteins found in both

the WT and the Ax/nR strain especially on the 2 phosphatases found in the glucose
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condition for the Ax/InR strain. The characterisation of the TF encoded by the gene
An11g06750 should be done in depth as this gene has not been characterised previously.
This could lead to the decription of a new TF of potential interest for biofuels production.
Confirmation at the proteomic level of the dataset will also have to be done. This could be
done by using the 2-D electrophoresis coupled to mass spectrometry for the identification of

the main different proteins in the different dataset.
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6.1 Introduction

In this study, the term ‘hydrophobic surface interacting protein’ (HSIP) is used to denote
secreted, amphipathic proteins that are recruited (adsorbed) to and interact with hydrophobic
surfaces and hydrophobic:hydrophilic interfaces. The fungal proteins of this nature that are
described in this work belong to two distinct protein families; hydrophobins (major class of
HSIPs) and the HsbA family.

6.1.1 The hydrophobins: general features and biological roles

Hydrophobins are a large family of small proteins (around 100 amino acids), produced by
filamentous fungi at different developmental stages, self-assembling at
hydrophobic/hydrophilic interfaces into amphipathic biofilms. Hydrophobins can be secreted
into the surroundings or retained in the fungal structures, such as fruiting bodies or
mycelium. Their biological functions seem to be diverse, but always related to interactions
with interfaces or surfaces. Described as the most surface active proteins ever known,
hydrophobins play a role as a coating/protective agent, in adhesion, surface modification, or
other type of functions that require surfactant-like properties (Linder 2009). For instance,
they allow fungi to escape an aqueous environment, lowering the surface tension (Figure

6.1), and mediate attachment of fungi to hydrophobic surfaces (Wessels 1997).
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Figure 6.1: Model of the biological role of hydrophobins during growth and development of
filamentous fungi. Soluble-state hydrophobin is secreted at the tip of the growing,
submerged hypha and diffuses into the aqueous environment (A). The water surface tension
is lowered due to the assembly of hydrophobins into an amphipathic membrane at the
medium-air interface (B), allowing the hypha to breach the medium-air interface and grow
into the air. The hydrophobin secreted by emerging aerial hyphae cannot diffuse into the
environment and assembles at the cell wall-air interface (C). Aerial cavities in fruiting bodies
are lined with an assembled hydrophobin layer preventing water to fill these cavities (D).
Hydrophobins also play a role in the dispersal of spores by coating them with an amphipathic
hydrophobin layer (E). Via assembly at the interface between the cell wall and a hydrophobic
surface, hydrophobins mediate attachment to the surface, for example, during infection of
host tissue (F) (Wdsten et al. 2015).

Despite the low sequence similarity between hydrophobins, they have a characteristic
pattern of eight conserved cysteine (Cys) residues forming four non-sequential disulphide

bonds that stabilize the structure.
X2-38-C-Xs5.9-C-C-X11.44-C-X35.23-C-X5.9-C-C-Xg.15-C-Xz.14

The distribution of the Cys residues, the hydropathy pattern, the morphology and the stability

of assembled biofilm allow the division of hydrophobins into two classes: class | and class Il.
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Class | hydrophobin genes have been isolated from Ascomycetes and Basidiomycetes,
while the genes encoding class Il hydrophobins have not been identified in Basidiomycetes.
Class | hydrophobins generate very insoluble assemblies, which can be solubilised only in
strong acids such as trifluoroacetic acid or formic acid, whilst assemblies of class Il
hydrophobins can be solubilized in ethanol or sodium dodecyl sulphate aqueous solutions
(Wosten et al. 2000).

6.1.1.1 Structure of hydrophobins

The structural analysis of proteins and the resulting better understanding of structure-
function relationships would help understanding their potential biological roles. In the
conserved pattern of eight Cys residues (Figure 6.2), the second and third, and the sixth
and seventh Cys residues are invariably adjacent. The inter-Cys regions of class Il
hydrophobins are well conserved. In contrast, in class | hydrophobins the region between the
third and the fourth Cys (loop Cys3-Cys4) varies from 4 to 44 residues, whilst the region
between the fourth and the fifth Cys (loop Cys4-Cys5) varies from 8 to 23 residues (Sunde et
al. 2008).

Class | hydrophobins

SC4 \ LTGNSCTA-QTVCCDHVTQNG——--- LVN--VGC
PRI2 CNNG-¢ LGGLLGLG VDLNAIL -=-NANTCTQ-QTVC NNFNG————- LIA--LGC
SC3 JQ GISF"P-- GGSGCSA-QTVCCENTQFNG===~~ LIN--IGC
ABH1 GF['( Rt -—I\; VGGNNCAA~- QP”CCTGI‘ QETA === LINA-LDC
EAS VIGSQCGA~SVKCCKDDVTNTGNSFLIINA-ANC
HCF1 lLGN‘v’ ----------- LGGSCLLL‘N--‘-"S;ISSLN ----- SNCPAGNTECCPS-NQDG===~~ TLNINVSC
MPG1 LR TPV s—saman e LSGECKNIPINILTINQLI--PINNFCSD-TVSCCSGEQIG------ LVN--IQC
RODA 'ZSEOAOLS——CI_'CITNKATYAG—D"v"TDIDEGILAGTLK}!LIGGGS————G’Z‘EG'_.GLE‘.JCC;SKLDLOI PVIGI PIOAL‘.’NOKEITKO—NZACE_’ONSPS DASG——SLIGLGLP%

Class Il hydrophobins

HFBI CPPG-LFSNPQCCATQVLGLIGLDCKVPSQNVYDGT DFRNVCAKTGA-QPLCCVAP-VAGQALLC
HFBII CPTG-L F“"NPT P"A’TN"I DI IGV [Y‘I*"I‘D'TTAVF’]‘GAT"QAH(‘ACKFS KP ,CCVAP-VADQALLC
SRH1
Cu
CRP
MGP N
HCFé CF‘P\N—-—RVI'.,\_MDLJ vLGvADV'I\,AS'"‘S‘EGLTSK SAE E%DK_-LICG-T"‘ACCC.‘I P-V
HYD4 CPDGGLIGTP‘CCCSLDLVGVLSGECSSPSKTPNS.!\KEZ-'Y;-EICII.!\ASG—QK.-‘-\F'.CCFLSE"JFTLGAFC
| IS

Figure 6.2: Amino acid sequence comparison of class | and Il hydrophobins. Only amino
acids between the first and last Cys residues are shown due to high sequence variations at
the termini. The conserved Cys residues are highlighted in yellow with the conserved
disulphide bonding pattern indicated with brackets. The relatively low degree of sequence
conservation is apparent. The abbreviations used are: SC3, Schizophyllum commune
(accession P16933); SC4, S. commune (accession P16934); EAS, Neurospora crassa
(accession Q04571); MPG1, Magnaporthe grisea (accession P52751); HCF1, Cladosporium
fulvum (accession Q00367); ABH1, Agaricus bisporus (accession P49072); PRI2, Agrocybe
aegerita (accession Q9Y8F0); RODA, Aspergillus fumigatus (accession P41746); HFBI,
Trichoderma reesei (accession P52754); HFBII, T. reesei (accession P79073); CU,
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Ophiostoma ulmi (accession Q06153); CRP, Cryphonectria parasitica (accession P52753);
HCF6, C. fulvum (accession Q9C2X0); MGP, M. grisea (accession 094196); HYDA4,
Gibberella moniliformis (accession Q6YF29) and SRH1, Trichoderma harzianum (accession
P79072) (Sunde et al. 2008).

In general, the primary structure of class | hydrophobins comprises 100-125 amino acids and
there can be glycosylation. The most detailed structural work on a class | hydrophobin has
been carried out for the EAS hydrophobin from Neurospora crassa, studied by Nuclear
Magnetic Resonance (NMR) (Kwan et al. 2006). EAS forms a four stranded B-barrel
structure, an additional two stranded B-sheet, interrupted by some disordered regions
(Figure 6.3A). The structure (about 3nm of diameter) displays a complete segregation of
charged and hydrophobic residues on its surface, forming a hydrophobic patch and making
the protein amphipathic.

Class Il hydrophobins have shorter sequences comprising 50-100 amino acids, and are
more easily handled, because of their reduced tendencies to aggregate. The crystal
structures of two class Il hydrophobins, Hfbl and Hfbll of Trichoderma reesei have been
determined, and several other studies on these two proteins have been carried out
(Hakanpaa et al. 2006). The class Il hydrophobin fold is compact and globular (about 2nm of
diameter) and consists of a small antiparallel B-barrel formed by two hairpins connected by a
stretch of an a-helix, without disordered loop. The helix occupies the same region of space
as the additional B-sheet in the EAS protein of N. crassa EAS protein (Zampieri et al. 2010).
The overall topology is determined by the cross-linking of the secondary structure via
disulphide bonds giving stability thus forming the peculiar amphiphilic structure of the

proteins (Figure 6.3B).

Therefore, by a structural superimposition of the proteins EAS and Hfbll, it has been shown
that class | and class Il hydrophobins share the same fold despite a very low sequence
similarity (Figure 6.3C). Large differences are however found in the loops of the (3-hairpins
of the central B-barrel, indicating a structural reason for different molecular assembling
between the two classes. Moreover, hydrophobins can be post-translationally modified. For
instance, the protein SC3 from Schizophyllum commune contains 16-22 O-linked mannose
units. These sugar molecules influence the properties of the assembled protein (de Vocht et
al. 1998; Scholtmeijer et al. 2002).
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Figure 6.3: (A) The X-ray crystal structure of the T. reesei Class Il hydrophobin Hfbll
determined by crystalography, containing an a-helix (blue), and the four B-strands of the B-
barrel (S1-4) that is stabilised by four disulphide bridges (yellow) (Hakanpaa et al. 2004). (B)
The NMR structure of the N. crassa Class | hydrophobin EAS, containing three B-strands in
addition to the four conserved [-strands of the hydrophobin B-barrel, which is stabilised by
four disulphide bridges (yellow) (Kwan et al. 2006). (C) An overlay of the NMR structure of N.
crassa EAS (blue) with the X-ray crystal structure of T. reesei Hfbll (yellow), highlighting both
the structural variation between these hydrophobins and the conservation of the B-barrel
(Kwan et al. 2006).

6.1.1.2 Hydrophobin self-assembly

Hydrophobins can  self-assemble in  solutions, forming oligomers, or at
hydrophobic/hydrophilic interfaces (water/air, water/oil, or water/solid surfaces) into

amphiphilic biofilms.

Experimentally characterized hydrophobins have been observed to exhibit a wide range of
tertiary structures (Kallio et al. 2007), with their monomers capable of forming (hetero and/or
homo) dimers, multimers and/or rodlets. Rodlets are amyloidogenic hydrophobin multimers
in which a single B-sheet from each hydrophobin subunit come together to form an
amyloidogenic cross-p core (Macindoe et al. 2012). In the case of the hydrophobin EAS, this
B-sheet is distinct from those of the B-barrel and not present in monomeric EAS, instead

located on a poorly conserved but highly amyloidogenic domain (X,) between Cys; and Cysg.

Hydrophobin monomers or multimers can then further assemble into polymeric hydrophobin
monolayers, one surface of which is hydrophilic and the other hydrophobic (due to the
exposed hydrophobic domain of hydrophobin B-barrels), that are then able to bind to both
hydrophobic and hydrophilic surfaces respectively via hydrophobic and hydrophilic
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interactions. Research into the T. reesei hydrophobin Hfbll suggests that its polymerisation
into monolayers occurs as part of a wider multimerisation system (Figure 6.4), in which Hfbll
monomers are able to self-assemble into numerous, distinct multimers (Hakanpaa et al.
2006; Kallio et al. 2007).
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Figure 6.4: The functional mechanism for the multimer formation of the Class Il hydrophobin
Hfbll, proposed by Kallio et al. (2007), with the example of air:water interface monolayer
formation. D represents the requirement of detergent for structure formation. Note that this

mechanism may not apply to all Class Il hydrophobins.

As not all of these forms are capable of polymerisation, this serves to modulate hydrophobin
monolayer formation by sequestering (amphipathic) unpolymerised hydrophobins into
(hydrophilic) dimers and multimers, in the absence of a suitable hydrophilic:hydrophobic
interface. It has also been suggested that, as rodlet-forming hydrophobins have been
observed to initially assemble into a functional rodlet-less monolayer before their
multimerisation into rodlets (de Vocht et al. 2002), rodlet formation may be another strategy
of preserving hydrophobins (Kallio et al. 2007); sequestering them at
hydrophilic:hydrophobic interfaces instead of, or in addition to soluble (hydrophilic) dimers

and multimers.
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6.1.1.3 Functional diversity of hydrophobins

Despite differences in their physical properties, both class | and Il hydrophobins have been
observed to have a broad range of functions, many of which relate to fungal development.
Although not universal (Mosbach et al. 2011), it has been demonstrated that hydrophobins
are responsible for conidial hydrophobicity in numerous filamentous fungi (including
aspergilli) by coating the surface of hydrophilic conidia with amphipathic monolayers (Paris
et al. 2003; Wdsten et al. 2000). This hydrophobic conidial surface decreases their affinity for
hydrophilic surfaces, making them more difficult to suspend in water and thereby promoting
their aerial dispersal. Post-germination, hydrophobins have also been found to assemble into
monolayers at air:water interfaces, allowing hyphae to breach this interface by reducing the
surface tension of water (Wessels et al. 1991; Wdsten et al. 2000). The resultant
hydrophobin-coated aerial hyphae are then prevented from re-submersion by their
hydrophobicity, which may then further develop into reproductive structures, such as
conidiophores, for the continuation of the life cycle (Adams et al. 1998). Hydrophobins have
also been observed to play an analogous role in the utilisation of solid hydrophobic
substrates, whereby the coating of hyphae in a monolayer makes them hydrophobic and so
better to adhere to the substrate (Wdsten 2001). Once bound, hyphae are then able to
physically and enzymatically degrade the substrate more effectively, improving the potential
for substrate utilisation by the fungi.

Hydrophobins have also been found to perform several functions in pathogenic fungi,
relating to host invasion, response evasion and toxicity (Whiteford et al. 2002; Wdsten
2001). Hydrophobins have been shown to mediate the attachment of pathogenic,
hydrophobin-coated conidia to hydrophobic host surfaces (Boucias et al. 1988). It has also
been found that the hyphal secretion hydrophobins onto host surfaces mediates the
attachment of pathogenic fungi to their hosts (Talbot et al. 1996). Additionally, this
hydrophobin coat also prevents conidia and hyphae from being recognised by their host
immune system and thereby prevents the activation of a host response against them
(Aimanianda et al. 2010). Pathogenic fungi often need to cross a host’s protective barrier for
successful invasion, mediated by invasive structures such as appressoria or stachels. The
hydrophobin MPG1 has been shown to be necessary for the successful invasion of rice by
Magnaporthe grisea (Talbot et al. 1996), whereby a hydrophobin monolayer strongly
attaches the fungus to its host and allows the pressure of hyphal growth within the
appressorium to overcome the host’s protective barrier. Once invasion is successful, the
host barrier often needs to be crossed again for the sporulation of the fungus to occur, a

process in which hydrophobins such as Cryparin of the plant pathogen Cryphonectria
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parasitica has been demonstrated to play a role (Kazmierczak et al. 2005). In addition to
their involvement in the life cycle of pathogenic fungi, the Ophiostoma ulmi hydrophobin
cerato-ulmin (CU) has been shown to exhibit toxicity to its host, linking it to pathogenicity of
the fungus (Richards 1993). It should also be noted that hydrophobins have been
demonstrated to play similar roles to pathogenicity in the symbiosis of filamentous fungi
(Whiteford et al. 2002).

Perhaps the hydrophobin function that is the most relevant for the process of lignocellulose
degradation is their ability to improve the degradation of hydrophobic polymers, first
described by Takahashi et al. (2005) in the Aspergillus oryzae hydrophobin RolA. It had
already been demonstrated that A. oryzae was able to grow on micro-particles of the
hydrophobic polymer polybutylene succinate-coadipate (PBSA) as a sole carbon source
(Maeda et al. 2005), and by analysing transcription under these conditions using cDNA
microarrays, various genes were discovered to be highly transcribed as a result of growth on
PBSA. One of these genes encoded CutLl, a secreted cutinase that was previously shown to
hydrolyse PBSA (Maeda et al. 2005), whilst another gene encoded class | hydrophobin
RolA. By examining the localisation of these proteins in-culture with A. oryzae grown on
PBSA, it was determined that secreted RoIA is capable of adsorbing to the surface of both
hyphal cell walls and PBSA film, likely to result in the formation of amphipathic hydrophobin
monolayers. Recently it was also shown that RolA and CutLl interacted through an ionic
interaction between amino acid residues of the 2 proteins (Takahashi et al. 2015). The
adsorption of RolA to the hyphal cell wall is likely to produce hydrophobic hyphae that are
able to bind to a hydrophobic substrate, improving the efficiency of physical substrate
breakdown by hyphal-substrate interactions. In vitro, RolA was found to adsorb to the
surface of PBSA and specifically recruit soluble CutLI, greatly increasing the rate of CutLl
mediated PBSA hydrolysis compared to soluble CutLl. This suggested to Takahashi et al.
(2005) that RolA exhibits two distinct functions relating to the degradation of PBSA (1)
improving physical substrate breakdown by improving hyphal-substrate interactions and (2)
improving enzymatic substrate degradation by recruiting degradative enzymes to the

substrate’s surface.

Delmas et al. (2012) used RNA sequencing to map the transcriptional changes that take
place in the fungus when its mycelia are transferred from a simple sole carbon source of
glucose, onto the lignocellulosic biomass wheat straw. This research highlighted the
potential involvement of numerous genes, many of which were predicted to encode products
from a wide range of protein families. Most of the strongly-induced transcripts in response to

wheat straw were predicted to be derived from genes encoding Carbohydrate Active
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Enzymes (CAZy) based on their appearance in the CAZy database (Cantarel et al. 2009),
including glycoside hydrolases, carbohydrate esterases and polysaccharide lyases;
enzymes associated with the degradation of lignocellulose. However, it was also
demonstrated that various other non-CAZy genes were also induced by these conditions
such as hydrophobins and surface interacting proteins. The genome of Aspergillus niger
encodes 8 hydrophobins among which Hypl (homologue of RolA) and HfbD as well as a
hydrophobic surface-binding protein HsbA (Table 1) (Jensen et al. 2010). Given the possible
similarity between PBSA and lignocellulose degradations, as well as the numerous other
roles that hydrophobins play in plant pathogenicity by filamentous fungi and the utilisation of
plant biomass as part of their life cycle, a suggested role for hydrophobic surface binding
proteins and hydrophobins that these proteins could have a role in recruiting degradative

enzymes to the straw surface.

Table I: Hydrophobins in Aspergillus niger (from Jensen et al. (2010))

Species Gene (SIIJZS n(AA) n(Cys) Eight cystein pattern Theoritical class
A. nigerCBS 513.88  An03g02360 12486 122 8 CN{B}CCN{32}CN{25}CN{5}CCN{4}C
An03g02400 13063 131 8 CN{B}CCN{31}CN{23}CN{5}CCN{E}C Intermediate
An04g08500 14397 146 8  CN{7}JCCN{39)CN{20}CN{5}CCN{17}C |
An1503800 13225 130 8 CN{5)CCN{32)CN{EICN{(5)CCN{13)c Intermediate
An01g10940 10693 100 8  CN{14JCCN{(ITICN{11}JCN{T}CCNigic ntermediate
An07g03340 16207 162 8  CN{TJCCN{39}CN{21}CN{5}CCN{17]C |
An09g05530 20465 202 9 CN{BICCN{33IICN{11)CN(SJCCN{ig)c  ntermediate
An08g09880 9169 91 9 CN{7}CCN{16}CN{BICN{5)CCN{10}C Intermediate

6.1.2 HsbA family: Novel amphipathic proteins

Members of the HsbA family are small, secreted, amphipathic proteins that are capable of
binding to hydrophobic surfaces. They were first described in A. oryzae by Ohtaki et al.
(2006). They demonstrated that A. oryzae HsbA mediated PBSA degradation by recruiting
the cutinase CutLI to the polymer’s surface. Despite this apparent functional similarity to the
A. oryzae hydrophobin RolA, HsbA family proteins are distinct from hydrophobins in both
their structure and mechanism of action. Discovered to be an extracellular protein when A.

oryzae is grown in the presence of micro-particles, it was inferred that HsbA is processed
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and secreted via the Golgi apparatus due to the presence of a KexB cleavage site in the
protein’s primary sequence. This cleavage site relates to a subtilisin-like processing enzyme
encoded by the kexB gene in A. oryzae (Mizutani et al. 2004). The orthologue of the kexB
gene has been experimentally characterized in A. niger (Jalving et al. 2000) and is
associated with the A. niger KEX processing pathway (Spencer et al. 1998).

The protein sequence inferred by examining the A. oryzae hsbA gene did not contain the
disulphide bond-forming cysteine residues that are conserved between hydrophobins,
confirming that HsbA belonged to a distinct protein family and leading to the characterisation
of the HsbA domain (Ohtaki et al. 2006). As A. oryzae HsbA is the only member of this
family that has been functionally characterized, the role and properties of its homologues in
other species are still relatively uncertain. HsbA was found to be an amphipathic
extracellular protein that, unlike hydrophobins, has yet to be described to either self-
assemble into hydrophobic monolayers at hydrophobic:hydrophilic interfaces nor attach to
hyphal cell walls. Instead, HsbA attaches to hydrophobic surfaces, demonstrated by
adsorption to the surface of PBSA, via antichaotropic salt-dependent hydrophobic
interactions. Although HsbA is capable of adsorption to hydrophobic surfaces without them,
this was greatly improved by the presence of antichaotropic salts such as NaCl or CacCl,,
which was suggested by Ohtaki et al. (2006) to induce a conformational change in HsbA that
increased the protein’s affinity for hydrophobic. Although soluble HsbA was found to be
unable to bind to CutLI, HsbA that had been adsorbed to the surface of PBSA was capable
of binding CutLl and localising it to PBSA. This greatly increased the rate of PBSA
degradation and thereby facilitated the polymer’'s degradation. This adsorption-dependent
CutLI was found to be specific, as the substitution of the cutinase by another protein (BSA)
did not result in the recruitment of the protein to the PBSA surface. By considering PBSA as
a model for hydrophobic substrate, this suggests that the function of HsbA in A. oryzae, and
potentially other HsbA family proteins, is to specifically recruit degradative enzymes to
hydrophobic substrates to increase their efficiency at degrading it. Furthermore, given the
analogous relationship between PBSA and enzymatic lignocellulose degradations, there
may be similarities between the roles of HSIPs in the degradation of PBSA and

lignocellulose.

6.1.3 Possible roles of HSIPs in the degradation of lignocellulose

The degradation of PBSA may be compared to the breakdown of natural hydrophobic
biomass, such as lignocellulose (Ohtaki et al. 2006). The discovery of surface-active proteins
could potentially be applied to the saccharification of wheat straw for biofuel production.

Hypl, found in A. niger, is homologous to RolA. Hypl, HfbD and HsbA may possibly play a
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role in the degradation of wheat straw by A. niger (Delmas et al. 2012). A model has been
proposed whereby, under starvation conditions, a subset of hydrolases are targeted to the
plant cell wall and perform a “scouting” role. The hydrolases test for available complex
polysaccharides and liberate sugars and oligosaccharides, which then cause larger-scale
expression of themselves, other hydrolases and HSIPs. In this way, when faced with
starvation conditions, the organism can explore its environment and sense the presence of a
degradable substrate from the release of inducing sugars. The results obtained by Delmas et
al. (2012), as well as previous research on the response of A. niger to pectin and starch,
support the suggested model. This could point to a conserved response pattern to insoluble
substrates (Delmas et al. 2012). It has been proposed that HSIPs have three possible
functions in the use of lignocellulosic biomass by A. niger. The suggested mechanisms are
that HSIPs may help recruiting enzymes for the enzymatic saccharification, physical

degradation and/or the induction of the fungal response to the lignocellulosic biomass.

HSIPs may mediate lignocellulose saccharification by recruiting enzymes. Furthermore, the
physical degradation of lignocellulosic biomass could be improved by facilitating fungal-
substrate interactions. HSIPs form amphipathic monolayers which facilitates the adhesion of
hyphae to host surfaces, required for host penetration. HSIPs may thus allow adhesion and
physical degradation of the host’s surface. Thirdly, the response of A. niger to the presence
of lignocellulose could be affected by HSIPs. In the proposed model, the inducing sugars
released by the enzymes are detected by the fungus. The result is the induction of various
genes involved in biomass utilisation, including HSIPs. HSIPs could improve the induction of
this response by recruiting enzymes, leading to an increased rate of inducing sugars
release. In addition, the fungal adhesion to the substrate, mediated by HSIPs, may stimulate
receptors present on the hyphal surface which recognise the substrate. The response of A.
niger to lignocellulosic biomass would thereby also be induced. Not only transcriptional but
also physiological changes which improve physical degradation could occur (Figure 6.5)
(Fetherston 2013).
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Figure 6.5: Proposed mechanisms of HSIP function in the utilisation of lignocellulosic
biomass by A. niger (adapted from Delmas et al. (2012) and Fetherston (2013). In the upper
panel (0-6h) carbon starvation response induces the expression of a subset of hydrolases.
At 6-9h (middle panel) the expressed hydrolases degrade the lignocellulosic biomass and
release inducing sugars, which elicit a response in the fungus. After 9h (lower panel) large
scale expression of hydrolases and HSIPs occurs. HSIPs bind to the biomass, recruit
enzymes and mediate fungal attachment. The induction of lignocellulose specific responses

is then triggered, which leads to the improved utilisation of lignocellulosic biomass.

The function of HSIPs was further investigated in the current study. Deletion strains, in which
the genes encoding the HSIPs Hyp1, HfbD and HsbA had been deleted, as well as a double
deletion strain for the genes hypl and hfbD, were phenotyped as these proteins were
previously found to be expressed by A. niger in response to wheat straw (Delmas et al.
2012).

6.1.4. Aims

The aim of this chapter is to investigate the roles of the hydrophobic surface interacting
proteins Hypl, HfbD and HsbA in the saccharification of wheat straw by A. niger. The

following hypothesis was tested:
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hydrophobic surface interacting proteins (HSIPs) could facilitate the utilisation of
lignocellulosic substrate by A. niger by improving the interaction between the fungus and the
substrate and/or increasing the rate of enzymatic hydrolysis.

The specific aims of the study were to:

- determine whether there was a difference in growth rate between WT A. niger and
the Ahyp1, AhfbD, Ahyp1hfbD and AhsbA deletion strains

- determine the roles of HSIPs in the saccharification of lignocellulose by A. niger

- study the gene expression upon exposure to wheat straw of the Ahyp1, AhfbD and
Ahyp1hfbD deletion strains compared to the WT strain.

6.2 Material and Methods

See Chapter 2:

2.2.11 for bioinformatics analysis

- 2.2.7.1 for pH measurement

- 2.2.7.2 for glucosamine assay

- 2.2.10.1.2 for DNS assay

- 2.2.10.3 for SDS-PAGE gel on the culture supernatants
- 2.2.3.4.2for qRT-PCR

- 2.2.3.4.1for RT-PCR

- 2.2.7.1.1 for pH controlled experiment

6.3 Results

6.3.1 Surface Interacting Protein RNA-seq Data

A RNA-Seq experiment was performed by Delmas et al. (2012). Transcript data for a total of
9 HSIPs were examined by Delmas et al. (2012), including the eight predicted hydrophobins
in A. niger CBS 513.88 (Jensen et al. 2010) and the predicted HsbA family protein. The CBS
513.88 strain was chosen because it has the higher number of predicted hydrophobins of the
three A. niger genomes that have been sequenced, with only seven predicted in the ATCC
1015 strain.

Although each of the putative surface interacting protein-encoding genes showed a relatively

low number of transcript reads (<5RPKM (Reads Per Kilobase of exon model per Million
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mapped reads)) when A. niger was grown on minimal glucose conditions, five HSIP-
encoding genes were found to have substantially raised levels of transcript reads (defined in
here as a >5x in RPKM, of >10RPKM) in response to transfer of A. niger onto various other
carbon conditions; hfbA (An03g02400), hfbB (An03g02360), hfoD (An08g09880), hsbA
(An09g00840) and hypl (An07g03340).

When comparing the transcriptional responses on the different substrates, different profiles
of induction for the HSIP-encoding genes can be observed. On wheat straw, the most
transcriptionally induced HSIP-encoding gene was hypl with a fold change of 69 when
compared to the glucose culture. The addition of glucose to the wheat straw culture after 24h
did not result in a repression of the expression of hypl as the transcript level kept increasing
up to a 139 fold change compared to the glucose culture (Figure 6.6A). However on both
willow and no carbon, the most induced gene was hsbA with an increase of the transcript
level of the gene of 828 when compared to the glucose time point and 427 in the no carbon
condition when also compared to the glucose time point. In the case of willow the transcript
level of the hsbA gene was repressed by the addition of glucose. For the no carbon
condition, after 24h the fold change of the gene was 79 when compared to glucose (Figure
6.6B and C).
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Figure 6.6: Transcript reads (RPKM) of the HSIP-encoding genes hypl, hfbD, hfbB, hfbA
and hsbA in glucose (48h) and after transfer to wheat straw (24h) (A), willow (24h and
24h+5h glucose) (B) and to a no carbon medium (6h and 24h) (C). Four statistical tests were
performed on the three biological repeats with an adjusted p-value of <0.05 for the

significance threshold. Only the genes that passed the four tests were considered for the
RNA-Seq analysis.
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When looking at the profiles of each gene on the different substrates, it can be noticed that
both the hfbA and the hfbB genes have their highest transcript levels at the latter time point
which is consistent with their roles in sporulation and development. However, the induction
of hypl on wheat straw and hsbA on both willow and at 6h in the no carbon medium seems

to be substrate specific as hypl is not found to be highly induced in the other substrates and
neither is hsbA (Figure 6.7).
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Figure 6.7: Transcript reads (RPKM) of the HSIP-encoding genes hfbA, hfbB, hypl, hsbA

and hsfbD on different lignocellulosic substrates, wheat straw and willow, and in a no carbon
medium.
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6.3.2 Bioinformatics analysis of A. niger HSIPs

Bioinformatics techniques can be used to predict possible protein functions, for example by
scanning the protein for known motifs and searching for homologous proteins that have
already been functionally characterised (Luscombe et al. 2001). A commonly used method
of discovering homologous genes and proteins is to perform a BLAST (Basic Local
Alignment Search Tool) search on a nucleotide or amino acid sequence, against a database
of known sequences to find those that exhibit the closest similarity (Altschul et al. 1990).
Once homologues or motifs have been discovered, they can be searched for in the existing
literature and tentatively used to infer the function of a predicted protein. However, the
accuracy of predicting a function in this way often depends on the specific homologues,
families and motifs that are associated with the protein. As the hydrophobin family is poorly
conserved and has a diverse range of functions in various fungal species (Wdésten et al.
2000), it is necessary to confirm their similarity with alternative techniques such as multiple

sequence alignments.

6.3.2.1 Confirming Annotation of A. niger Surface Interacting Proteins
6.3.2.1.1 Protein Motif Scanning

To confirm the previously-assigned identities of the putative hydrophobin encoding genes
hfoD and hypl, and putative HsbA family protein encoded by hsbA, the predicted proteins
were analysed with protein motif scanning to identify domains specific to their respective
protein families. Motif scanning of the predicted hydrophobins HfbD and Hypl using MBL-
EBI InterProScan (Quevillon et al. 2005) returned a match for an uncharacterised eukaryotic
signal peptide (SignalP-NN(euk)) of 18 amino acids in length at the N-terminus of both
proteins, and Hypl also returned a match for two overlapping motifs from the hydrophobin
family (InterPro entry IPR001338) (Figure 6.8). Although the total overlap of the two motifs
implies that both motifs identify the same hydrophobin domain, its identification by both
distinct motifs supports the previous assignment of hypl as encoding a hydrophobin in
previous research (Pel et al. 2007). Scanning of HsbA using MBL-EBI InterProScan
(Zdobnov et al. 2001) returned a match for a single motif associated with the hydrophobic
surface binding protein A (hsbA) family supporting HsbA’s previous characterisation as a
member of the HsbA protein family. Although the presence of a signal-peptide domain was
detected for Hypl and HfbD, suggesting their secretion by A. niger, this was not the case for
HsbA. To determine if a signal-peptide domain is present in HsbA, the signal peptide domain
scanning tool SignalP 4.1 (Petersen et al. 2011) was also used to analyse these HSIPs
(Appendix 6.1). Based on the discrimination scores of HfbD (0.904), HsbA (0.903) and Hyp1l
(0.774), this suggests that a signal peptide is present in each HSIP and that they are being
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targeted to the ER which could lead to their secretion. This is consistent with their previous
characterisation as HSIPs (Delmas et al. 2012).

InterProScan (version: 4.8) Launched Wed, Nov 21, 2012 at 13:24:26
HfbD Sequence: Sequence_1 Finished Wed, Nov 21, 2012 at 13:25:33
Length: 83

CRCG4: FABBASATB5089F87
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1 83
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InterProScan (version: 4.8) Launched Wed, Nov 21, 2012 at 13:31:43|
Hyp1 |sequence: sequence.1 Finished Wed, Nov 21, 2012 at 13:32:55
Length: 162
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Length: 205
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Figure 6.8: Visual representation of the results of protein motif scanning the A. niger surface
interacting proteins HfbD (An08g0980), HsbA (An09g00840) and Hypl (An079g03440) using
InterProScan (Zdobnov et al. 2001). Left to right; N-terminus to C-terminus. Motif colour

represents source database.

6.3.2.1.2 Reciprocal BLAST Searches of A. niger and A. oryzae
HSIPs
A reciprocal BLAST search (Rivera et al. 1998) was done by Richard Fetherston (Fetherston
2013) to characterize the A. niger HSIPs in order to determine if they are not only
homologues but also orthologues of the A. oryzae HSIPs. Homology between the A. niger
HSIPs HsbA and Hyp1l, and the A. oryzae HSIPs HsbA (Ao_HsbA) and RolA (Ao_RolA) was
discovered by Delmas et al. (2012).

BLAST searches were performed for the genes and predicted protein products of hypl and
hsbA against the A. oryzae RIB40 genome (Table 2). Although a nucleotide BLAST found

no significant similarity (E-value <10) between hsbA and the A. oryzae genome, Ao_rolA
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(CBS Gene ID AO090020000588) was determined to be the closest homologue of hypl in
A. oryzae (e-value 3.0e-49). Comparisons at the protein level for HsbA and Hyp1l against the
A. oryzae protein database found that their closest homologues are the predicted protein
products of Ao_hsbA (e-value 2.0e-25) and Ao_rolA (e-value 9.0e-31) respectively.

Then, BLAST searches were performed for the genes and predicted protein products of
Ao_hsbA and Ao_rolA against the A. niger CBS 513.88 genome (Table 2). Nucleotide
BLAST searches found no significantly similar (e-value <10) genes sequences to Ao_hsbA
in the A. niger genome, but did find that the closest homologue of Ao_rolA in A. niger is hypl
(e-value 3.0e-49). A protein BLAST search of the predicted proteins of Ao_hsbA and
Ao_rolA demonstrated that their closest homologues in A. niger are the products of hsbA (e-
value 8.0e-21) and hypl (e-value 1.0e-38) respectively. The results of these reciprocal
BLAST searches confirm that HsbA and Hypl are respectively the closest homologues of
Ao_HsbA and Ao_RolA in A. oryzae, and therefore their likely orthologues, are provided in
Table 2.

Table 2: Genomes used for BLAST search were A. niger CBS 513.99 and A. oryzae RIB40.

Score is expressed in ‘bits’.

BLAST Input sequence Top BLAST output
Search
CBSgene D Name Search Database CBS gene ID Score | e-value Name
hypl BLASTn | A.oryzae | AO090020000588 194 3.0e-49 Ao_rolA
An07g03340
Hypl BLASTp | A.oryzae | AO090020000588 128 9.0e-31 | Ao_rolA
hsbA BLASTn | A.oryzae - - >10 -
An09g00840
HsbA BLASTp | A.oryzae | AO090023000804 111 2.0e-25 | Ao_hsbA
Ao_rolA BLASTNn A. niger An07g03340 194 3.0e-49 hypl
A0090020000588 i
Ao_RoIA BLASTp A. niger An07g03340 154 1.0e-38 hypl
Ao_hsbA BLASTn A. niger - - >10 -
A0090023000804 i
Ao_HsbA | BLASTp A. niger An09g00840 95 8.0e-21 hsbA

6.3.3 Phenotyping of the deletion strains

6.3.3.1 pH

The growth of the Ahyp1, AhfbD, AhsbA and Ahyp1AhfbD strains was assayed by
measuring the pH of the cultures as the strains were growing in wheat straw and by
measuring the glucosamine content of the cultures. The pH was measured in cultures grown

for 48h in glucose before the mycelia were transferred to wheat straw medium. After 24h and
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48h in wheat straw, the pH was measured in the cultures. For the glucose condition, after
48h of culture, the pH had dropped from 6.5 to 2.9 for the A. niger WT strain, and
respectively from 6.5 to 2.7 for the Ahyp1 strain, 3 for the AhfbD strain, 2.6 for the AhsbA
strain and 3.6 for the Ahyp1AhfbD strain. In wheat straw, after transfer to the medium, the
pH had dropped from 6.5 to 3.4 after 24h and to 2.8 after 48h for the WT strain. For the
cultures of the Ahypl, AhfbD, AhsbA and Ahyp1AhfbD strains, the pH decreased to 3.7, 4,
3.5 and 3.9 after 24h and to 3.1, 4, 3 and 3.3 after 48h respectively (Figure 6.9). A two-way
ANOVA test was performed within the same condition (e.g. glucose 48h) to show differences

between the strains.

@ Glucose 48h
Straw 24h
@ Straw 48h

Culture pH

P g P
® b“cp N

N
é\ I@Q

Figure 6.9: pH measurements from glucose and wheat straw cultures. For both substrates
the starting pH of the medium was set up at pH6.5. The results shown represent triplicates of
three independent biological samples and the error bars indicate the standard error of the
mean. A two-way ANOVA was performed for each condition in comparison to the WT strain.
* represent the condition for which the two-way ANOVA test result had a p-value < 0.05

which means that the difference observed is significant when compared to the WT.

6.3.3.2. Glucosamine assay

Glucosamine is a useful compound for the estimation of fungal biomass, taking advantage of
the presence of chitin, poly-N-acetylglucosamine, in the cell walls of many fungi (Aidoo et al.
1981; Pusztai 1964). The measurement of the glucosamine content for the different strains

was done from cultures inoculated with 1.5g wet weight of mycelium from the corresponding
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48h glucose culture and incubated for 24h and 48h in wheat straw. The dry weight
corresponding to the glucosamine content was calculated back using a standard curve of
know dry weights of mycelium against their glucosamine contents. After 48h in glucose the
dry weight, corresponding to 1.5g of wet weight mycelium, for the WT strain was 0.103g,
0.1g for the Ahyp1 strain, 0.112g for the AhfbD strain, 0.103g for the AhsbA strain and
0.105g for the Ahyp1AhfbD strain. The dry weights after 24h and 48h in wheat straw were
0.207g and 0.338g respectively for the WT strain, 0.09g and 0.113g for the Ahyp1 strain,
0.188g and 0.182g for the AhfbD strain, 0.127g and 0.112g for the AhsbA strain and 0.119g
and 0.152g for the Ahyp1AhfbD strain (Figure 6.10).
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Figure 6.10: Increase in the biomass content of the Ahyp1, AhfbD, AhsbA and Ahyp1AhfbD
cultures in glucose and wheat straw. The wheat straw cultures were inoculated with 1.5¢g
(wet weight) of mycelium from the corresponding glucose culture. The glucosamine content
was measured from 1.5g (wet weight) for the glucose culture and from the content of the full
culture for the wheat straw cultures and the dry weight was calculated back using a standard
curve of the glucosamine content against the dry weight of different standard samples. The
results shown represent triplicates of three independent biological samples and the error
bars indicate the standard error of the mean. * represent the condition for which the T-test
result had a p-value < 0.05 which means that the difference observed is significant when

compared to the WT.

176



Chapter 6. Possible roles of hydrophobic surface interacting proteins in the breakdown of

lignocellulose by A. niger

6.3.3.3 Enzymatic assay and banding pattern of the supernatant
proteins
The measurement of the enzyme activity from the supernatants of the A. niger Ahyp1,
AhfbD, AhsbA and Ahyp1AhfbD wheat straw cultures was done using the DNS assay
measuring the reducing sugar ends released from the incubation of the supernatants with
wheat straw. The results showed that fewer reducing sugar ends were released from the
incubation of the supernatants from the three deletion strains Ahyp1, AhfbD and
Ahyp1AhfbD when compared to the WT supernatant. For the WT strain, 0.12 and 0.2 mg of
reducing sugars per mg of wheat straw were released from the 24h and 48h supernatants
respectively. For the deletion strains, 0.09 and 0.09 mg of reducing sugars per mg of wheat
straw were released for the Ahyp1 strain, 0.09 and 0.19 mg of reducing sugars per mg of
wheat straw for the AhfbD strain, 0.22 and 0.36 mg of reducing sugars per mg of wheat
straw for the AhsbA strain and 0.2 and 0.18 mg of reducing sugars per mg of wheat straw for
the Ahyp1AhfbD strain (Figure 6.11). A two-way ANOVA test was performed within the

same condition (e.g. glucose 48h) to show differences between the strains.

o
oy

" | WwT
Ahyp1
AhfbD
Ahyp1hfbD
B AhsbhA

o
W
1

(mg/mg)
o
"
| %
i
1%

o
-
1

mg reducing end group
equivalents per mg of wheat straw
| %
| %
| %

o
o
1

24h Straw 48h Straw

Figure 6.11: Measurement of reducing sugar ends released after incubation of equal
volumes of the supernatants of the Ahyp1, AhfbD, AhsbA and Ahyp1AhfbD wheat straw
cultures with straw done by DNS assay. A two-way ANOVA was performed for each
condition in comparison to the WT strain. The results shown represent triplicates of three
independent biological samples and the error bars indicate the standard error of the mean. *
represent the condition for which the two-way ANOVA test result had a p-value < 0.05 which

means that the difference observed is significant when compared to the WT.
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The same samples were analysed on a SDS-PAGE gel which showed that the supernatants
from the hsbA deletion strain had extra bands in its secretion profile (Figure 6.12). This was
consistent with the measurement of reducing sugar ends that showed that more sugar
reducing ends were released from the incubation of the AhsbA supernatants with wheat

straw.
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Figure 6.12: Silver stained protein gel on supernatants from cultures transferred to wheat
straw for 24h and 48h.

6.3.4 GH-encoding gene expression in the HSIPs strains

The transcript levels of the genes cbhA, eglC and bgIB were measured by gRT-PCR in the
Ahyp1, AhfbD, AhsbA and Ahyp1AhfbD strains after 24h of incubation in wheat straw. The
fold changes relative to the 48h glucose cultures were measured and compared to the WT
strain. For the cbhA gene, the fold change relative to the glucose culture was 4273 for the
WT strain, 4.5 for the Ahyp1 strain, 1.1 for the AhsbA strain, 458.6 for the AhfbD strain and
366.7 for the Ahyp1AhfbD strain. For the egIC gene, the fold change relative to the glucose
culture was 330 for the WT strain, 63.8 for the Ahyp1 strain, 20.5 for the AhsbA strain, 16.8
for the AhfbD strain and 10 for the Ahyp1AhfbD strain. For the bglB gene, the fold change
relative to the glucose culture was 101 for the WT strain, 0.3 for the Ahyp1 strain, 21.9 for
the AhsbA strain, 1.6 for the AhfbD strain and 9.2 for the Ahyp1AhfbD strain (Figure 6.13).
To summarize, transcripts of the genes cbhA, eglC and bglB were detected at very low

178



Chapter 6. Possible roles of hydrophobic surface interacting proteins in the breakdown of

lignocellulose by A. niger

levels in the WT strain grown on glucose, while an > 100-fold increase in transcription was
measured during grown on wheat straw. For all the mutant strains an at least 5-fold less
increase in transcription was detected on wheat straw, as compared to the expression in the
WT strain in a glucose culture. In the glucose samples, the transcript levels of the different
genes were low but not zero so the fold changes measured are representative of an

induction of the genes.
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Figure 6.13: Expression of the cbhA, egIC and bglB genes in A. niger grown in wheat straw
media for 24h. The transcript levels of the different genes in the 48h glucose condition were
low but not equal to zero so the fold change calculated is representative of the genes
induction. The results shown represent triplicates of three independent biological samples

and the error bars indicate the standard error of the mean.

6.3.4.1 Influence of pH on GH-encoding gene expression

To investigate whether differences in biomass accumulation and gene expression between
the WT and the deletion of hypl and hfbD was caused by differences in acidification during
growth, the WT and the Ahyp1AhfbD strains were exposed to wheat straw in a fermenter
where the pH that was maintained at 5 (Figure 6.14).
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The results showed an increase over time in the transcript levels of the cbhA, cbhB, bglB
and egIC genes for both the WT and the Ahyp1AhfbD strains. However, the transcript levels
of all the tested genes were substantially lower in the double deletion strain after 12h of
exposure to wheat straw. The transcript levels of the genes were 80 times lower for cbhB, 8
times for bglB, 263 times for cbhA and 232 times lower for cbhA when compared to the WT
strain. The cbhA and cbhB genes were induced around the 6h time point and the egIC and
bgIB around the 9h time point.

To investigate whether these transcriptional changes are translated into differences in
secreted CAZy enzymes, the culture filtrates were analysed on SDS-PAGE (Figure 6.15).
No differences could be identified between the profiles of the proteins in the culture filtrates
of the WT and the Ahyp1AhfbD strains at 6, 24 or 48 h. This suggests that either there are
no differences in secreted proteins during cultivation, for example due to limitations in
translational capacity, or that any differences in accumulation of secreted proteins may only
be visible at a time-point between 6h and 24 h of cultivation, or that SDS-PAGE analysis is

too crude to show differences (which might be better revealed by enzymic assay).
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Figure 6.14: Expression of the
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Figure 6.15: SDS-PAGE analysis of the culture filtrates of A. niger AB4.1 and Ahyp1AhfbD
grown at pH5 (done by Matthew Kokolski).

6.3.5 Regulation of HSIP-encoding genes

The expression of the hypl, hfbD and hsbA genes was analysed in the WT and in the
AxInR, AclrA, AclrB and AfarA strains by RT-PCR. The samples tested were from both
glucose and wheat straw cultures. For the hfbD and the hsbA genes, the transcripts of the
genes were detected in all the TFs deletion strains similar to the WT level. However, for the
hypl gene the transcript level of the gene was clearly decreased in the wheat straw sample
for both the AclrB and the AfarA strains. This was then measured using gRT-PCR. The hypl
gene was induced by a 65 fold change when the WT strain was transferred from glucose to
wheat straw. For the AclrB and the AfarA strains, the hypl was induced by 1.6 and 1.2 times
respectively when compared to the glucose culture. In the AxInR and the AclrA strains, the
transcript level of the hypl gene was around half of the WT level (Figure 6.16).
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Figure 6.16: (A) RT-PCR showing the expression of the hypl, hfbD and hsbA genes in the
WT and in the AxInR, AclrA, AclrB and AfarA strains. (B) Expression of the hypl gene
measured by gRT-PCR in the WT and in the AxinR, AclrA, AclrB and AfarA strains. The
results shown represent the mean of three independent biological samples and the error

bars indicate the standard error of the mean.
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6.4 Discussion

Genes that encode HSIPs, were found to be induced in A. niger in response to wheat straw
(Delmas et al. 2012), willow (Pullan et al. 2014), in sugar cane bagasse (de Souza et al.
2011) and in a no carbon condition (van Munster et al. 2014) and in T. reesei in response to
wheat straw (Ries et al. 2013). The potential induction of HSIPs under those conditions
suggests a possible role for HSIPs in improving the efficiency of saccharification of
lignocellulose. In this study the roles of the hydrophobins Hypl and HfbD, as well as the
hydrophobic surface binding protein HsbA, from A. niger were investigated in the

degradation of a lignocellulosic substrate, wheat straw.

The increases in transcript levels from the putative HSIP-encoding genes hfbA, hfbB, hfbD
and hypl 24h after A. niger was transferred from a sole carbon source of glucose,
representing a repressing control state, onto wheat straw (lignocellulosic biomass)
suggested their possible involvement in either the starvation response or utilisation of
lignocellulose. As the addition of glucose to wheat straw cultures caused a decrease in hfbD
transcript level this suggests that the gene’s regulation is likely to be glucose-dependent. In
contrast, the further increase in hfbA, hfoB and hyp1 transcript levels that occurred in the 5h
after the addition of glucose to wheat straw cultures implies that these genes are not
repressed by glucose and supports the concept of a specific response to lignocellulose or
other complex substrates. However, the lack of increase in hydrophobin transcript levels
when A. niger was transferred onto willow biomass (another lignocellulosic biomass) instead
of wheat straw made their general involvement in lignocellulose utilisation less likely, as

increase in transcript levels would then be expected on any lignocellulosic carbon source.

The potential role of hfbA, hfbB and hfbD in the carbon starvation response is further
suggested by their substantial increase in transcript levels in the absence of a carbon
source, likely to be glucose dependent for hfbD but glucose independent for hfbA and hfbB.
Conversely, hypl is less likely to be involved in the starvation response as it did not exhibit
an increase in transcript levels in A. niger when exposed to either willow or no carbon media,
making it more likely to be induced by the presence of an inducer relating specifically to

wheat straw than lignocellulose in general.

HsbA transcript levels were found to increase following the transfer of A. niger from glucose
onto wheat straw, willow and no carbon media, and then returned to original transcript levels
with the introduction of glucose. This repression of transcript levels by glucose was found to
be CreA-independent by Delmas et al. (2012), suggesting that another signalling pathway

may be involved. This possibility of a distinct regulatory system is supported by the greater
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RPKM of hsbA at 6h of growth on no carbon media than at 24h, which differs from that of
both glucose-dependent hfbD and glucose-independent hfbA and hfbB. The particularly
large (>100x) increase in transcript levels of hsbA when A. niger is introduced to willow
biomass from glucose media, suggests that the mechanism that regulates this change is
particularly sensitive to willow biomass, potentially by an inducer that is specific to, or more
abundant in, willow biomass than wheat straw. Given the variation observed in the
transcriptional responses of A. niger with respect to hsbA, it is also possible that the gene is
regulated by more than a single pathway relating to carbon starvation and/or lignocellulosic

biomass utilisation.

Pullan et al. (2014) showed that the CAZy proportion of the transcriptome is around one third
greater in response to wheat straw compared to willow after 24h of exposure to the
substrates. These differences in gene expression could possibly be due to differences in the
inducing signals that are generated from the substrates, probably through the generation of
small inducing molecules from the respective lignocellulosic substrates. Wheat straw is a
gramineous monocot whereas willow is a woody dicot. The two species are separated by
around 400 million years of evolution and in that time have evolved different plant cell wall
properties. Therefore, differences between hemicelluloses of monocots and dicots can be
observed (Scheller et al. 2010) with an increased amount of decoration of glucuronoxylan in
monocots with arabinose to form glucuronoarabinoxylan. The increased levels of
arabinoxylans within monocots may explain the particularly increased expression level seen
for the GH62 family on wheat straw as compared to willow. Arabinofuranosidases cleave
arabinofuranose side chains from the xylan backbone of arabinoxylans (Gielkens et al.
1997). Apart from differences in the decoration of hemicelluloses, differences in cell wall
components were also observed. One example is the presence of ferulic acid linkages that
connect lignin and hemicelluloses in monocots such as wheat, but are largely absent from
dicots such as willow (Buanafina 2009; Vogel 2008). Delmas et al. (2012) confirmed the
importance of ferulic acid in wheat straw with the gene faeA, encoding a protein with ferulic
acid esterase activity, being one of the most induced on wheat straw. On the contrary, the
expression of faeA was 14 fold lower on willow than on wheat straw. These transcriptional
data were consistent with the enzymatic activities measured toward arabinoxylan being
greater on wheat straw than on willow. Also, the supernatants of the wheat straw cultures
were shown to have the higher protein concentration. This is consistent with the study from
Delmas et al. (2012) that demonstrated that there was more free glucose present initially and
released from the substrate over time in the willow media compared to wheat straw. This led
to a delayed transcriptional response and to less enzymes being secreted in the

supernatants of the willow cultures. These transcriptional observations support the
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hypothesis that the response of A. niger to lignocellulose is fine-tuned by, and linked to, the
substrate composition and could explain the specific induction of some HSIP-encoding
genes towards wheat straw (e.g. Hyp1) or willow (e.g. HSbA).

The deletion strains were phenotyped for their ability to grow on wheat straw, by measuring
the pH of the cultures as well as their glucosamine content. The examination of liquid culture
ambient pH of the Ahyp1, AhfbD and Ahyp1AhfbD strains displayed some differences in the
capacity of A. niger WT and HSIP deletion strains to acidify cultures in lignocellulosic wheat
straw after 24h, but not cultures in simpler substrates glucose (this study) and xylan
(Fetherston 2013). Biomass accumulation has been linked to ambient pH in A. niger (Archer
et al. 1990), so the variation in culture acidification between the A. niger strains examined in
this study may be due to the effects of HSIP gene deletion on the growth rate of the fungus.
Growth rate was firstly measured on plates but didn’t give significant results (Fetherston
2013). However the assessment of growth by measuring the glucosamine content of the
deletion strains after 24h of exposure to wheat straw showed some differences when
compared to the WT strain. The results showed that all the deletion strains were less able to
grow on wheat straw compared to the WT strain at both 24h and 48h which is consistent
with the acidification results except for the AhsbA strain. The AhsbA deletion strain did not
show any significant differences when compared with the WT strain for acidification of the
culture. Similarly, when culture supernatants of the different deletion strains were assayed
for their capacity to release reducing sugar ends from wheat straw, the AhsbA strain was
found to be more efficient than the WT. This result is consistent with the SDS-PAGE result
showing that the hsbA deletion strain had more proteins present in its supernatant. In
contrast, the other deletion strains were less able to release reducing sugar ends from the
incubation of their supernatants with wheat straw confirming the growth phenotyping results.
This could suggest that Hypl and HfbD, both classified as hydrophobin proteins, would be
involved in the attachment to the substrate, whereas HsbA, a hydrophobic surface
interacting protein, could have another role. In pathogenic filamentous fungi, the capacity of
hydrophobins to form amphipathic monolayers has been observed to mediate the adhesion
of hyphae and invasive structures to the host surfaces, which is used to great effect in
penetrating the barriers of their hosts (Talbot et al. 1993). In regards to an insoluble
lignocellulosic substrate such as wheat straw, hydrophobin monolayers may allow A. niger to
adhere to the substrate’s surface and physically degrade it as the fungus grows, increasing
the surface area for enzymatic saccharification. Ohtaki et al. (2006) showed that HsbA,
alongside RolA (Hypl homologue), was specifically recruiting cutinases to the surface of the
plastic PBSA and facilitate its degradation in A. oryzae. However, HsbA was only been found

to be secreted and not adsorbed to the surface of PBSA in contrast to RolA that was able to
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adsorb at the plastic surface (Takahashi et al. 2005). This suggests that HsbA may have a
role in recruiting enzymes to the substrate, together with hydrophobins, but without attaching
to the surface of the substrate. Also, in A. nidulans, the homologue of the Hypl protein was
tagged with a red fluorescent protein and detected by western blot analysis in a protein
sample extracted from the mycelium but was not detected in the supernatant of the culture
(Neil Brown, personal communication) confirming the hypothesis that Hypl, and other
hydrophobins, may mediate the attachment to the substrate.

Such a role would imply that HSbA is not involved in sensing the environment by interacting
with the substrate and would only be interacting with the secreted enzymes. In this case, the
CAZy enzymes necessary to degrade wheat straw would be expressed in the deletion strain.
However, when the transcript levels of the genes cbhA, egIC and bglB were measured by
gRT-PCR in the HSIP deletion strains, the results showed that in all the mutants the
transcript levels of the 3 genes were substantially decreased when compared to the WT
strain. This means that another regulatory mechanism may be involved or that HsbA may be
helping to recruit the other hydrophobins to the surface of the substrate to promote the
induction of the degradative enzymes. This could be tested by identifying the proteins that
HsbA is interacting with by using a method for protein interaction screening such as the
Bimolecular Fluorescence Complementation (BiFC) method. BiFC is a technology used to
validate protein interactions. It is based on the association of fluorescent protein fragments
that are attached to components of the same macromolecular complex. Proteins that are
postulated to interact are fused to unfolded complementary fragments of a fluorescent
reporter protein and expressed in live cells. Interaction of these proteins will bring the
fluorescent fragments within proximity, allowing the reporter protein to reform in its native
three-dimensional structure and emit its fluorescent signal (Kerppola 2006a). This
fluorescent signal can be detected and located within the cell using an inverted fluorescence
microscope that allows imaging of fluorescence in cells (Figure 6.17). In addition, the
intensity of the fluorescence emitted is proportional to the strength of the interaction, with
stronger levels of fluorescence indicating close or direct interactions and lower fluorescence
levels suggesting interaction within a complex (Morell et al. 2008). Therefore, through the
visualisation and analysis of the intensity and distribution of fluorescence in these cells, one
can identify both the location and interaction partners of proteins of interest. Other methods
such as the pull-down assay or the FRET technique, as described in the Chapter 3, could

also be used.
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Figure 6.17: Protein complex formation using BiFC. Interaction between protein A and
protein B occurs first, followed by the re-formation and fluorescence of fluorescent reporter
protein. From (Kerppola 2006b).

The pH effect on gene expression was also tested using a fermenter, as for the TF deletion
strains (Chapter 4). A time course over 12h (time point every hour until 9h and one at 12h)
was done for both the WT and the AhyplA4hfbD strains at pH5. The results confirmed the
previous data from Delmas et al. (2012) showing the early induction of cbhB after 6h in
wheat straw and a bit later for bgIB and egIC in the WT strain. For the AhyplAahfbD strain
there is an increase of all the transcript levels of the genes tested over time but much lower
than for the WT strain suggesting that there is no pH effect on the expression of the gene in
the deletion strain. This is supported by the fact that the homologue of the cbhB gene was
shown to be not pH-dependent in T. reesei (Hakkinen et al. 2015) and that the other genes
tested have similar transcript levels to the one observed for the cbhB gene.

However, it may be noticed that these results were not always in line with what was obtained
by other members of the group using the same deletion strains. Variations were observed in
terms of growth phenotypes (e.g. pH of the culture) or GH-encoding genes expression.
Spores are rendered hydrophobic because they have thick walls, comprising a melanin and
hydrophobic/rodlet layer (Dague et al. 2008). Hydrophobins in the rodlet layer coat the
surfaces of spores conferring hydrophobicity and water resistance, helping to facilitate the
dispersal of spores in the air (Bayry et al. 2012). They help keep dormant spores dry and
help reduce the surface tension of water and may play a role in enabling the fungus to grow
more easily into the air. The single and double deletions of the HSIPs described in this work
may have reduced the hydrophobicity of the conidia and may be affecting the ability of the
spores to germinate and some variation in the hydrophobicity of the different deletion strains
may be occurring when assayed for growth or GH-encoding genes expression that would

lead to different results. Therefore, the hydrophobicity of the different strains should be
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assayed. One way of testing for hydrophobicity is to use a technique known as the Microbial
Adhesion to Hydrocarbons (MATH) test (Rosenberg 2006). This method is based on
determination of microbial hydrophobicity by differential partitioning at an aqueous-
hydrocarbon interface and the results yield the hydrocarbon interaction affinity of the
microbes. Such an assay would help to know if some of the deletions led to a significant loss
of hydrophobicity.

From the results presented in this chapter, the HSIP-encoding genes do not seem to be
regulated by XInR, which is the main regulator of GH-encoding genes for the degradation of
wheat straw. However, the transcript level of the hypl gene was strongly decreased in the
AclrB and AfarA strains. Hynes et al. (2006) showed that FarA (and FarB) are TFs that serve
as activators of genes involved in fatty acid utilisation in A. nidulans. Recently, Martins et al.
(2014) showed that FarA was also regulating major suberin (plant secondary cell walls
specialised tissues) degrading enzymes in A. nidulans. In A. oryzae, FarA was showed to
regulate hsbA, which is involved in the recruitment of the cutinase CutL1 to the fatty acid
surface (Garrido et al. 2012). The authors also demonstrated that in the AfarA strain, no
HsbA protein and no Cutll protein were produced. They also detected a lower transcript
level of rolA (hypl homologue) but no cutLl transcript. In the data presented here, a lower
transcript level of hypl is also detected in the AfarA strain but the hsbA gene is still being
induced in the deletion strain to the WT level. This suggests that the regulation of HSIP-
encoding genes is different between A. oryzae and A. niger. This could also be substrate
related, as shown with the transcriptomic data, displaying the induction of different HSIP-
encoding genes depending on the substrate type (Delmas et al. 2012; Pullan et al. 2014;
van Munster et al. 2014). In this case, FarA could be involved in the induction of hypl when
A. niger is grown on wheat straw but may induce other HSIPs on another substrate, such as
hsbA on PBSA in A. oryzae (Garrido et al. 2012). As the transcript level of hypl is decreased
in both the AclrB and the AfarA strains, an interaction between the two TFs may be
necessary for the induction of HSIP-encoding genes. A double deletion strain for clrB and
farA could be obtained and tested for expression of hypl, and other HSIP-encoding genes,

to see if the gene is still expressed in the double deletion strain.

In the model proposed by Delmas et al. (2012), the carbon starvation of A. niger that occurs
when it is first exposed to a sole carbon source of lignocellulosic biomass triggers the
production and secretion of degradative enzymes that play a scouting role in the detection of
complex substrates. The degradation of these substrates by scouting enzymes results in the

release of inducing sugars that detected by the fungus, triggering the induction of various
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genes (including CAZy genes, lipases, metabolic enzymes and HSIPs) involved in the
substrate’s utilisation. In this mechanism, HSIPs would improve the induction of this
lignocellulose-specific response by recruiting scouting enzymes to the substrate’s surface
and increasing the rate of inducing sugars release (Delmas et al. 2012). The results obtained
in this chapter are consistent with this model, as the deletion of the different HSIP-encoding
genes led to no induction of the CAZy-encoding genes necessary for wheat straw
degradation (Figure 6.18). Equally, the HSIP-mediated adhesion of the fungus to
lignocellulosic biomass may promote the substrate’s recognition by receptors on the hyphal
surface that are sensitive to the presence of lignocellulose, leading to the induction of A.
niger response to lignocellulosic biomass. It is important to note that as well as triggering
transcriptional changes, this response may lead to physiological changes that improve the
capacity of the fungus for lignocellulosic biomass degradation. A localisation of the HSIPs in
A. niger would be useful, as done by Neil Brown in A. nidulans, to confirm the physical
interaction of HSIPs with the substrate. Perhaps the most relevant example of this is the
activation of the M. grisea membrane protein Pth11 in response to hydrophobic surfaces and
cell wall components, resulting in the induction of appresoria formation that facilitates host
invasion (DeZwaan et al. 1999). Interestingly, the A. niger gene that encodes the homologue
of Pth11 has been demonstrated by (Delmas et al. 2012) to be upregulated (RPKM) when A.

niger is exposed to wheat straw.
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Figure 6.18: Proposed mechanisms of HSIP activity in the utilisation of lignocellulosic
biomass by A. niger. Carbon starvation induces the fungal expression and secretion of
HSIPs (red), which bind to the surface of lignocellulosic biomass, and degradative enzymes
(black) that play a scouting role. Bound HSIPs then mediate the enzymatic saccharification
and physical degradation of the substrate, respectively leading to the release of inducing
sugars and the activation of lignocellulosic biomass receptors on the fungal surface. This
then triggers the induction of lignocellulose specific responses, leading to the improved

utilisation of lignocellulosic biomass.

Although it should be stressed that the mechanism proposed by Delmas et al. (2012) is
speculative, it is an extension of the enzyme recruitment observed by HSIPs in A. oryzae
(Ohtaki et al. 2006; Takahashi et al. 2005). The pH measurement data suggested that the
HSIP-deletion strains were less growing on wheat straw when compared to the WT strain.
However, it cannot be excluded that these HSIPs may mediate the induction of other genes
involved in the wheat straw response of A. niger. If this includes the induction of genes
involved in the modulation of ambient pH by the fungus, such as those relating to the
production and secretion of organic acids (Jorgensen et al. 2009), then HSIP deletion would
be expected to influence the culture acidification by the fungus. Furthermore, the variety in
HSIP functions of experimentally characterised hydrophobins, the distinct transcriptional
changes that they undergo in response growth of various carbon conditions and the
differential effects of their deletion with respect to culture acidification suggest that the

regulation and functions of HfbD, HsbA and Hyp1l are likely to be diverse, with each showing
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either distinct mechanisms of action or, if HSIPs are involved in gene induction, significant

differences in the genes they are involved in regulating.

6.5 Future work

The results presented in this chapter give some support to the proposed hypothesis that
HSIPs may play a role in the utilisation of lignocellulosic biomass by A. niger, but more
research will need to be carried out on these proteins and their respective deletion mutants
to provide a direct link between HSIP activity and lignocellulose utilisation. As Takahashi et
al. (2005) have had success in categorising the A. oryzae hydrophobin RolA when purified,
this suggests that it may be useful to develop methods for the production and purification of
A. niger HSIPs for an accurate assessment of their effect on saccharification activity,
potential for substrate/enzyme/fungal interactions and the properties of their amphipathic
monolayer formation (hydrophobins), as well as their capacity for rescuing aberrant
phenotypes in A. niger HSIP deletion mutants. In this case, having the complemented strains
for the different deletion strains would be another way to confirm the phenotypes observed.
To date, the complemented strains for 4hypl and AhfbD have been obtained by Jolanda van
Munster and are going to be tested for the different phenotypes. As the ability of HSIPs to
bind to the surface of lignocellulose is a key feature of the mechanisms that have been
proposed for their roles in lignocellulose utilisation, it will be very important to determine the
propensity of HSIPs for binding to this complex substrate. If indeed HSIPs are involved in the
saccharification activity of the fungus with respect to lignocellulose degradation, then there
may be prospects for the use of these small, secreted proteins in the production of second
generation biofuels. HSIPs may be useful in the process of converting lignocellulosic
biomass into fermentable sugars in two ways, by improving the fungal pre-treatment and/or
the enzymatic degradation of lignocellulosic biomass to simple sugars for fermentation,
potentially improving the efficiency of bioethanol production and so their viability for use as
transport fuels. Considering the impact of the deletion of the genes encoding HSIPs on the
transcription of GH-encoding genes, adding HSIPs to the saccharification process could
greatly increase the efficiency of the degradation of wheat and could help to reduce the cost

associated with the enzymatic hydrolysis.
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A key issue for the biofuels production is the cost-effective conversion of carbohydrates
contained in lignocellulosic biomass into fermentable sugars which will provide a viable route
to biofuels and bioproducts. Many different raw materials, conversion methods, and process
configurations have been studied for the generation of sugars from lignocellulosic biomass.
The lignocellulosic biomass conversion normally includes a pre-treatment step to increase
the digestibility of the substrates and an enzymatic hydrolysis process. Therefore, different
enzymes are involved in the degradation of the substrates and appropriate combinations of
different enzymatic activities are required for complete hydrolysis.

Understanding how fungi respond to lignocellulosic substrates can provide new perspectives
in the application of fungal enzymes in biofuel technology. Many early studies were done
without prior knowledge of the mechanisms of transcriptional regulation. One example is the
engineering of strains improved for saccharolytic enzyme production and a recent review
charts the progress in strain improvement in T. reesei for cellulase production (Peterson et
al. 2012). Various changes are required to a WT strain to improve its functionality in
industrial fermentation conditions for cellulase production. The T. reesei WT strain QM6a
was subjected to random mutagenesis to improve the strain performance (Peterson et al.
2012). One of the strains to emerge from this mutagenesis was the RUT-C30 strain which
was found to secrete high yields of cellulases in the presence of glucose (along with an
inducer of cellulases) indicating the strain was carbon catabolite derepressed. Subsequently,
the T. reesei RUT-C30 strain was shown to have a truncated CREL1 transcription factor
making CRE1 mediated CCR no longer possible in this strain (Ilmén et al. 1996). The RUT-
C30 strain has other mutated and deleted genes including changes affecting nine other
transcription factors (Le Crom et al. 2009). The number of transcription factor-encoding
genes that were mutated was higher than would be expected by chance given the mutation
frequency in the RUT-C30 strain. Le Crom et al. (2009) speculate that these transcription

factor genes are unlikely to be unrelated to the selection process and cellulase production.

More recently, applications with a prior understanding were made which points to the
potential of exploiting this understanding in future applications. Understanding of gene
regulation via XInR and PacC led to the deployment of a transcription factor engineering
approach in A. nidulans that enhanced CAZy enzyme production (Tamayo-Ramos et al.
2014). Here the XInR transcription factor was de-regulated by constitutively over-expressing
XInR which led to earlier and increased protein production (Tamayo-Ramos et al. 2014). The
functioning of the PacC transcription factor was also modulated. PacC, under alkaline
conditions, activates alkaline expressed genes and supresses acidic expressed genes (Arst
et al. 2003). The activation of PacC was impeded by preventing the cleavage of the inactive

form of PacC, leading to increased activity of a heterologously expressed protein whose
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expression was driven by the promoter of an acidic expressed CAZy gene in the deregulated
XInR background (Tamayo-Ramos et al. 2014). The results presented in this thesis showed
that other TFs may be involved in the response to lignocellulose, and more particularly in the
response to wheat straw, such as CIrA and CIrB. These results as well as the study from
Tamayo-Ramos et al. (2014) in A. nidulans highlight the potential benefit of employing this
transcription factor engineering approach in an industrially relevant strain whereby the
knowledge gained from studies on the transcriptional regulation of fungal genes can be
applied. Also, the identification of highly induced enzymes at both 24h and 48h (Chapter 4)
such as EgIC, GH61 or a feruloyl esterase provide insight on which enzymes to add to the
mixture to increase the efficiency of the wheat straw degradation. HSIPs could also
potentially be added to the mixture to facilitate the interaction with the substrates as the
deletion of the genes encoding HSIPs had an important impact on the level of transcripts of
these genes.

Apart from strain engineering, another possibility for the improvement of biofuels production
is the optimisation of the saccharification reaction. One concept related to models for an
optimised saccharification reaction is that of the minimal enzyme concept (Meyer et al.
2009). The minimal enzyme concept is defined by its authors as the identification of the
minimal number, minimal levels and the optimal combination of the best performing mono-
active enzymes to saccharify lignocellulose (Meyer et al. 2009). Timing of induction of genes
encoding CAZymes and accessory activities can provide a guide for when to introduce
enzymes into a saccharification reaction to have the maximum benefit. For example, one
study describes a successive secretion of oxidative and hydrolytic enzymes when a
basidiomycete is cultured with lignocellulosic substrates (Navarro et al. 2014) with the
oxidative enzymes making breaks in the polysaccharide chains that improve the efficiency of
the hydrolytic enzymes. The high level of transcriptional induction of the cbhl and cbh2
genes from T. reesei provided some support for the use of the transcriptional responses to
lignocelluloses to guide the protein requirements for an optimised model for saccharification.
In T. reesei WT strain QM6a, the cellobiohydrolase genes cbhl and cbh2 were amongst the
most highly expressed genes on wheat straw (Ries et al. 2013) and the corresponding
enzymes, CBH1 and CBH2, were among the most abundant proteins in the culture
supernatants (Adav et al. 2012). Based on levels of transcription and secretion, it would be
expected that these cellobiohydrolases would be required in substantial amounts for an
optimised saccharification reaction. Indeed, Meyer et al. (2009) showed that among four T.
reesei proteins (CBH1, CBH2, EGL1 and EGL2), CBH1 was the protein required in the

largest amount for the saccharification of three pre-treated barley straw substrates.
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Access to the lignocellulose limits the efficiency of saccharification (Mansfield et al. 1999)
and optimising this access is a part of an optimised saccharification reaction. Genes that
improve access to the lignocellulose and other accessory proteins are induced in fungi on
lignocellulose substrates. One review describes various non-hydrolytic proteins such as
swollenins and carbohydrate binding modules (CBMs) that can loosen the structure of
cellulose and thereby improve access (Arantes et al. 2010). Swollenin is a non-hydrolytic
protein which contains a CBM module and is thought to enhance cellulase activity by
disrupting cellulose microfibrils. Swollenins are induced in T. reesei in the presence of wheat
straw (Ries et al. 2013) and have a demonstrated role in improving the efficiency of
saccharification (Gourlay et al. 2013). A CBM is defined as a ‘contiguous amino acid
sequence within a carbohydrate-active enzyme with a discreet fold having carbohydrate-
binding activity’ and as well as binding activity, some CBMs can have disruptive or loosening
activity on the polysaccharides (Arantes et al. 2010). There is evidence that genes encoding
enzymes with a CBM are induced before genes encoding enzymes without a CBM (Delmas
et al. 2012). Although there is evidence to suggest that these CBMs, whilst beneficial in
nature and for some saccharification reactions, they may not be relevant in an industrial
setting for an optimised saccharification reaction (Varnai et al. 2013). The authors showed
that reducing the amount of water in saccharification reactions, through high solids loadings
as used in industry, counterbalanced the need for CBMs. The frequency of enzyme
interaction with the substrate is higher under these conditions, and the benefit of a CBM is

outweighed by non-productive binding of CBMs to lignin.

Transcriptomics and proteomics data may indicate a strong correlation between mRNA
expression and protein abundance but discrepancies between transcriptomic and proteomic
responses have been found in several studies (Zhang et al. 2010). It has been suggested
that the discrepancy comes from several factors, including protein regulation by post-
translational modification, post-transcriptional regulation of protein synthesis, differences in
the half-lives of mMRNA and proteins, possible functional requirement for protein binding, and
significant levels of experimental error (Park et al. 2005). Phosphorylated proteins were not
always encoded by genes that were highly induced in the transcriptomic dataset for the WT
strain (no RNAseq from AxInR). However, this discrepancy also highlights the importance of
applying transcriptomic analysis in combination with proteomic analysis, since the biological
systems may not be faithfully represented by either of the single individual approaches (Park
et al. 2005). These discrepancies reject the use of what is transcriptionally induced to guide
inputs for optimised saccharification reactions unless there is supporting proteomic

evidence.
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Transcriptomic studies show that small molecules, often monosaccharides or disaccharides,
induce genes encoding endo-acting activities even though there is not a requirement for
these activities such as for example where a xylose medium induces genes encoding endo-
acting activities in A. niger (de Souza et al. 2013). Fungi do not seem to possess
mechanisms that can sense the degree of polymerisation of a carbon source. Therefore, the
understanding with regard to how fungal mechanosensing and contact sensing functions is
limited (Kumamoto 2008) and there is no evidence to show these senses are relevant to the
induction of CAZy enzymes that degrade lignocellulose. It is generally accepted that
filamentous fungi sense and respond to extracellular signals such as pheromones, lipids,
nucleotides, peptides, nitrogen, glucose and other nutrients by G-protein signalling (Kulkarni
et al. 2005). G-proteins are transmembrane proteins, consisting of a G-protein coupled
receptor (GPCR) and an associated heterotrimeric G-protein (a, B and y) and are divided
into 9 different classes. The GPCRs contain 7 transmembrane helices connected by
intracellular and extracellular loops, with an extracellular amino terminus and the carboxy
terminus extending into the cytoplasm (Li et al. 2007). The extracellular amino terminus
interacts in most cases with the ligand and the carboxyl terminus with the G-proteins. G-
protein mediated signalling is transmitted via one or more of the following pathways (Yu,
2006): 1) activated protein kinase A (PKA) through elevated cAMP levels, 2) mitogen-
activated protein MAPK pathways and 3) IP3 (inositol triphosphate)-Ca2+-DAG (diacyl-
glycerol)-dependent protein kinase C (PKC). Equally, the HSIP-mediated adhesion of the
fungus to lignocellulosic biomass may promote recognition of the substrate by receptors on
the hyphal surface that are sensitive to the presence of lignocellulose, leading to the
induction of the fungal response to lignocellulosic biomass. The results presented in this
work support this idea with the deletion of genes encoding HSIPs leading to decreased in

transcript level of GH-encoding genes.

Different fungal and non-fungal species co-exist in the environment in a competitive or co-
operative relationship. Therefore, in order to fully understand both transcriptional regulation
of fungi and their responses to lignocellulose, the natural environment where these fungi
exist as communities should be considered. Combining species can be most simply seen in
examples where an individual gene from one fungus is expressed in another fungus such as
the expression of a laccase from a basidiomycete in T. reesei (Zhang et al. 2012). However,
a more complex combination is that of mixed cultures where two or more fungal species or
strains are combined. Understanding transcriptional regulation and responses of fungi in
mixed cultures may provide insights that are relevant to fungal biotechnology for biofuels. In
nature, competition rather than co-operation may well dominate amongst fungi. However,

there are some reasons why competition might not necessarily prevail in the degradation of
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lignocellulose in nature or in mixed cultures in the laboratory. In nature there could be a
selective advantage in fungi for co-existing and co-operating fungi when, as their enzymatic
activities are complementary, different fungi can degrade different parts of the lignocellulose.
In a fungal biotechnology approach, the competition that occurs in nature could be
moderated to a co-existence by optimisation of culture conditions. Kolasa et al. (2014)
showed that whether there was compatibility partly depended on the carbon source used.
Evidence of synergistic effects on saccharification has been detected when the enzymes
from single cultures of A. niger and T. reesei are combined in saccharification assays. The
results showed that when enzyme mixtures were combined, more sugars were released
than the sum of the amounts released from saccharification assays using the enzymes from
monocultures in separate assays (van den Brink et al. 2014). There is substantial literature
on the effects at the enzymatic level of mixed cultures with T. reesei, as T. reesei is one of
the most studied fungal species in mixed cultures (Ahamed et al. 2008; Duff et al. 1987; Hu
et al. 2011; Kolasa et al. 2014; Ma et al. 2015). Two of these studies tested a combination of
enzymes from ascomycetes and basidiomycetes (Hu et al. 2011; Ma et al. 2015) with one of
the studies performing saccharification assays using enzyme cocktails from the mono and
mixed cultures (Ma et al. 2015). In this study, Ma et al. (2015), showed that there was a clear
synergistic effect on saccharification using culture supernatant from a mixed culture of an
ascomycete T. reesei and a basidiomycete Coprinus comatus as the action of lignin-
degrading enzymes of the basidiomycete resulted in the saccharification of a greater
proportion of the polysaccharides by T. reesei CAZy enzymes. Assessing whether there is a
synergistic effect of mixed cultures on saccharification from many studies in the literature is
complicated for several reasons; there is an absence of data on actual saccharification,
protein amount in the cultures, the relative amounts of each fungal species in the mixed
culture and an appropriate monoculture control. Furthermore, the likelihood of the dynamic
nature of the mixed culture, where there are likely to be antagonistic effects as well as co-

operative effects occurring simultaneously, could mask a synergy.

Many recent advances have been made in the area of transcriptional regulation and
responses to lignocellulose in fungi but much remains to be understood. Many approaches
now begin with genome-wide transcriptomic studies and they depend on accurate and well-
annotated genome sequences. Fortunately, genomes from an increasing number of species
are being sequenced even if accurate annotation lags behind. There are many genes
annotated as encoding proteins of ‘unknown function’ that are induced in the presence of
lignocellulose that have yet to be investigated. There are also CAZy genes that remain un-
induced under most conditions. More extensive integration of transcriptomic and proteomic

studies will also be beneficial in unravelling the complexities of fungal responses to
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lignocellulose. Those studies will explore both the molecular basis of the fungal responses
(to include sensing, signalling and transcriptional regulation) but will also provide pointers to
the optimised saccharification of target lignocellulosic materials. For the latter, an integration
of the fungal responses with a detailed analysis of the structure and composition of the
lignocellulosic substrates will be important. Lignocellulose structures and their accessibility to
enzymes are affected by pre-treatments and will also vary not only with source of
lignocellulose but also with time during the course of enzymatic deconstruction. The majority
of current research is focused on major model systems such as T. reesei, N. crassa and
Aspergillus spp. but these species may not be representative of the array of transcriptional
regulatory systems and responses found in nature. Furthermore, the main species studied at
this level are primarily ascomycetes but a tractable basidiomycete model system relevant to
lignocellulose degradation and with amenable molecular tools should emerge from the
systems currently under study. The ultimate aim of biofuel production is about making a
profit through keeping costs competitive with alternative fuels. Further research in this field
should lead to reductions in the costs of the enzymes by (1) reducing the costs of inducing
the enzymes (by better understanding how induction works) and (2) improving the
functionality of the cocktail (by better understanding of the response of fungi to

lignocelluloses) so less enzymes are required for the saccharification.
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Primers used in this study

Appendices

Sequence (5' - 3" Function
xInR
xInR up F ATGCATGCGGCCGCTCCCAACTTTATTCACTCCC xInR deletion upstream external
xInR up R ATGCATAAGCTTGGAATTTCGCAAGGAAGTGG xInR deletion upstream internal
xInR down F ATGCATAAGCTTTTTTGCAGTAACACGGCTG xInR deletion downstream internal
xInR down R ATGCATACTAGTACTCACGGGATCCCACGAAG xInR deletion downstream external
xInR gene F CACCATCTGAGCTCGCAGCC Screen xInR deletion, internal
xInR gene R GCAGTTTCTGGCATACACG Screen xInR deletion, internal
clrA
clrA up F tattatGAATTCACGCGGCTTTCAAACATATC clrA deletion upstream external
cirA upR tattatGGTACCCACCGAGGGCTGAAAGCATC clrA deletion upstream internal
clrA down F tattatGGTACCAAGAGGCACTTGACTTGCAG clrA deletion downstream internal
clrA down R tatatGCGGCCGCCGTCATTGTCCCGAGAAGAA clrA deletion downstream external
clrA gene F CCCTCTACAACCCTCACCAA Screen clrA deletion, internal
clrA gene R TGAGGCCTGGACGCTACTAT Screen cIrA deletion, internal
An11g06750
Anl11g06750 up F GCGAGCTCATTCCGAAGTAA An11g06750 deletion upstream external

An11g06750 up R

GTCAATTCCAGCAGCGGCTTGATGGAAGTATATAAGCTGA

Anl11g06750 deletion upstream internal

An11g06750 down F

acacggcacaattatccatcgTGAGACAATAAAAAAAGAGA

Anl11g06750 deletion downstream internal

An11g06750 down R TCGCTGGTAAAACATTGGTG An11g06750 deletion downstream external
Anl11g06750 gene F GCGAATCTAAGTCGGTCGAA Screen An11g06750 deletion, internal
An11g06750 gene R GGAGCAGCAGTAGAGGATGG Screen An11g06750 deletion, internal
qRT-PCR

gPCR bgIB F AGGTGGAGATTGTGGTGGAG gRT-PCR bglB

gPCR bglB R CCCAATACCTCGTCCTCTCA gRT-PCR bgIB

gPCR cIrA F GCCTCTCATTCGAGAACTGG gRT-PCR clrA

gPCR clrA R CGTCAATGGGTTGACACAAG gRT-PCR cIrA

gPCR cIrB F GGACGGCAATTGAAAGATGT gRT-PCR cIrB

gPCR cIrB R AGCTGTCGCTCTTGGATCAT gRT-PCR cIrB

gPCR egIC F CGATGGTGTTACCGGTCTCT gRT-PCR egIC

gPCR egIC R GCCGAAGTCGAACTCTTCAC gRT-PCR egIC

gPCR xynA F TTATGCCTGGGATGTTGTCA gRT-PCR xynA

gPCR xynA R TGCCGGTCAATTTAGGGTAG gRT-PCR xynA

gPCR cbhA F CCAGCAAGCCGGAACGCTCA gRT-PCR cbhA

gPCR cbhA R AACGCGCCGTTTAGCCCACA gRT-PCR cbhA

gPCR cbhB F GTCGTCACCCAGTTCATCA gRT-PCR cbhB

gPCR cbhB R GCCGTTGACACTGGAGTA gRT-PCR cbhhB

gPCR actA F CCTCCTCATATCCGCTGTG gRT-PCR actA

gPCR actA R GTGCTAACATGACGGGTAATTC gRT-PCR actA

Table 2.1: Primers used for the deletion of xInR, clrA and An11g06750 and the primers used

for the gRT-PCR experiment.
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Dry weight against wet weight standard curves
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Figure 3.1: Standard curves of dry weights against wet weights for the WT and AxInR strains

in glucose.
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Dry weight against glucosamine content standard curves
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Figure 3.2: Standard curves of dry weights against glucosamine content for the WT and

AxInR strains in glucose.
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Dry weight against total protein concentration standard curves
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Figure 3.3: Standard curves of dry weights against the total protein concentration for the WT

and AxInR strains in glucose.
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Chapter 4

Characterisation of the A. niger cIrA gene

Table 4.1: BLASTn result for the cIrA gene

Max score | Tot score | Query cover E-value | Maxid | Accession

693 693 83% 0.00 56% CAK44822.1

The Total score is the sum of scores of all aligned sequences. The query cover corresponds
to the percentage of query sequence that is covered. The e-value gives a measure of the
similarity of sequences. The lower the e-value is, the higher the congruity of the query
sequence and the retrieved sequence. An e-value of 0 means that there is an exact match

for the sequence.
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Figure 4.2: Alignment result between the CLR-1 N. crassa sequence and the CIrA A. niger
sequence. The red colour with capital letters means that there is a high consensus between
the two sequences. The blue colour with lower case letters corresponds to a low consensus
between the two sequences whereas the black colour means that no characteristics were
reported. Similar position is a count of the number of positions over the length of the

alignment where >= 51% of the residues or bases at that position are similar.
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Hits by PS50048 ZN2 CY6 FUNGAL 2 Zn(2)-C6 fungal-type DNA-binding domain profile
1 100 200 300 400 500 600 700 800 900 1000

ruler:

USERSEQ1 g (777 aa)
»

Predicted feature:

DNA_BIND 37 65 Zn(2)-C6 fungal-type [condition: none]

Figure 4.3: Identification of a Zinc finger DNA-binding domain in the CIrA sequence of A.
niger. The ruler represents the length of the sequences. The green motif illustrates the Zinc
finger domain. In the box below, the program identified that for this sequence the maotif is
located between the 36 and the 67 aa and highlighted, in green, the DNA-binding motif
which goes from the 37 aa to the 65 aa. Prosite was run against all the motifs of the
database except the ones with a high probability of occurrence. By default, hits from Prosite

profiles with a score greater than the profile defined cut-off score are shown.

Characterisation of the A. niger clrB gene

Table 4.2: BLASTn result for the cIrB gene

Max score | Tot score | Query cover E-value Max id | Accession

452 452 73% 8.00E-147 | 41% CAK48469.1
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Figure 4.4: Alignment result between the CLR-2 N. crassa sequence and the CIrB A. niger
sequence. The red colour with capital letters means that there is a high consensus between
the two sequences. The blue colour with lower case letters corresponds to a low consensus

the two sequences whereas the black colour means that no characteristics were reported.

Search for conserved domain on the NCBI website
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Graphical summary show options » ®
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fungal transcription factor regulatory middle homology region; This domain is present in the large family of fungal zinc cluster transcription factors that contain an N-terminal GAL4-like

C6 zinc binuclear cluster DNA-binding domain. Examples of members of this large fungal group are the following Saccharomyces cerevisiae transcription factors, GAL4, STB5. DALS1,
CATS8. RDR1, HALS, PUT3, PPR1, ASG1, RSF2, PIP2, as well as the C-terminal domain of the Cep3, a subunit of the yeast centromere-binding factor 3. It has been suggested that

this region plays a regulatory role

Figure 4.5: Identification of a Zinc finger DNA-binding domain in the CIrB sequence of A.
niger using the tool search for conserved domain of the NCBI website
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). This software gives a description of

the type of motif identified, here one of a Zinc finger binuclear cluster, with an e-value
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associated. The lowest the e-value is, the highest the congruity of the query sequence and

the retrieved sequence.

Enzymatic assay using Congo Red stained plates with CarboxyMethylCellulose (CMC) and

xylan substrates
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(%] )

AxInR
1cm

CMC Xylan
6h 12h 24h 12h 24h
WT 100 100 100 100 100
AcirA 73 56.7 84.3 78.3 86.1
AxInR 76.2 55.4 51.8 21.2 175

Figure 4.6: Congo Red assay carried out on two substrates: CMC and xylan. The samples

tested were cultures supernatants (normalised for a protein loading of 100ug in a volume of

10ul) obtained from the time courses carried out on the WT, AxInR and AclrA strains. Table

of the ratio of intensities of each clearance when compared to the WT (100%).
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Chapter 5

Creation of target-decoy databases for decoy searches

Original sequence A C/DIE|F|IG|H
Reversed sequence

Each sequence of the

target database is reversed HGiE E IR C.A

Shuffled sequence

Each sequence of the ta.rget DIHIA I?I clelE
database is transformed by mixing

the amino acids of the sequence

but keeping the composition of

the original sequence

Randomised sequence
Each sequence of the target
database is transformed into a
new random sequence based G|V|I A NIP|S
on the amino acid composition
of the database

Figure 5.1: The different methods used for the creation of target-decoy databases for the

identification of peptides after LC MS/MS.
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Optimisation of the target-decoy identifications

Appendices

All spectra FP — False Positive
TP — True Positive
FN — False Negative
All spectra that pass the
Ep TP EN identification criteria (95%
threshold)
O All spectra with correct
identification
All spectra All spectra All spectra
Ideal case Optimisation of the sensitivity Optimisation of the accuracy

of the identification

of the identification

Figure 5.2: Selection criteria applied to score distributions (top) determine the form of the

Venn diagrams. In the ideal scenario, all identifications are true positive hits (left). In the

case of an optimisation of the sensitivity of the identification, the number of false positive

increased as the number of false negative hits decreases (middle). In the case of the

optimisation of the accuracy of the identification, the number of peptides correctly identified

decreases but the accuracy of the identification is improved (right) (adapted from Elias et al.

(2010)).
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Chapter 6

# SignalP-4.1 euk predictions

Appendices

# SignalP-4.1 euk predictions
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Figure 6.1: Visual representation of the results of protein motif scanning for the A. niger

surface interacting proteins HfbD (An08g0980),

HsbA (An09g00840) and Hypl

(An079g03440) using SignalP (Petersen et al., 2011). C-score (raw cleavage site score), S-
Score (signal peptide score) and Y-Score (combined cleavage site score) are displayed for

each residue (position from N-terminus) against the default signal peptide discrimination cut-
off (0.450). As the discrimination scores of HfbD (0.904), HsbA (0.903) and Hyp1 (0.774) are

greater than the discrimination cut-off, then this suggests that they each contain N-terminal

signal peptides.
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