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Kurzfassung

Chitin ist ein Polysaccharid, das aus N-Acetylglucosamineinheiten (GIcNAc) aufgebaut ist. Die N-
Acetylglucosamineinheiten sind durch B-1,4-glycosidische Bindungen verknipft. Chitin ist neben
Cellulose, das am weitesten verbreitete Polysaccharid. Es kommt im Exoskelett von Insekten und
Krustentieren vor und ist auch ein wichtiger Bestandteil in Pilzzellwanden. Da sich Chitin in der
Biosphare nicht sichtbar anhduft, missen die grofen Mengen die jahrlich an Chitin produziert
werden, auch effizient abgebaut werden. Bakterien und Pilze sind hauptverantwortlich flr den
Chitinabbau in der Natur, sie kdnnen Chitin als Nahrstoffquelle nutzen. Der erste Schritt des
Chitinabbaus wird von extrazellularen Enzymen ausgefiihrt, den Chitinasen. Chitinasen spalten
das Polymer Chitin in kleinere Oligomere, bis hin zu Dimeren (Chitobiose). Danach wandeln N-
Acetylglucosaminidasen das Dimer in 2 N-Acetylglucosaminmonomere um. Der Transport von
GIlcNAc in die Zelle und die katabolische Umwandlung von GIcNAc zu Fruktose-6-Phosphat ist bis

jetzt nur in der humanpathogenen Hefe Candida albicans untersucht worden.

In dieser Doktorarbeit wurde der GIcNAc-Katabolismus in filamentdsen Pilzen erforscht. Der erste
Teil dieser Ergebnisse ist in einer Publikation veroffentlicht bei der wir zeigen konnten, dass die
Gene, die am GIcNAc Abbau beteiligt sind, in einem Cluster vorkommen. Wir entdeckten, dass
dieser Cluster zusatzlich einen Transkriptionsfaktor enthalt, der starke Homologie zu Ndt80 aus S.
cerevisiae aufweist. Wir nannten diesen Transkriptionsfaktor, der in C. albicans nicht vorkommt,
RON1 (regulator of N-acetylglucosamine catabolism 1). Wir konnten zeigen, dass RON1 essentiell
fur den GIcNAc Abbau in Trichoderma reesei ist. Eine Literatursuche ergab, dass Neurospora
crassa einen Transkriptionsfaktor besitzt, der eventuell auch in der Regulierung des GIcNAc-
Katabolismus involviert ist. Dieser heilst GRHL (grainy head like protein), sein Ortholog in T. reesei
ist CSP2. Untersuchungen dieses Transkriptionsfaktors ergaben, dass CSP2 in T. reesei nicht im
GlcNAc Abbau beteiligt ist. In einer zweiten Studie, die in dieser Arbeit vorgestellt wird, lag der
Fokus auf dem GIcNAc-Katabolismus in N. crassa. Wachstumstests zeigten, dass im Gegensatz zu
anderen Pilzen, z.B. Trichoderma, GlcNAc eine schlechte Kohlenstoffquelle flr N. crassa ist. Es
stellte sich heraus, dass GIcNAc sogar in der Gegenwart einer zusatzlichen Kohlenstoffquelle
wachstumshemmend ist. Uberraschenderweise war N. crassa aber in der Lage auf dem Polymer
Chitin zu wachsen. Auf Chitin waren die GIcNAc-abbauenden Gene jedoch nicht exprimiert,
obwohl GIcNAc starke Induktion der Katabolismusgene bewirkte. Unsere Daten lassen darauf
schliellen, dass der Zwischenschritt, der zur Produktion von Glucosamine-6-Phopshat fiihrt und

von DAM1 durchgefiihrt wird, einen Engpass im GlcNAc-Stoffwechsel in N. crassa darstellen
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konnte. Analysen von Knockout-Mutanten der GIcNAc-abbauenden Gene zeigten, dass der
Deletionsstamm des GIcNAc-6-phosphat-Deaminase-Gens (dam1) den grofiten
Wachstumsdefekt auf Medium mit GIcNAc aufweist. Uberexpression des T. reesei dam1 Gens in
dem N. crassa Wildtyp und dem Adam-1 Stamm ermoglichte die teilweise Wiederherstellung des
Wachstums von N. crassa auf Medium mit GIcNAc. Das Wachstum war aber nicht vollstandig
wieder hergestellt, was darauf hindeutet, dass andere Aspekte oder Kombinationen aus

mehreren Schritten verantwortlich fir die beobachteten Effekte von GIcNAc in N. crassa sind.

Ein weiteres Thema dieser Doktorarbeit waren Chitin-bindende Proteine die zur Familie der
Cerato-Platanine (CPPs) gehoren. CPPs sind kleine, sezernierte Proteine, die vier konservierte
Cysteine besitzen. Diese Proteine kommen nur in filamentdsen Pilzen vor und werden leicht von
anderen Organismen erkannt, was zu Wechselwirkungen von Pilzen mit anderen Organismen
fihrt, z.B. regen diese Wechselwirkungen die Induktion von Abwehrreaktionen in Pflanzen an. Es
ist aber noch nicht bekannt, ob die Hauptfunktion der CPPs diese Wechselwirkungen sind, oder
ob sie eher eine Rolle im Pilzwachstum spielen. CPPs haben mehrere biochemische Eigenschaften,
die in dieser Kombination nicht in anderen Proteinen zu finden sind. Einerseits sind CPPs
Kohlenhydrat-bindende Proteine und sind in der Lage Chitin und GIlcNAc-Oligosaccharide zu
binden. Andererseits kdnnen sie an hydrophoben/hydrophilen Oberflachen akkumulieren und
formen Proteinschichten, z.B. auf der Oberflache von wassrigen Losungen und verdandern dadurch
die Losungen und Oberflachen. Trichoderma atroviride und Trichoderma virens werden in der
Landwirtschaft als biologisches Schadlingsbekdmpfungsmittel verwendet. CPPs sind
Schlisselfaktoren fur die Interaktion zwischen Trichoderma und Pflanzen. T. atroviride and T.
virens sind Mykoparasiten, das hei’t sie sind in der Lage andere Pilze anzugreifen und zu téten.
Sie kénnen aber auch direkt mit den Pflanzen interagieren, wodurch deren
Abwehrreaktionssystem stimuliert wird und die Pflanzen dadurch widerstandsfahiger gegen
Krankheitserreger werden. Nur zwei der drei CP-Gene sind stark exprimiert in Trichoderma
(smi/epll and sm2/epl2). Knockoutstamme dieser Gene wurden auf ihr Wachstum und ihre
Entwicklung untersucht und auch auf ihre Trichoderma-Pflanzen Interaktionen getestet. Das
Fehlen der Proteine SM1/ EPL1 und SM2/ EPL2 in T. virens und auch T. atroviride reduzierte die
systemische Resistenz von Maiskeimlingen gegeniiber dem pflanzenpathogenen Pilz Cochliobolus
heterostrophus drastisch. Die Ergebnisse zeigten, dass T. virens im Allgemeinen einen effektiveren
Pflanzenschutz als T. atroviride ermoglicht. Zusatzlich wurde festgestellt, dass obwohl die CP-
Gene sm1/epll wesentlich starker als sm2/ epl2 wahrend Pilzwachstum induziert wurden, SM2/

EPL2 wichtiger als SM1/ EPL1 zur Férderung der Pflanzenabwehr ist.



Summary

The polysaccharide chitin consists of B-(1-4) linked N-acetylglucosamine (GIcNAc) subunits. It is
the second most abundant biopolymer after cellulose with a natural turnover of at least 10° tons
of chitin per year. In the biosphere, it is not only present in fungal cell walls, but also in the
exoskeletons of protists and arthropods, e.g. insects and shrimps. Nonetheless, chitin does not
visibly accumulate in the biosphere which is indicative for its efficient natural recycling by
microbes. Bacteria and fungi are mainly responsible for the degradation of chitin in soil and can
utilize chitin as nutrient source. The first step of chitin degradation is performed by extracellular
enzymes called chitinases, which decompose the chitin polymer into shorter oligomers down to
the level of dimers (chitobiose). Subsequently, N-acetylglucosaminidases convert the dimer
chitobiose into GIcNAc monomers. Transport of GIcNAc into the cell and catabolic conversion of
GIlcNAc into fructose-6-phosphate has so far only been studied in the human pathogenic yeast
Candida albicans, but had not been investigated in filamentous fungi yet.

In this doctoral thesis, GIcNAc-catabolism was studied in filamentous fungi. The first part
of these results contributed to a publication in which we could show that in filamentous fungi the
genes involved in GlcNAc-catabolism are clustered. Importantly, this cluster contains an Ndt80-
like transcription factor, which we called RON1 (regulator of N-acetylglucosamine catabolism 1)
that is not present in C. albicans. We could show that RON1 is essential for GIcNAc-catabolism in
the filamentous fungus Trichoderma reesei. A survey of the literature showed that the Neurospora
crassa GRHL (grainy head like protein) transcription factor could also be involved in the regulation
of GIcNAc-metabolism. Investigation of CSP2, the ortholog of GRHL in T. reesei, indicated that this
transcription factor has other functions in the fungus T. reesei.

In a second study that is presented in this work, | focused on GlcNAc-catabolism in N.
crassa. Growth assays showed that, in contrast to other fungi, such as Trichoderma spp., GIcNAc
is surprisingly a very poor carbon source for N. crassa. GIcNAc turned even out to be growth-
inhibiting in the presence of other carbon sources. Nonetheless N. crassa was surprisingly still
able to grow on chitin. In agreement with this puzzling finding, the genes encoding the enzymes
for GIcNAc-catabolism were not expressed on chitin, but induced by GIcNAc. Our data suggested
that the glucosamine-6-phophate-deaminase gene could be a bottleneck in GIcNAc-catabolism in
N. crassa. Analysis of knockout mutants of the GlcNAc-catabolism cluster genes showed that the
lack of GIcNAc-6-phosphate deaminase gene (dam1) completely abolished residual growth of N.
crassa on GlcNAc containing medium, which can probably be attributed to deleterious effects of

GIlcNAc-6-phosphate. Overexpression of T. reesei dam1 in N. crassa wild-type and Adam-1 strains
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under control of the strong N. crassa promoter ccgl restored growth on GlcNAc-containing
medium only to the (low) N. crassa wild-type level, but not beyond that, which suggests that other
aspects or combinations of several steps are rate-limiting for the failure of N. crassa to metabolize

GIcNACc efficiently.

Another topic of this doctoral thesis were chitin-binding proteins belong to the cerato-
platanin protein family. Cerato-platanin proteins (CPPs) are small, secreted proteins with four
conserved cysteines that are abundantly produced by filamentous fungi with all types of life-
styles. These proteins appear to be readily recognized by other organisms and are therefore
important factors in interactions of fungi with other organisms, e.g. by stimulating the induction
of defense responses in plants. However, it is not known yet whether the main function of CPPs
is associated with these fungal interactions or rather plays a role in fungal growth and
development. CPPs seem to unify several biochemical properties that are not found in this
combination in other proteins. On one hand CPPs are carbohydrate-binding proteins and are able
to bind to chitin and N-acetylglucosamine oligosaccharides, on the other hand they are able to
self-assemble at hydrophobic/hydrophilic interfaces and form protein layers e.g. on the surface
of aqueous solutions, thereby altering the polarity of solutions and surfaces. In the fungal species
Trichoderma atroviride and Trichoderma virens, which are used as biocontrol agents in
agricultural applications, CPPs have been shown to be key factors for the beneficial Trichoderma-
plant interaction. T. atroviride and T. virens are potent mycoparasites, i.e. they are able to attack
and kill other fungi, but can also directly interact with plants, thereby stimulating their defense
response systems and making them more resistant against pathogens. Since only two (sm1/epl1
and sm2/epl2) of the three genes encoding CPPs in T. virens and T. atroviride were found to be
strongly expressed, gene knockout strains were analyzed with respect to fungal growth and
development as well as in Trichoderma-plant interactions. The effect of the lack of SM1/EPL1 and
SM2/EPL2 in T. virens/T. atroviride on inducing systemic resistance in maize seedlings, challenged
with the plant pathogen Cochliobolus heterostrophus, was tested. The results showed that T.
virens was in general a more effective plant protectant than T. atroviride and further, although
interestingly the CP genes sm1/epll were substantially stronger induced than sm2/epl2 during
fungal growth, SM2/EPL2 turned out to be more important than SM1/EPL1 for the promotion of

plant protection.



Introduction

The fungal genus Trichoderma

Trichoderma are filamentous fungi belonging to the phylum ascomycota and the class
sordariomycetes. The fungal genus Trichoderma (teleomorph Hypocrea) was first recognized
by Persoon in 1794 (Persoon, 1794). However, it took approximately 200 years from the
discovery on that this genus was taxonomically correctly classified. The problems in
identification of Trichoderma species were mis- and reidentifications of several isolates. In
the past nearly all strains of Trichoderma were identified as T. viride (Bisby, 1939). Due to the
fact that the identification of species was mainly based on morphological characteristics, the
classification of Trichoderma was extremely difficult. Only within the last decades new
developments in DNA-based phylogenetic analysis enabled re-evaluation of the genus
Trichoderma. By 2009, already 75 species were identified in temperate Europe (Jaklitsch,
2009). The first sequenced Trichoderma genome was Trichoderma reesei QM6a (Martinez et
al., 2008) followed by the genomes of Trichoderma atroviride IMI206040 and Trichoderma
virens Gv29-8 (Kubicek et al., 2011). Nowadays there are about 20 fully sequenced
Trichoderma genome sequences available on the website of the Joint Genome Institute (JGI)

of the US Department of Energy (http://genome.jgi.doe.gov/programs/fungi/index.jsf). The

sequencing of these species has shed new light on the ecology and the evolution of these
species. Members of the genus Trichoderma are widely distributed across diverse
geographical zones and various habitats (Migheli et al., 2009; Samuels, 2006; Schuster and
Schmoll, 2010). They are usually found in root, soil and foliar environments (Gams and
Bissett, 1998). They are among the most widely distributed and common fungi in nature,
probably due to their diverse metabolic capability and aggressively competitive nature
(Kubicek et al., 2011). Species of Trichoderma/ Hypocrea can grow saprotrophically on
decaying wood, but many Trichoderma spp. are also opportunistic, necrotrophic
mycoparasites (Druzhinina et al., 2011). Species of the genus Trichoderma are also
economically important organisms. Some are industrial producers of enzymes such as
cellulases and hemicellulases (T. reesei) (Seiboth et al., 2012). Many species of the genus are

being used for the production of secondary metabolites or used as mycoparasitic biocontrol
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agents and bio-fertilizers as they were shown to promote plant growth and induce plant
defense responses (T. atroviride, T. harzianum, T. virens, T. asperellum) (Harman et al., 2004;
Mukherjee et al., 2013). Furthermore, Trichoderma species, similar to other filamentous
fungi, act as decomposers of e.g. plant material and therefore are essential for recycling of
nutrients in the environment (Carreras-Villasenor et al., 2012).

One human pathogen of the genus Trichoderma is T. longibrachiatum, which has been
detected in sputum and sinus ethmoidalis of healthy humans (Kredics et al., 2003). In
contrast, T. pleuroticola and T. pleurotum are pathogenic on commercial mushroom species

like Pleurotus ostreatus (Komon-Zelazowska et al., 2007; Park et al., 2006).

The Trichoderma species: T.reesei, T. atroviride and T. virens

T. reesei is a filamentous, saprotroph fungus. During World War Il the first isolate, T. reesei
QM6a (Quarter Master 6a), was found on the Solomon Islands in the South Pacific. Later on
it received major attention, when it became known that this fungus was responsible for the
textile degradation of the cotton canvas of US army tents (Reese, 1976). T. reesei is widely
used for biotechnological application due to its remarkable cellulolytic potential. It is more
amenable to molecular-genetic manipulations than other Trichoderma spp., and a range of
different selection markers for gene deletion and other molecular biological tools are readily

available for T. reesei (Bischof and Seiboth, 2014; Guangtao et al., 2009; Seiboth et al., 2011).

T. atroviride is a filamentous, mycoparasitic fungus. Mycoparasitism is the phenomenon
where one fungus is parasitic on another fungus. This species occurs in soil, on decaying
wood and on plant debris (Kubicek et al., 2008). T. atroviride was first described in 1892 by
Karsten, but this species has been frequently mistaken in literature with the superficially
similar species T. harzianum, which also has smooth, globose to subglobose conidia (Karsten,
1892). Bissett and Samuel uncovered the mistake and described the differences between the
two species. In contrast to T. harzianum, T. atroviride has a characteristic coconut aroma
(Bissett, 1991; Samuels et al., 2002). The fully sequenced, annotated genome of T. atroviride

is available. The genome size is 36.1 Mbp and contains 11865 annotated gene models.

T. virens is a filamentous, mycoparasitic fungus like T. atroviride. The genome size is 38.8
Mbp, and the genome database of T. virens contains 12428 annotated gene models.

Interestingly, the two Trichoderma species, T. virens and T. atroviride, share 1273
6



orthologues that are not found in the genome of the saprotrophic species T. reesei. Based on
this finding this gene pool might be associated with the strong mycoparasitic potential of T.
atroviride and T. virens. The genome of T. reesei is smaller, 43.1Mbp, than the genomes of

the two mycoparasitic fungi (Kubicek et al., 2011; Schmoll et al., 2016).

The model organism Neurospora crassa

Neurospora crassa is a filamentous fungus belonging to the phylum ascomycota and is
commonly known as orange bread mold. It first received major attention in 1843, when
there was a N. crassa infestation in French bakeries (Payen, 1843; Perkins, 1991). For the
discovery of one-gene one enzyme hypothesis, which was based on first investigations in
Neurospora, Beadle and Tatum were awarded with Nobel Prize for Biology in 1958. N. crassa
is an extensively studies model fungus (Davis and Perkins, 2002), because of its various
advantages for experimental research, for example, N. crassa exhibits rapid growth and large
hyphae, both of that making it highly suitable for cytological examinations. Cell biological
and biochemical studies revealed molecular details of N. crassa establishment and
maintenance of cell polarity, cell recognition and cell fusion. N. crassa is haploid throughout
the majority of its life cycle, mating is facilitated and it is easy to cross them (Zelter et al.,

2004).

Furthermore, N. crassa possesses a wide variety of epigenetic phenomena, most importantly
repeat induced point mutation (RIP), an effective defense against duplicated sequences such
as those arising from the multiplication of transposons (Cambareri et al., 1989; Cambareri et
al., 1991; Selker et al., 2002). Numerous research programs focused on N. crassa including
formal, population, and molecular genetics, biochemistry, physiology, and molecular cell
biology and more recent studies of development, photobiology, circadian rhythms, gene
silencing, ecology, and evolution. Substantial contribution to genetic and molecular
information achieved David Perkins, who has sampled natural isolates from all over the
world (Turner et al., 2001). In 2003 N. crassa became the first filamentous fungus to have its
genome sequenced and annotated. The total genome size is 43 Mbp and in the N. crassa
genome database 9826 open reading frames (ORFs) have been annotated (Borkovich et al.,

2004; Galagan et al., 2003).



The degradation of chitin and its monomer N-acetylglucosamine

Chitin is a polysaccharide composed of B-(1-4) linked residues of N-acetylglucosamine
(GIcNAc; 2-acetamido-2-deoxy-D-glucopyranose) units. It is one of the world’s most
abundant biopolymers, but in contrast to cellulose its potential is rather underrated, so far.
Compared to cellulose, which is composed of glucose monomers, chitin features an
additional acetyl-amino-group on the hexose sugar ring of its GIcNAc subunits that renders it
a promising raw material for functional biopolymers in biomedical applications as well as
biochemical synthesis of specialty and fine chemicals (Muzzarelli, 1999; Tharanathan and
Kittur, 2003). Chitin can be found in the exoskeleton of insects and shrimps, but also in the
cell walls of fungi. In filamentous fungi chitin is located in the inner layers of the cell wall,
close to the plasma membrane (Ruiz-Herrera, 1991) and forms together with B-(1,3 1,6)
glucan the structural scaffold of the fungal cell wall (Dumitriu and Dekker, 1998; Latgé,
2007). Chitin does not visibly accumulate in the biosphere, which shows that the huge
amounts of annually produced chitin, at least 10 gigatons, also are degraded each year
(Muzzarelli, 1999). The main degraders of chitin are bacteria and fungi, which are able to use
chitin as nutrient source. Fungi with specialized life styles, such as mycoparasites and
entomopathogenic fungi, have evolved a diversified machinery to utilize chitin derived from
other fungi and arthropods, respectively, and are interesting targets for studying and
developing novel methods to exploit chitin from these sources. Therefore, fungal chitin
degradation and chitin synthesis have been subject to extensive investigation in the past
years to gain insights in these intricately regulated processes, which render fungi capable of
harnessing the recalcitrant chitin polymer as nutritional source and building block for
growth. For the design of new products and their sustainable production via
biotechnological processes through enzymatic action, the production and performance of

chitinolytic pathways still need to be improved.

Chitin can be degraded by two main enzymes, namely chitinases (EC.3.2.1.14)
belonging to the glycoside hydrolase (GH) 18 family and members of the GH 20 family, called
N-acetylglucosaminidases (NAGases) (Davies and Henrissat, 1995; Henrissat and Bairoch,
1996). Fungal chitinases can be divided into three different subgroups, A, B and C based on
the amino acid sequences of their GH 18 modules. Filamentous fungi have usually between

10 and 20 different chitinases and more than 30 chitinases can be found in fungi with
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specialized life styles such as insect-pathogenic fungi or mycoparasites (fungi that parasitize
other fungi) (Karlsson and Stenlid, 2009; Seidl, 2008; Seidl et al., 2009). However, fungal
chitinases are not only important for external chitin degradation for nutritional purposes,
but are also involved in internal chitin degradation during cell wall remodelling and recycling.
Subgroup C chitinases contain several carbohydrate binding domains that can solely be
found in this type of enzymes in fungi and possibly makes these enzymes particularly
effective for the degradation of insoluble polysaccharides containing chitin (Gruber and
Seidl-Seiboth, 2012; Hartl et al., 2012). Chitinases decompose the chitin polymer into shorter
oligomers with a minimal chain length of two sugar subunits. Although fungi have umpteen
chitinases, for the next step of degradation they possess only one or two enzymes, (the
NAGases) which convert the chitin dimer chitobiose into two GIcNAc monomers (Seidl,
2008).

GIcNAc plays an important role in a broad range of mechanisms throughout all
kingdoms of life (Chen et al., 2010). GIcNAc function can act as potent inducer of the yeast-
to-filament transition in dimorphic yeasts such as C. albicans, Histoplasma capsulatum and
Blastomyces dermatitidis (Gilmore et al., 2013; Simonetti et al., 1974). In bacteria,
extracellular GIcNAc triggers the production of CURLI (= curled pili) fibers that stimulate
biofilm formation (Barnhart and Chapman, 2006). GIcNAc occurs also in heterogeneous
polysaccharides, such as peptidoglycan/murein found in bacterial cell walls. A B- (1, 6) linked
poly-N-acetylglucosamine is the major component of bacterial biofilms (ltoh et al., 2008;
Roux et al., 2015). In humans, GIcNAc can be found in hyaluronic acid, which is an essential
element of the connective tissue such as cartilage, as well as epithelial and neuronal tissue
(Ashry and Aly, 2007). In some cases, GIcNAc can be found in free form, e.g. in human milk
(Kobata et al., 1969; Miller et al., 1994).

In C. albicans the genes encoding the enzymes involved in GlcNAc-catabolism are
clustered (Konopka, 2012). The GlcNAc-catabolism cluster contains genes encoding a sugar
kinase that phosphorylates GIcNAc to create GIcNAc-6-phosphate, a deacetylase that splits it
into acetate and glucosamine-6-phosphate, and a deaminase that subsequently converts
glucosamine-6-phosphate to ammonium and fructose-6-phophate, which can enter
glycolysis. A GIcNAc transporter can be found outside the cluster (Kumar et al., 2000;
Naseem et al., 2011). The GlcNAc-catabolism has not been studied in filamentous fungi so

far.



Cerato-platanin proteins — a family of chitin-binding proteins

Proteins belonging to the cerato-platanin protein (CPP) family are only found in filamentous
fungi. The name giving protein for this family was cerato-platanin (CP) from the plant
pathogenic fungus Ceratocystis platani, which infects plane trees. CP was first described in
1999 (Pazzagli et al., 1999). Since then, CPPs have been reported from many different
filamentous fungi, and it has been recognized that genes encoding CPPs can be found in the
genomes of fungi with all kinds of lifestyles, including biotrophic and necrotrophic plant
pathogens, human pathogens, mycoparasites, plant-beneficial fungi and saprotrophs (Chen
et al., 2013; Frischmann et al., 2013). CPPs are small proteins (12 kDa) that are abundantly
secreted into the culture filtrate, but remain also partially bound in the fungal cell wall
(Boddi et al., 2004; Gonzalez-Fernandez et al., 2014; Seidl et al., 2006). Over the last decade,
several studies revealed that CPPs are important players in interactions of fungi with other
organisms. Many of the so far reported CPPs are from plant pathogenic fungi, and these
proteins are able to act as virulence factors in fungal-plant interactions (Frias et al., 2011;
Jeong et al., 2007; Scala et al., 2004). However, in fungi that positively interact with plants,
e.g. Trichoderma spp., which are used as biocontrol fungi in agricultural applications, they
act in a positive way as elicitors of plant defence responses (Djonovic et al., 2006). Further, a
member of the CPP family from the human pathogen Coccidioides immitis has been
described as an antigen (Pan and Cole, 1995). Thus, CPPs are readily perceived by other
organisms and signal them the presence of a fungus.

CPPs seem to unify several biochemical properties that are not found in this
combination in other proteins. On one hand, cerato-platanins are carbohydrate-binding
proteins and are able to bind to chitin and N-acetylglucosamine oligosaccharides (Baccelli et
al., 2014; de Oliveira et al.,, 2011); on the other hand, they are able to self-assemble at
hydrophobic/ hydrophilic interfaces and form protein layers, e.g. on the surface of aqueous
solutions, thereby altering the polarity of solutions and surfaces (Frischmann et al., 2013). It
had been suggested, in previous studies, that CP might have similar functions as
hydrophobins, which are amphiphilic fungal proteins that self-assemble at hydrophobic-
hydrophilic interfaces and invert the polarity of surfaces (Boddi et al., 2004; Seidl et al.,
2006). However, this hypothesis has turned out to be incorrect because of the recent
findings in our research group that CPPs increase the polarity effects of solutions and
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surfaces and this is the opposite effect of what is observed for hydrophobins, due to this
effect CPPs are not hydrophobin-like proteins (Frischmann et al., 2013).

CPPs are strongly conserved throughout the fungal kingdom. Fungal genomes analysis
showed that filamentous fungi have typically two or three gene encoding CPPs (Frischmann
et al., 2013). The structure of CP from C. platani, revealed that the fold of these proteins is
similar to Barwin-like endoglucanases and plant expansins. Indeed, Bacelli et al (Baccelli et
al., 2014) reported that CPPs exhibited expansin-like properties on cellulosic materials.
Expansins are small, extracellular proteins predominantly found in plants that are associated
with carbohydrate-binding and loosening of the cellulose scaffolds in plant cell walls
(Sampedro and Cosgrove, 2005). However, CPPs are not cellulose-binding proteins, but
instead have a binding site for GIcNAc oligomers and indeed exhibit (GIcNAc)x and chitin-
binding properties. Recent studies focussed on various aspects related to the surface-activity
altering properties (Frischmann et al., 2013) as well as the carbohydrate-binding properties
(de Oliveira et al., 2011). In addition, it was reported for CP that it can exhibit loosen
cellulose fibres, but no loosening of chitin was detected (Baccelli et al., 2014). The first CPPs
in Trichoderma were published in 2006 and in T. atroviride they were called eliciting plant-
response-like proteins (EPLs) (Seidl et al., 2006), whereas their orthologues in T. virens were
termed small proteins (SMs) (Djonovic et al., 2006).

Fungal genome analysis showed that T. atrovirdie and T. virens have each three genes
encoding CPPs, namely, epll, epl2, epl3 in T. atroviride and sm1, sm2, sm3, in T. virens
respectively (Frischmann et al., 2013). EPL1 and SM1 have been shown to be elicitors of
plant defense-responses, but this ability is far weaker for EPL1 than for SM1 (Vargas et al.,
2008). The reason for that is that EPL1 is readily able to form dimers, but only the
monomeric form is able to efficiently induce plant defense responses. SM1 has a single
glycosylation site that is not present in EPL1 and is predominantly found in its monomeric

form and therefore induces plant defense responses more potently (Vargas et al., 2008).
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Aims of this thesis

In this doctoral research study we wanted to provide new insights into the N-

acetylglucosamine catabolism and one chitin-binding protein family, called cerato-platanins.

Chitin is after cellulose the second most abundant polymer on earth. Chitin and its monomer
N-acetylglucosamine can be used for numerous biotechnological applications. Therefore, it is
of major importance to understand the enzymatic degradation of this polymer and to find
new environmentally friendly ways of chitin degradation. Although chitin is present in fungi,
the industrial production from these sources is still in fledgling stages due to higher costs
and still remarkably low knowledge of the interplay and regulation of chitin degrading and
processing enzymes. Based on data from genome sequencing programs, we are just
beginning to understand the large variety of chitin-degrading enzymes and chitin-binding

proteins that can be found in fungi.

The aims of this work were to fill in several of the missing pieces of the jigsaw that will aid in
understanding enzymatic degradation and processing of chitin in fungi. One focus of this
study was the N-acetylglucosamine catabolism in filamentous fungi. The functional analyses
were performed with Neurospora crassa and Trichoderma reesei in order to investigate gene
expression and gene deletion strains of those genes that we identified as essential for N-
acetylglucosamine catabolism in fungi during this thesis.

The second focus topic of this study was the cerato-platanin protein family, a group of
proteins that exhibit the unique combination of chitin-binding as well as surface-activity
altering properties. The biological functions, as well as biochemical properties of cerato-
platanin proteins are only poorly understood so far. In this thesis various aspects were
investigated including the role of the cerato-platanins from Trichoderma atroviride and
Trichoderma virens with respect to the induction of plant defense responses and
investigations of their self-assembly and surface activity-altering features of cerato-platanin

proteins.
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Scientific goals and most important results

1. GIcNAc catabolism in filamentous fungi (covering the research papers
shown in chapter 1)

Chapter 1.1

Chitin and N-acetylglucosamine metabolism in fungi - a complex machinery
harnessed for the design of chitin-based high value products. Romana Gaderer,

Verena Seidl-Seiboth and Lisa Kappel. (2015). Review. Curr Biotech. Under review.

Chitin is one of the world’s most abundant biopolymers, but in contrast to cellulose its
potential has been fairly underrated, so far. Compared to cellulose chitin features an
additional amino-group on the hexose sugar ring that renders it a promising substrate for
functional biopolymers in biomedical applications as well as biochemical synthesis of
specialty and fine chemicals (Muzzarelli, 1999; Tharanathan and Kittur, 2003). Fungi with
specialized life styles, such as mycoparasites and entomopathogenic fungi, have evolved an
effective machinery to utilize chitin derived from other fungi and arthropods, respectively
(Seidl, 2008). Therefore, fungal chitin degradation and chitin synthesis have been subject to
extensive investigation in the past years to gain insights in these intricately regulated
processes, which render fungi capable of harnessing the recalcitrant chitin polymer as
nutritional source and building block for growth (Cosgrove, 2010; Lenardon et al., 2010;
Muzzarelli et al., 2012). For the development of methods to exploit chitin from these origins,
the design of new products and their sustainable production through enzymatic action,

identifying the regulators of the chitin anabolic and catabolic pathways will be essential.

Chapter 1.2

The N-acetylglucosamine catabolic gene cluster in Trichoderma reesei is controlled
by the Ndt80-like transcription factor RON1. Lisa Kappel, Romana Gaderer, Michel
Flipphi & Verena Seidl-Seiboth (2015). Mol Microbiol. doi: 10.1111/mmi.13256
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Although filamentous fungi possess a multitude of different chitinases, catabolism of GIcNAc
had previously not been studied in filamentous fungi but only in the dimorphic yeast
Candida albicans. We therefore used the results available for C. albicans as starting point to
perform a detailed analysis of GlcNAc-catabolism in filamentous fungi. Our experimental
approaches included the genomic organisation of the GIcNAc catabolic gene cluster across
the phylum Ascomycota, followed by more detailed analyses of the transcriptional
regulation of the respective genes as well as their functional characterization in gene
knockout strains in the two species T. reesei and N. crassa.

The enzymatic steps of GIcNAc-catabolism are shown in Fig.1. GIcNAc is phosphorylated by
GIcNAc hexokinase (Trichoderma: HXK3; C. albicans: Nag5/Hxk1), then GIcNAc-6-phosphate
is deacetylated by GIcNAc-6-phosphate deacetylase (Trichoderma: DAC1, C. albicans:
Nag2/Dacl), and subsequently, GIcN-6-phosphate deaminase converts GlcN-6-phosphate
into fructose-6-phosphate (Trichoderma: DAM1; C. albicans: Nagl). Acetate and ammonium

are the other end products of the GIcNAc-catabolism.

CH,-OH 0
0 Hexokinase O Deacetylase O Deaminase q_'o OH
OH (ka3) OH (Dac‘l) OH (Dam1) O
HO/CH.-oH
OH
N- Acetylglucosamme Fructose-6-phosphate

Fig.1: Schematic representation of the GIcNAc catabolism pathway.

With respect to genome organization of the GIcNAc catabolic genes in filamentous fungi, we
found that the genes encoding the three enzymes responsible for stepwise conversion of
GlcNAc to fructose-6-phosphate are clustered in filamentous Ascomycota. In most cases the
gene encoding a putative GIcNAc transporter is located outside the cluster.

In contrast to C. albicans, in filamentous fungi a gene encoding a GH family 3 protein can
often be found in the GIcNAc gene cluster, which we have annotated as nag3. NAG3 exhibits
similarity to bacterial GH3 B-N-acetylhexosaminidases ((Cheng and Li, 2000; Li et al., 2002;
Litzinger et al., 2010; Mayer et al, 2006; Tsujibo et al., 1994) and

http://www.cazy.org/GH3.html)). In addition, our analysis showed that the GIcNAc cluster in
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filamentous fungi in many cases also contains a gene for a transcription factor with an
Ndt80-like DNA-binding domain (PFAM family PF05224). The transcription factor was
designated RON1 (regulator of N-acetylglucosamine catabolism 1) (Chu and Herskowitz,
1998; Fingerman et al., 2004; Lamoureux and Glover, 2006; Xu et al., 1995). We could show
that RON1 is the key activator of the GIcNAc catabolic genes and therefore essential for this
degradation pathway. The key findings from this paper are summarized in the graphical
abstract of this publication (Kappel et al., 2015) that is shown in Fig.2. For more detailed
information about enzymatic chitin degradation and GIcNAc metabolism in fungi see our

review in chapter 1.1.

o dact 1 dam1 hxks
cluster r0n1
regulator of N-acetylglucosamine
catabolism 1

CH,-OH o
o™ o OH

o
Q_oH .:m
Ko —Em;’;i o
OH

fructose-6P

N-acetylglucosamine
(GIcNAc)

?

i "
Q ngt1

Fig.2: Graphical abstract modified from our paper (Kappel et al., 2015). Overview of the
GlcNAc-catabolism pathway in filamentous fungi. Transport of GIcNAc is mediated by Ngtl.
Conversion of GIcNAc by GlcNAc-hexokinase (hxk3) into GlcNAc-6-phosphate, which is
deacetylated by GIcNAc-6-phopsphate deacetylase (dacl) and subsequently GIlcN-6-
phosphate deaminase (dam1) converts GlcN-6-phosphate into fructose-6-phosphate. ronl

act as transcriptional regulator of this pathway.

In addition to our findings on RON1, we performed a survey of the literature for

transcription factors that might also be involved in the regulation of GIcNAc metabolism and
22



found that in N. crassa, the transcriptional regulator termed GRHL (grainy head like protein)
could be involved in the regulation of GIcNAc metabolism in aerial hyphae (Pare et al., 2012).
GRHL proteins belong to the CP2 superfamily of transcription factors (PFAM family PF04516),
and in the T. reesei genome database, only one predicted member can be found (NCBI
accession number: XP_006965082), which we named CSP2. We found that T. reesei csp2 is
expressed under various growth conditions, but we were not able to detect any
morphological defects in our Acsp2 strains. Further, no phenotype was evident for growth
on GIcNAc and chitin. CSP2 is not involved in the regulation of GIcNAc genes during

vegetative growth or under carbon starvation conditions (Fig.3) (chapter 1.2).
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Fig.3: gRT-PCR of the parental strain (WT), and two Aron1 and Acsp2 strains. Mycelium was
pre-cultivated for 16 h in MA medium containing 1% glucose, and biomass samples were
taken at 0, 5 and 15 h after a shift to MA medium lacking added carbon sources. All
measured values were normalised to tefl expression and compared with the time point [WT,
0 h], which was set at 1. Bars indicate the SEM (standard error of the mean). ‘a’, ‘b’ and ‘c’

indicate significance at P < 0.001, 0.01 and 0.05 respectively.

Chapter 1.3
N-acetylglucosamine, the monomeric building block of chitin, inhibits growth of
Neurospora crassa. Romana Gaderer, Verena Seidl-Seiboth and Lisa Kappel. (2016).

Manuscript in preparation for submission.
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The GIcNAc catabolic gene cluster of N. crassa is very similar to that of T. reesei and other
Ascomycota. It contains the three catabolic genes, a nag3 gene, and Ndt80-like transcription
factor (ronl) and again the gene encoding the putative GIcNAc transporter is located
elsewhere in the genome. In addition to RON1, N. crassa has two other Ndt80-like
transcription factors, VIB1 and FSD1, whose biological functions seem to be unrelated to
GlcNAc-catabolism. FSD1 plays an important role in timing and development of female
reproductive structures and ascospore maturation (Hutchison and Glass, 2010) and VIB1
controls the production of proteases upon nutrient starvation, is involved in the regulation
of vegetative incompatibility and programmed cell death, as well as plant cell wall
degradation by repressing glucose signalling and carbon catabolite repression (CCR)
(Dementhon et al., 2006; Hutchison and Glass, 2010; Xiong et al., 2014).

Since Trichoderma species are readily able to utilize GIcNAc as carbon source and the
GlcNAc-catabolic cluster is strongly conserved between Trichoderma spp. and N. crassa, we
anticipated that N. crassa would grow equally well on GIcNAc as sole carbon source.
However, when we compared the growth of N. crassa 74A on VM medium containing
different carbon sources (glycerol, D-glucose, cellulose, D-fructose, chitin and GlcNAc), the
results (Fig.4) (chapter 1.3) showed surprisingly that N. crassa was unable to grow on

GIcNAc.

glycerol glucose cellulose fructose  chitin GIcNAc

oa

WT 74A

neg.
control

Fig.4: Growth behavior of N. crassa wild-type 74A on VM with different carbon sources, such

as glycerol, glucose, cellulose, fructose, chitin and GIcNAc.

Somewhat in contrast to that finding, N. crassa was able to grow on medium containing
purified chitin powder from crab shells and colloidal chitin, a better accessible, acid-pre-

treated, purified form of chitin. In order to verify that the observed growth defect was not
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specific for N. crassa strain 74A, we tested three additional wild-type (WT) strains (Chilton
(FSGC1691), Lindegren25a (FSGC353), Fast growth (FSGC5729)). All tested N. crassa WT
strains were unable to grow on GIcNAc and it turned out to be even growth-inhibiting in the

presence of a non-repressive carbon source such as glycerol.

We therefore investigated growth of all GIcNAc-catabolism gene knockout strains on GIcNAc
in order to test whether a defect in the GIcNAc-catabolism pathway at certain steps would
have an effect on growth on GIcNAc alone or in the presence of other carbon sources.
However, the results were similar as those that we found for the WT and our findings again

showed that growth was also inhibited in the presence of glycerol.

In order to get a first insight into gene expression levels of the GIcNAc-catabolic cluster
genes i.e. hxk-3, dac-1, dam-1, ron-1, nag-3, as well as the transporter-encoding gene ngt-1,
we analysed their expression in N. crassa WT strain 74A on medium containing chitin or
GIcNAc as carbon source (Fig.5) (chapter 1.3). The results showed that the genes of the
GlcNAc-catabolism cluster are interestingly inducible by GIcNAc although N. crassa is not
able to grow on this carbon source. When chitin serves as carbon source they do not appear
to be strongly induced, which is actually in agreement with the rather puzzling finding that

N. crassa can grow rather well on chitin and that it does not seem to be growth inhibiting.
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Fig.5: Gene expression (RT-qPCR) of GIcNAc-catabolism cluster genes in the WT 74A strain.
a-b) Samples were taken after 16 h, 24 h and 48 h from liquid standing cultivations with
glucose or chitin as carbon source. All samples were normalized to the 16 h glucose sample.
c-d) Samples were taken after 0.5 h, 1 h and 2h after replacing from 1% glycerol into 1%
glycerol (control) or 1% GIlcNAc. All samples were normalized to the 0.5 h glycerol sample.
actl was used as reference gene. The standard deviation of the mean expression values
from at least two independent biological replicates is shown. Bars indicate the SEM (*, **

and *** indicate significance at P < 0.05, 0.01 and 0.001).

Since we observed the strongest growth defect on GIcNAc in Adam1 and the findings in
recent studies corroborate the importance of Dam1 in GlcNAc-catabolism, we hypothesised
that the glucosamine-6-phophate-deaminase gene is a bottleneck in the GIcNAc utilisation
process of N. crassa. T. reesei deaminase gene daml, which has already been shown to be
important and functional in T. reesei (Kappel et al., 2015), was heterologously overexpressed
in N. crassa WT and Adam-1 background to see if high expression by another functional
deaminase gene can alleviate the observed severe growth defects. Investigation of the
overexpression strains showed that growth of the WT:ccgl:Trdam1 and Adam-
1::ccgl:Trdam1 strains was partially restored on medium containing both, glycerol and
GlcNAc. This suggests that overexpression of T. reesei dam1 indeed seems to slightly restore
N. crassa growth on GIcNAc in the presence of glycerol. On medium containing GIcNAc as
sole carbon source the inhibitory effect of GIcNAc was still present (Fig.6). Thus,
overexpression of T. reesei dam1 in N. crassa restored growth on GIcNAc to a certain extent,
but did not completely recover the growth defect of N. crassa on this carbon source (chapter

1.3).

26



Adam-1: Adam-1:
a) WT Adam-1 Trdam1/1 Trdam1/2 Trdam1/1 Trdam1/2

. £
glycerol .q;r i)

G‘“‘“C“s ,O‘
208D 20

glycerol '
+GIcNAc
)s00 =WT
== WT: Trdam1/1
250 WT: Trdam1/2
B Adam
*K gk Adam 1 Trdam1/1
— 200 1 - Adam-1:Trdam1/2
E I
5150 I’
=2

100

- .
OIMI | Il ills I il s L |-Ii

16h 24h 48h 16h 24h  48h 16h 24h 48h
glycerol glycerol+GIlcNAc GlcNAc

Fig.6: Growth tests and biomass formation of N. crassa WT 74A and overexpression strains
(WT::ccg1:Trdam1 and Adam-1::ccg1:Trdam1). a) WT and overexpression strains were
grown for 12 days on VM containing 1% glycerol, 1% GIcNAc and 1% glycerol + 1% GIcNAc as
carbon source. Negative control was VM with the corresponding carbon source without
spores. b) For biomass measurements, strains were grown in liquid standing VM medium,
containing 1% glycerol or 1% gylcerol+1% GIcNAc or 1% GIcNAc and total protein

concentration was determined after 16 h, 24 h and 48 h after inoculation.

2. Functional and biochemical studies of members of the cerato-platanin
protein family (covering the research papers shown in chapter 2)

Chapter 2.1

Cerato-platanins: a fungal protein family with intriguing properties and application
potential. Gaderer, R., Bonazza, K., & Seidl-Seiboth, V. (2014). App! Microbiol
Biotechnol, 98(11), 4795-4803. doi: 10.1007/s00253-014-5690-y
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Cerato-platanin proteins are small, secreted proteins with four conserved cysteines that are
abundantly produced by filamentous fungi with all types of lifestyles (Chen et al., 2013;
Frischmann et al., 2013; Pazzagli et al., 1999). These proteins appear to be readily recognized
by other organisms and are therefore important factors in interactions of fungi with other
organisms, e.g. by stimulating the induction of defence responses in plants (Djonovic et al.,
2006). However, it is not known yet whether the main function of cerato-platanin proteins is
associated with these fungal interactions or rather a role in fungal growth and development.
Cerato-platanin proteins seem to unify several biochemical properties that are not found in
this combination in other proteins. On one hand, cerato-platanins are carbohydrate-binding
proteins and are able to bind to chitin and N-acetylglucosamine oligosaccharides (Baccelli et
al., 2014; de Oliveira et al.,, 2011); on the other hand, they are able to self-assemble at
hydrophobic/ hydrophilic interfaces and form protein layers, e.g. on the surface of aqueous

solutions, thereby altering the polarity of solutions and surfaces (Frischmann et al., 2013).

Chapter 2.2

Sm2, a paralog of the Trichoderma cerato-platanin elicitor Sm1, is also highly
important for plant protection conferred by the fungal-root interaction of
Trichoderma with maize. Gaderer, R., Lamdan, N. L., Frischmann, A., Sulyok, M.,
Krska, R., Horwitz, B. A., & Seidl-Seiboth, V. (2015). BMC microbiol, 15,
doi:10.1186/s12866-014-0333-0

The proteins Sm1 and Sm2 from the biocontrol fungus Trichoderma virens belong to the
cerato-platanin protein family. Sm1 was previously shown to be important for the induction
of plant defense responses by T. virens in plants for the protection of plants against
pathogenic fungi (Djonovic et al., 2006). While this has in the meantime already been shown
for orthologs of Sm1 in other fungi, not much information about other members of this
protein family is available. In order to test whether in T. virens Sm2 is also involved in the
interaction of Trichoderma with plants we analyzed whether the lack of sm2 leads to an
altered potential to protect plants against fungal pathogens. In the maize-Cochliobolus

heterostrophus pathosystem used in our study, knock-out of sm1 reduced the plant
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protection potential of T. virens, but interestingly the lack of sm2 had an even greater effect.
As can be seen in Fig.7 (chapter 2.2) and lesion size of maize leaves in sm2 knockout strains

was statistically not different from the control, i.e. infected plants without Trichoderma.

parental Asm1 Asm?2
strain strain strain

control

Fig.7: Effect of T. virens (parental strain, Asm1 and Asm2) on plant protection in maize
seedlings challenged with the, maize pathogen Cochliobolus heterostrophus. Lesion

development in leaves of T. virens-induced maize, two days after pathogen challenge.

Thus, our results showed that, although the cerato-platanin gene sm1 is more abundantly
expressed than sm2 during fungal growth, Sm2 is, interestingly, more important than Sm1
for the promotion of plant protection conferred by T. virens in the maize-C. heterostrophus
pathosystem (Chapter 2.2). The same assay was performed with T. atroviride epl1 and epl2
knockout strains. The results showed that T. atroviride was overall less effective in plant
protection than T. virens, but the same trend was observed for the respective ep/2 and epl1
knockout strains. These findings advance our understanding of the diversified functions of
CPPs in fungi and of the pool of molecules that are involved in the beneficial interaction of

Trichoderma with plants.
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Chapter 2.3

The fungal cerato-platanin protein EPL1 forms highly ordered layers at
hydrophobic/hydrophilic interfaces. Bonazza, K., Gaderer, R., Neud|, S., &
Friedbacher, G. (2015). Soft Matter, 11(9), 1723-1732. doi: 10.1039/c4sm02389¢g

T. atroviride protein EPL1 has additional intriguing features. Detailed biochemical analysis of
EPL1 revealed that CPPs are not hydrophobine-like proteins, because EPL1 enhanced the
polar/apolar properties of solutions and surfaces, instead of inverting them, as hydrophobins
do. EPL1 readily self-assembles at air/water interfaces and forms highly ordered monolayers
at a hydrophobic surface/liquid-interface, furthermore we could recently show that a
combination of hydrophobins and EPL1 results a previously unknown hybrid layer. This
mixed layer combined features of both proteins, hydrophobins and EPL1. The enhancing of
the hydrophobicity of HOPG (highly oriented pyrolytic graphite) is typical for EPL1, and the
stability and water insolubility of the layer are properties of hydrophobins (Fig.8) (chapter
2.3).

T. atroviride+
EPL1 droplet

hydrophobin
protein layer

EPL1+hydrophobin
mixed protein layer

Fig.8: Graphical abstract from our paper (Bonazza et al., 2015). Overview of the properties of
hydrophobines (left) compared to the combination of hydrophobine and EPL1 (right). AFM
amplitude error images produced by the “drop method” imaged under PBS buffer.
Photographs of 50ul water drops deposited on hydrophobine layer (left) and
hydrophobine/EPL1 hybrid layer (right).
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Chapter 1.1

Chitin and N-acetylglucosamine metabolism in fungi - a complex
machinery harnessed for the design of chitin-based high value

products

Romana Gaderer, Verena Seidl-Seiboth and Lisa Kappel*

Research Division Biotechnology and Microbiology, Institute of Chemical Engineering, TU Wien, Austria.

Abstract

Chitin is one of the world’s most abundant biopolymers, but in contrast to cellulose its potential is rather
underrated, so far. Compared to cellulose chitin features an additional amino-group on the hexose sugar ring that
renders it a promising substrate for functional biopolymers in biomedical applications as well as biochemical
synthesis of specialty and fine chemicals. Fungi with specialized life styles, such as mycoparasites and
entomopathogenic fungi, have evolved an effective machinery to utilize chitin derived from other fungi and
arthropods, respectively, and are an interesting target to study and develop methods to exploit chitin from these
origins. Therefore, fungal chitin degradation and chitin synthesis have been subject to extensive investigation in the
past years to gain insights in these intricately regulated processes, which render fungi capable of harnessing the
recalcitrant chitin polymer as nutritional source and building block for growth. For the design of new products and
their sustainable production through enzymatic action, identifying the regulators of the chitin anabolic and catabolic
pathways will be essential. In this review our current knowledge on chitin metabolism in fungi is presented, new
sources for chitin production and new products derived from enzymatic processing will be introduced.

Keywords: chitin, chitosan, N-acetylglucosamine, filamentous fungi, regulation, transcription factor, bio-based

chemicals, biopolymer

1. Chitin — a biopolymer of unexhausted
potential

Chitin is a linear amino-polysaccharide that is
present in high amounts in arthropods, crustaceans
and cell walls of fungi and is composed of B - (1, 4)
linked N-acetylglucosamine (GlcNAc; 2-acetamido-
2-deoxy-D-glucopyranose) subunits. The GIcNAc
chains adopt a 2-fold helical conformation, similar
to that observed in other homopolymers such as
cellulose [1]. These helical chains of chitin can be
arranged in antiparallel (o-chitin) or parallel (B-
chitin) order to form fibers of a high tensile strength
and crystallinity. a-chitin, the prevalent form, is
more rigid and strong due to extensive hydrogen
bonding [2], whereas B-chitin has a higher affinity
to solvents due to its weaker hydrogen-bonding and
has so far only been identified in squid pens and
other specialized parts of mollusks and arthropods
[3-5]. A third form, y-chitin, is assembled in stacks
of two parallel and one anti-parallel chains, and
seems to occur very rarely e.g. in the cocoon fibers
of Ptinus beetle and the stomach of Loligo squid [3,
6]. Chitosan is a partially deacetylated derivative of

*Corresponding author: Lisa Kappel, Research Division
Biotechnology and Microbiology, Institute of Chemical
Engineering, TU Wien, Gumpendorfer Strasse la, 1060 Vienna,
Austria. Tel.: +43-1-58801-166522, Fax: +43-1-58801-17299.
Email: lisa.kappel@tuwien.ac.at

chitin, that occurs in high amounts only in some
specialized fungi (see also section 2 and [7]) or can
be generated via chemical or enzymatic
deacetylation. The partial deacetylation leads to free
amino groups with positive charges at slightly
acidic pH values, rendering it soluble in dilute
aqueous acidic solutions and the only known
polycationic  natural  polysaccharide.  Further
deacetylation increases solubility and antibiotic
effectivity [8] and references therein.

Chitin is the second most abundant polysaccharide
after cellulose [9, 10] and probably the most
abundant biopolymer in the aquatic environment
[11, 12]. Six to eight million tons of chitinous waste
are produced annually only from the fishing
industries, of which 1.5 million tons are generated
in south Asia alone [13]. This corresponds to
roughly 75% of total weight of shellfish, such as
shrimp, crab and krill shells, currently disposed of
in landfills were uncontrolled decomposition by
microbes, leads to environmental and human health
concerns and thus increases costs for waste
processing. This shellfish ‘waste” contains around
20-58% chitin [14], but only little more than 100,
000 tons of chitin are estimated to be obtained from
these marine by-products annually by 2018 [13,
15]. Considering the still underexploited use of
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Chapter 1.1

chitin, it is interesting to note that the global market
for chitin and its derivatives was estimated to reach
up to US$ 63 billion by end of 2015, with Japan
being the biggest player in chitin processing
worldwide. Moreover, chitin derivatives, such as
chitosan, N-acetylglucosamine and glucosamine
(GIcN; the monomers of chitin and chitosan,
respectively) were considered to have the greatest
potential on the global market by 2010 [16].
Conventional production of chitin and chitosans
from shellfish waste is carried out in a chemical
process  with a  deproteination and a
demineralization step by harsh treatment with
NaOH (around 50%) at high temperatures (up to
160 °C) followed by an acid treatment step with
organic acids. This creates large amounts of
hazardous waste byproducts and for chitosan
production a further alkali treatment results in ill-
defined deacetylation grades. Poor reproducibility
is another drawback of this process for chitin-based
products. Further research on chitin properties,
structure-function  relationships and evolving
strategies to analyze chitin and chitosan
polymerization and deacetylation grades lead to
fairly reproducible and also marketable chitin
derivatives in the last years (for a review on current
procedures for preparation of chitin and chitosan
from marine sources see also [5]). Although chitin
and chitosan are also present in fungi
(basidiomycetes and ascomycetes), the industrial
production from these sources is still in fledgling
stages due to higher costs and still remarkably low
knowledge of the interplay and regulation of chitin
degrading and processing enzymes. Major efforts
are currently underway to increase the knowledge
in chitin and its enzymatic decay and to develop
new methods for the production of well-defined
chitin (-oligomers) and chitosans, to be able to
harness their qualities for the generation of high
value products.

Fungi have proven to be feasible tools for a variety
of biotechnological applications in the past decades.
An economically important field that evolved is
secondary metabolite production, such as citric acid
derived from Aspergillus niger, antibiotics from
Penicillium spp. or carotenes from yeasts [17].
Moreover, recombinant enzymes/proteins for the
food (food additives), medical (e.g. antibodies) and
textile (e.g. cellulases) industry are produced with
fungi. More recently filamentous fungi have proven
to be potent producers for enzymes involved in
biomass degradation (advanced biofuels from
cellulosic ~ waste material; [18, 19]) and
production/modification of new  biorefinery
products. In the following sections the fascinating
possibilities upcoming with the new knowledge on
enzymatic chitin processing and generation in fungi
are matched with ideas and strategies to produce
chitin from alternative sources and to design new

products. We first give an overview on the current
knowledge on chitin degradation, including the last
steps for chitin catabolism, as well as a brief
overview of chitin synthesis in fungi and then
illustrate how these insights can be exploited to
design biochemical approaches for chitin hydrolysis
and new high end products of great
biotechnological potential.

2. Chitin and chitosan in fungi

Chitin is a crystalline, extremely strong
biopolymer, with a tensile strength that exceeds
that of many artificial materials which results
from extensive hydrogen bonding along the
chitin chains [20]. These appealing properties on
the one hand have furthered the biopolymer
research on chitin and made it attractive for a
variety of applications, but on the other hand
harvesting chitin and byproducts thereof is
impeded by its recalcitrant nature.

Chitin is an important constituent of fungi that
confers strength and rigidity to the fungal cell
wall. Chitosan is a partially deacetylated (DA-
grade: less than 50%, [21]) derivative of chitin,
that occurs in high amounts predominantly in the
order of Mucorales, and is produced by chitin-
deacetylases in the fungal cell wall [7, 22].
Chitosan has also been found in some fungi at
certain growth stages, such as in e.g.
Zygomycota [23, 24], Cryptococcus neoformans
[25], and even low amounts in Saccharomyces
cerevisiae [26]. However, due to the presence of
genes encoding for chitin-deacetylases in the
genomes of a wide range of filamentous fungi
(www.cazy.org), chitosan presumably also
occurs in most fungi at certain growth-stages.
The fungal cell wall consists of an alkali-
insoluble fraction, which contains chitin and B -
(1, 3) glucan, and an alkali-soluble fraction
composed of a-glucans, galactomannans and
other carbohydrate polymers. Chitin and
chitosan are therefore not easily accessible from
the outer side of the cell wall, since they are
masked by layers of other carbohydrates and
proteins. The harsh chemical treatments used to
extract the sugars from the fungal cell wall for
compositional analysis, also lead to partial de-
acetylation of GIlcNAc. Therefore, the detected
amounts of GlcNAc and GIcN that are reported
in the literature cannot always be reliably related
to the occurrence of chitin or chitosan in the
fungal cell wall. So far evidence for targeted
deacetylation of chitin within fungal cell walls is
missing, although it has been speculated that
chitin deacetylation may increase the elasticity
of the polymer and protect it from hostile
chitinases [27, 28]. In fungi, the amount of chitin
and/or chitosan differs considerably among
various classes of fungi. Whereas yeasts contain

38


http://www.cazy.org/

Chapter 1.1

only 0.5-5% chitin mainly in septa, constriction
rings and budding scars, filamentous fungi
harbor up to 20% chitin in the inner layers of the
cell wall, located close to the plasma membrane
[29, 30], which interestingly is also reflected in
the number of chitinases (see section 3.1).

These  findings show  that especially
mycoparasitic filamentous fungi were required
to evolve a very diverse network of enzymes and
auxiliary proteins to attack and nourish on other
fungal cell walls and at the same time need to be
able to distinguish between self- and non-self
and remodel chitin during certain growth stages.

3. Enzymatic decomposition of chitin and
chitosan in fungi

3.1 Chitinases and chitosanases

Chitin has an estimated natural turnover of 10 °
tons per year so that it is very efficiently
decomposed by microorganisms. It can be
degraded by two main enzyme groups
designated chitinases and N-
acetylglucosaminidases (NAGases). In analogy
to that, chitosan, the N-deacetylated derivative of
chitin, can be degraded by chitosanases and
glucosaminidases, but both have so far been less
studied than chitinases. These enzymes
hydrolyse the glycosidic bonds between the
complex sugars and thus fall into the enzyme
class of glycoside hydrolases (GH) [31, 32].
Chitinases can be found in organisms in all
kingdoms of life, such as bacteria [33], fungi
[34], plants [35], viruses [36] and animals
including insects [37] and vertebrates [38]. Low
numbers of chitinases are found in yeast and
yeast-like fungi, for example Saccharomyces
serevisiae and the dimorphic basidiomycete
Ustilago maydis have two and Candida albicans
four [39]. By contrast, filamentous fungi usually
possess 10 to 20 chitinases and the number of
chitinases can rise up to 35 in fungi that have
adapted to a particular lifestyle, i.e.
mycoparasitic (fungi that parasitize other fungi)
and insect-pathogenic fungi
(entomopathogens)[40, 41].

Chitinases (EC.3.2.1.14) are hydrolytic enzymes,
which catalyze the hydrolysis of the B- (1, 4)
linkages in chitin and chitooligomers, releasing
short-chain chitooligosaccharide products with a
minimum chain length of 2 GIcNAc molecules
[42]. In general, chitinases can be found in GH 18
and 19 and while in bacteria and plants chitinases
from both of these families are present, in fungi
they belong exclusively to GH 18. They further can
be phylogenetically divided into subgroup A, B and
C, based on the amino acid sequences of their GH
18 modules [39, 43, 44]. These subgroups differ in
their modular protein architecture as well as in the

shape of their substrate binding clefts and thus their
predicted enzymatic activities. According to their
cleavage patterns, they can be classified as
endochitinases, which cleave chitin at random
positions within the chitin chain and have a more
shallow and open substrate-binding region
(subgroup B) or as exochitinases, which act on
either end of the polymer and have deep, or even
tunnel-shaped catalytic clefts (subgroups A and C)
and more likely cleave chitobiose (GIcNAc), from
the ends of chitin chains [42, 45-47]. Furthermore,
the chitinases from different subgroups can contain
carbohydrate binding modules (CBMs), that are
characteristic for individual subgroups and can
influence enzymatic processivity (i.e. consecutive
cleavage steps on the polymer chain, for reviews on
this topic see [28, 48]). In general, subgroup A
chitinases are devoid of CBMs, subgroup B
chitinases may contain a CBM (Species depent;
CBM 1,5,19 etc.) at the C- terminus and subgroup
C chitinases possess multiple CBMs (CBM 18 and
CBM 50). An extraordinary group of GH 18
proteins that can be attributed to subgroup B are the
S0 called endo-B-N-acetylglucosaminidases
(ENGase, EC.3.2.1.96). These enzymes cleave the
(GIcNACc), linkages that anchor N-glycan antennae
to proteins in glycosylated proteins and can
therefore act as deglycosylation enzymes [49, 50].
Many fungal species harbor two ENGases, of which
one, T. reesei Engl8A/Endo T, has been shown to
be secreted and the second one, Engl8B, to be
intracellularly localized and suggested to be
associated with ER-associated degradation (ERAD)
[49]. This process describes the retro-translocation
of carrier proteins from ER to the cytosol for
degradation by the proteasome, the cut glycans
serve as degradation signal [51]. The exact role for
the secreted ENGase, Engl8A and its orthologs
lacks evidence, but due to its enzymatic mechanism
it is suggested to be involved in post-secretional
modification of glycan structures on endogenous or
foreign glycoproteins [50]. Furthermore, Cfcl from
the fungus A. niger, which is produced during
autolysis, is an interesting extension of the
enzymatic repertoire of GH 18 proteins because it
releases monomers from chitin oligosaccharides,
corresponding to an Exo-N-acetylglucosaminidase
activity [52]. This can be explained by its protein
architecture since a CBM 18 is inserted in the GH
18 module of Cfcl. Bacterial chitinases have been
shown to exhibit enzymatic activity on chitosan and
most likely this finding can also be extrapolated to
fungal chitinases, but this activity is strongly
dependent on the degree of acetylation due to the
requirement of chitinases for the acetyl residue at
the GlcNAc in the -1 subsite.

In contrast to chitinases, which prefer
highly acetylated chitin (higher than 50%, [21]),
chitosanases favor highly deacetylated chitosan.
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Chitosanases (EC  3.2.1.132) are glycosyl
hydrolases that cleave the B- (1, 4) glycosidic
linkage of GlcN-GlcN and GlcNAc-GleN, but only
chitinases are able to split GlcNAc-GlcNAc
linkages. To date, many chitosanases have been
found in a variety of microorganisms, including
fungi [53-56], bacteria [57-60], plants [61], and
viruses [62]. In fungi in general chitosanases belong
to GH family 75 [63-66]. Chitosanases act on the
reducing end of the chitosan molecule and thereby
produce glucosamine oligosaccharides and they can
be classified according to their ability to hydrolyze
various types of linkages in the chitosan molecule,
as explained below [67, 68]. Enzymes belonging to
subclass | are able to split the linkages of GlcNAc-
GIcN and GIcN-GIcN, whereas subclass 11
chitosanases are characterized by their ability to
cleave only GIcN-GleN linkages. Subclass 111
enzymes are able to hydrolyze GIcN-GlcNAc and
GIcN-GleN linkages [63, 69].

Classification into the chitinases and chitosanases
groups and subgroups alone is not necessarily
indicative for the biological function of the
chitinases. Furthermore, chitinases may play a role
in more than one process, they are not only
important for degradation of extracellular chitin, but
also in self-digestion, such as cell wall remodeling
during fungal growth, as well as in cell wall
degradation during autolysis and apoptosis [70].

As already stated above the number of chitinases
reflects the fungal lifestyle. For example the
mycoparasites T. atroviride and T. virens have 29
and 36 GH 18 proteins, while the unicellular yeasts
Saccharomyces cerevisiae and
Schizosaccharomyces pombe, which harbor chitin
only in their bud scars, have only 2 and 1 [70, 71].
A versatile array of chitinases on the other hand
might not simply be an indicator for higher
chitinolytic efficiency, but may rather mirror the
competitive environment that the fungus encounters
and which might render it less susceptible to
chitinase inhibitors or proteases that are secreted
from other organisms in this habitat [70].
Furthermore, the high degree of variability among
different chitinases seems to reflect the adaption to
various environmental stimuli, leading to the
diversification of some subgroups, e.g. the
subgroup C chitinases in mycoparasites. With the 1-
2 GH 20 N-acetylglucosaminidases present in
fungi, the 2-5 GH 75 chitosanases and the chitin
deacetylases, that both unfortunately have not been
studied extensively in fungi yet, this confusing
bundle of chitin active enzymes certainly must be
subject to tight and purposeful regulation that so far
lacks any evidence of transcriptional activators. On
the other hand external factors regulating the
expression of these enzymes have earned a lot of

attention and a general overview of the current
findings will be given below.

The conditions tested for chitinase expression can
roughly be grouped into (myco-) parasitism,
nutrition on chitin as carbon source, or cell wall
remodeling related stimuli. Trichoderma atroviride
Chil8-5/Ech42 (T. reesei Chil8-5, T. harzianum
Chit42 and T. virens Cht42/Tv-Echl, Neurospora
crassa ghl8-4, Aspergillus nidulans ChiB, A.
fumigatus ChiB1) is one of the best studied
chitinases which belongs to subgroup A and is
secreted during the mycoparasitic attack [43, 72-
74]. However, Chil8-5/ECH42 is not a
mycoparasitism specific chitinase, but is also
involved in self- and non-self cell wall degradation,
since it has been found expressed during autolysis
and starvation The role of Chil8-5/ECH42 seems
also to be conserved in other species and even
genera with a similar lifestyle [75-79]. Subgroup C
chitinases have been found to be partially
associated  with (parasitic) fungal-fungal
interactions. In T. atroviride for example all
subgroup C chitinases were induced during
interactions with B. cinerea, but not R. solani or
itself, except for tac6 that does not have an intact
active site [80]. In contrast, in the closely related T.
virens the regulation of the subgroup C chitinases
could not clearly be assigned to only one fungal
host or growth condition [81]. In A. nidulans
expression of subgroup C-II chitinases was in
general strong upon contact with some (including
B. cinerea and R. solani), but not all of the tested
fungal interactors, however no response to intra-
species interactions or chitin was observed [82].
From the available data the subgroup C chitinases
have the strongest implication in inter-species
interactions, due to the fact that many chitinases are
upregulated under mycoparasitic growth conditions.
Also the strong diversification and the increase in
number in fungi with mycoparasitic lifestyle hint at
their involvement in the attack [28, 39, 48, 70, 83].
On the other hand chitinases that are expressed
during mycoparasitic growth may also react to
other stimuli, such as starvation and autolysis, or
may also be induced during growth on chitin as
carbon source which contradicts the clear pattern.
Chitinases involved in processes generally
associated with cell wall remodeling (including
starvation and autolysis) can come from all three
subgroups, but for A or B so far more examples
have been found [39, 47, 79, 84-86]. Some
subgroup B chitinase-encoding genes, such as T.
atroviride chil8-13/ech30, show a carbon source-
inducible regulation, hinting rather at a catabolic
role. Moreover, Chil8-13/ECH30 has an unusual
substrate binding cleft underlining the diversity and
biotechnological potential of chitinases [39, 48]. In
addition, the presence of subgroup BS5, the so called
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ENGases, which seem to be involved mainly in
post-secretional processes or ERAD [49, 50] and
the presence of one subgroup B GPI-anchored
chitinase per species, such as N. crassa Chit-1 or
Aspergillus nidulans ChiA, that seems to be
involved in cell wall synthesis and remodeling at
the tips and branching points of hyphae, again make
the subgroup B chitinases a very diverse group [28,
87, 88].

Thus, despite the categorization into the three
architectonically different subgroups A, B and C
and the further classification into smaller
phylogenetic groups, which helps to allocate the
vast number of chitinases present in fungal species,
their regulation can only partially be inferred from
GH18 module-based phylogenetic clustering
analyses.

3.2 N-acetylglucosaminidases

As mentioned above, fungi have a
multitude of chitinases, which convert chitin into
chitobiose. Interestingly, for the next step of the
chitin-degrading pathway - splitting the dimer
chitobiose into two GIcNAc monomers - fungi
possess only one or two N-acetylglucosaminidases
which belong to the GH 20 family proteins [89]. N.
crassa has one NAGase gene, nagl, which is
located in the cell wall and has been found
associated with fungal-fungal interactions [90].
Furthermore, the Aspergillus nidulans nagA gene
encodes a NAGase which plays an important role
during autolysis [77, 91]. The yeast Candida
albicans also harbors only one NAGase, Hex1, and
S. cerevisiae does not possess any [92]. T.
atroviride contains two NAGases that were
designated NAG1 and NAG2 and a very distantly
related third gene encoding a GH 20 protein that
lacks detailed characterization (JGI accession
number: 293914), but is rather related to N-
acetylgalactosaminidases. Although the
extracellular localization of NAGI and NAG?2 is
different - NAGI1 is secreted into the medium,
whereas NAG2 stays (non-covalently) attached to
the cell wall [93]. The presence of either of these
enzymes is sufficient but essential for the use of
chitin or chitobiose as carbon source in T.
atroviride. Although nagl and nag2 were found to
be strongly inducible by GIcNAc, the double
knockout strain could still utilize GIcNAc as carbon
source indicating that the GlIcNAc monomer could
still enter the cell to be metabolized in absence of
the NAGases [93]. In addition, NAG1 was shown
to be involved in autolytic processes, and was also
inducible by mycoparasitic growth conditions and
by chitin [72, 74, 94]. NAGase activity has been
reported from a number of other fungi, but a clear
transcriptional regulator had not been identified up
to now ([70, 90, 95], see section 4.1 for new
findings on that topic).

The presented knowledge on chitin degrading
enzyme regulation already reveals the flaw in the
expression studies performed so far. It seems there
is quite some interplay of growth conditions,
lifestyle and growth stage/age, which makes it
seemingly impossible to look at the expression of a
single chitin degrading enzyme at a certain
condition. From all the data available, including the
phylogenetic analysis only a rough categorization
with notable exceptions can be drawn. Since
evidence is lacking for regulation by transcriptional
or post-transcriptional regulators so far, a complete
characterization is not possible at the moment.
Identifying  regulators of genes encoding
chitinolytic enzymes and understanding their role in
chitin degradation therefore represents a major
future objective to be able to reprogram chitin
degradation for optimized biotechnological
processes.

3.3 Auxiliary proteins /carbohydrate binding
modules

Carbohydrate-active enzymes such as cellulases or
chitinases often harbor not only a catalytic domain
but also one or more carbohydrate binding modules.
CBMs are devoid of any catalytic activity, consist
of up to 200 amino acids and multiples of the same
or different CBMs can appear in one protein in
tandem. The topography of the CBMs is designed
such that it facilitates tight binding to an insoluble
substrate and thereby supports the penetration of a
crystalline structure. The efficient recognition and
binding to the substrate is facilitated by an
arrangement of conserved residues in the binding
sitte of the CBMs which mirror the specific
polysaccharide structure. Minute changes in the
topology of the binding sites alter the specificity
towards the ligand. CBMs thus increase specific
binding of an enzyme to and can prevent the
dissociation from the substrate after successful
cleavage, enabling the protein to slide along the
carbohydrate chain for the next cleavage step. Thus,
CBMs have a positive effect on the processivity of
enzymes [96, 97].

Due to their substantial variation in substrate
specificity CBMs have been classified to date into
55 classes (www.cazypedia.org). Chitin-binding
properties have been described for a number of
different CBM families that are found in fungi,
including CBM 1 and 18, which usually occur as
separate protein domains in enzymes. CBM family
1 typically exhibits cellulose-binding properties, but
chitin-binding characteristics have also been
reported [98]. CBMs of family 18 are often found
in fungal chitinases (GH family 18), -chitin
synthases (GT family 2) and chitin deacetylases
(CE family 4) and therefore members of CBM
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family 18 are probably typical chitin-binding
modules.

LysM motifs belonging to the CBM family
50 have general GlcNAc binding properties and
therefore bind to chitin, chito-oligosaccharides and
peptidoglycan. LysM motifs can be found in
prokaryotes and eukaryotes, they occur in fungal
subgroup C chitinases and interestingly, in contrast
to other CBMs, also in secreted fungal proteins that
contain multiple LysMs, but lack a catalytic domain
(effector proteins). In fungi, LysM motifs can be
phylogenetically divided into two clades, a fungal-
specific and a fungal/bacterial subclass, based on
their amino acid sequences [99]. LysMs of the latter
class are involved in interactions between fungi and
plants. Members of the fungal/bacterial subclass are
reported from the tomato pathogen Cladosporium
fulvum, Magnaporthe grisea, and the hemi-
biotrophic ~ wheat  pathogen  Mycosphaerella
graminicola. These LysM effector proteins are
specifically upregulated during the plant-pathogen
interaction and associated with suppression of
chitin-induced plant immune responses and
protection against plant chitinases [100-103]. A
representative for a member from the fungal-
specific subclass is T. atroviride TAL6, which
inhibits germination from Trichoderma spp., but
not from other fungi, however, the main function is
still unknown [70, 104]. It will be interesting to test
if addition of LysM effectors to chitinous substrates
enhances or decreases the accessibility for
chitinases.

Another auxiliary protein family with
chitin-binding properties is the cerato-platanin
protein (CPP) family, which is exclusively found in
fungi [105-109]. Previous studies for several CPPs
(for T.atroviride EPL1, C. platani CP, Ceratocysis
populicola Popl and M. perniciosa MpCP1-5)
showed that they bind polymeric chitin and/or
chitin oligomers [107, 110, 111]. CPPs are small
secreted proteins, which are important factors in
interaction of fungi with other organisms and they
are able to alter the polarity of solutions [107-109,
112]. It has been reported that CPPs can exert
expansin-like features on cellulosic materials.
Expansins are small proteins which show
carbohydrate binding and loosening properties,
which is similar to the recent findings for CPPs, and
there is also a structural similarity between CPPs
and plant expansins [105-107]. Expansins contain
an N-terminal (D1) and a C-terminal (D2) domain.
The expansin D1 domain forms a double B-barrel
fold, which is similar to the CPPs single domain
named certo-platanin domain [106, 110]. Some
CPPs were found to have weakening activity on
cellulose materials without enzymatic activity,
interestingly no such effect was detected on chitin,
however, the binding affinity of CPPs to chitin is
stronger than to cellulose [107, 110, 111, 113].

CPPs therefore are an attractive target for future
studies to assist the industrial chitinolytic processes.
It will be interesting to see if CPPs can help to
make chitin more accessible due to their
amphiphilic character or if they can stabilize chitin
such that chitinases can more easily access the
chitin chains for catalytic cleavage.

A more recently described group of

enzymes are lytic polysaccharide monooxygenases
(LPMOs) that introduce random chain breaks into
cellulose, hemicellulose and chitin. In contrast to
the hydrolytic cleavage by GH enzymes the copper-
dependent LPMOs insert molecular oxygen into the
C-H bonds adjacent to the glycosidic linkage which
results in oxidative cleavage of the substrate [114-
116]. LPMOs have been shown to exhibit increased
enzymatic cellulose degradation properties, but are
also increasingly important in the utilization of
chitin. They offer an alternative to typical
chitinases, due to their ability to cleave
polysaccharides oxidatively and may also be used
to increase chitinolytic activity of chitinases [114,
115, 117-119]. LPMOs are registered as “Auxiliary
Activities” (AAs) family 9 (formerly GH61) in the
CAZy database (www.cazy.org). The first LPMO
that was reported, CBP21 [114], is actually a chitin-
active enzyme, but it is a bacterial protein from
Serratia marcescens (AA family 10; formerly CBM
33) that does not seem to exist in fungi. However,
recently the first chitin-active LPMO, AoAAll
from the fungus A. oryzae was detected and is now
listed as AA family 11 [120].
Testing these LPMOs in regard to chitin
degradation with respect to synergistic effects with
chitinases represents a promising task to increase
chitooligomer production from the recalcitrant
chitin sources.

4. Chitin and GIcNAc - nutritional source or
building block for growth

Besides its role in chitin and chitosan, GIcNAc
plays an important role in a broad range of
mechanisms throughout all kingdoms of life [113].
It occurs also in heterogeneous polysaccharides,
such as peptidoglycan/murein. A B- (1, 6) linked
poly-N-acetylglucosamine is the major constituent
of bacterial biofilms [121, 122]. Apart from its
important role in cell structure GlcNAc itself may
mediate cellular signaling. In dimorphic yeasts, e.
g. C. albicans, GIcNAc induces the switch from
budding to filamentous growth [123, 124]. In
bacteria, extracellular GIcNAc provokes production
of CURLI (= curled pili) fibers that promote
biofilm formation [125]. Furthermore GlcNAc can
be found as N- and O-linked attachment on
glycoproteins or in GPI
(glycosylphosphatidylinositol) anchors on plasma
membrane attached proteins. Even in humans
GlcNACc plays a pivotal role. Hyaluronic acid (HA)
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is an indispensible component of the connective,
epithelial and neuronal tissue and consists of
repeating D-glucuronic acid and GIcNAc residues
[126]. In some cases GIcNAc exists in free form e.
g. in human milk (at 600—-1500 mg/mL) [127, 128].
Thus, GIcNAc can serve as a carbon source, but can
also be recycled and used as building block to
generate new cell material or contribute to cell
signaling in free form. Regulating the fate of
GIcNAc in the fungal cell by coordinating its
distribution must be subject to tight control. The
balance between the anabolic and catabolic
pathways is critical since disproportional
coordination of the metabolism can severely impair
growth [129, 130]. In the following section the
catabolism pathway for chitin breakdown and
anabolism to generate UDP-GIcNAc, as well as
chitin synthesis, will briefly be introduced and the
mechanisms regulating these processes will be
discussed.

4.1 N-acetylglucosamine catabolism

The monomer of chitin, GIcNAc, can serve as
carbon and nitrogen source due to the presence of
the acet-amido group linked to the hexose ring
structure.  Microorganisms  using chitin  as
nutritional source have evolved a simple, but
effective three step process to feed GIcNAc into
glycolysis with the benefit of ammonium
sequestration.  GIcNAc  catabolism  gained
considerable attention mostly in bacteria due to the
potential to produce enough enzymes to effectively
degrade GIcNAc [131, 132]. In eukaryotes,
however GIcNAc catabolism so far was
investigated mainly in C. albicans in the past years
[95, 133]. In S. cerevisiae, which lacks the enzymes
for GIcNAc catabolism, introduction of the GIcNAc
catabolic genes from C. albicans was tested for
bioethanol production [134].

C. albicans is a dimorphic ascomycete that can
switch between a unicellular budding yeast form
and a multicellular, pathogenic filamentous form,
which show different characteristics like a white
versus opaque growth phenotype at certain
temperatures, respectively. The switch to
filamentous growth is induced by human/animal
serum and interestingly also by the presence of
GIcNAc and renders C. albicans a highly
pathogenic threat for transplant patients as well as a
cumbersome nuisance as oral and vaginal
candidiasis [129, 135, 136]. This switch can also be
induced by GIcNAc in other yeasts, e.g. C.
lusitaniae [137] and Yarrowia liplytica [124] and
only recently also the thermally dimorphic yeast
Histoplasma capsulatum has been shown to
efficiently switch to filamentous form upon
concurrent induction by GlcNAc and a temperature
switch to room temperature [138]. In C. albicans
the mechanism of GIcNAc signaling has earned

substantial attention and lead also to the discovery
of a GIcNAc:H' symporter from the major
facilitator group of transporters (MFS), Ngtl, and a
cluster of three catabolic genes that are involved in
the well-defined GIcNAc catabolism pathway
[139]. Via consecutive action of Hxkl (GlcNAc-
hexokinase; EC 2.7.1.59), Dacl (GIcNAc-6-PO,4-
deacetylase; EC 3.5.1.33) and Nagl (GlcN-6-POy-
deaminase; EC 3.5.99.6) GlcNAc is transformed to
fructose-6-PO4 which can enter glycolysis [129,
140]. This catabolic pathway was found to be
dispensable for the switch to filamentous growth in
C. albicans. Deletion of either of the catabolic
enzymes rendered C. albicans incapable of utilizing
GlcNAc, but the switch to filamentous growth
could still be performed [129, 133]. Moreover it
could be shown that in a homozygous hxkl
knockout strain signaling was still induced by
GIcNAc [95], in fact it is believed that GIcNAc
serves as signal rather than GlcNAc-6-PO, since the
cell thereby can distinguish between the external
GIcNAc, that enters the cell, and the native
GlcNAc-6-PO, generated by anabolic processes in
the cell (see also section 4 b). It was further shown
that GIcNAc needs to enter the cell to signal
availability of the carbon source for nutritional
purposes and that Ngtl is the major and high
affinity transporter for GIcNAc [139]. In contrast to
a hxkl knockout strain, deletion of dacl or nagl
caused severe growth defects when GlcNAc served
as sole carbon source, even in the presence of other
sugars (D-glucose, D-fructose, D-galactose),
suggesting that excess GIlcNAc-6-phosphate is
deleterious [129]. In a recent study analysis of a
broad taxonomic range of ascomycetous fungi
(Pezizomycotina) identified the presence of a
GIcNAc cluster in many lineages, although with
variations in cluster organization [141]. The three
catabolic genes (designated hxk3, dacl and daml)
are conserved in filamentous fungi and were shown
to be essential for growth of T. reesei on GIcNAc as
sole carbon source and to some extent also on
chitin. The GIcNAc transporter NGT1 identified in
this study is also important for growth on GIcNAc
[141]. Another gene identified in the clusters was a
GH3-family gene of yet unclassified function. The
gene, which was termed nag3, exhibits similarities
to bacterial GH 3 [-N-acetylhexosaminidases
([142-146] and www.cazy.org/GH3.html). In fungi,
N-acetylglucosaminidase function has so far only
been assigned to GH family 20 [39, 93], but the
gene has been found essential for growth on
GIcNAc [141]. Recently a GH3 family protein,
Nag3, from Cellulomonas fimi was found to be a
GlcNAc-phosphorylase using phosphate rather than
water as nucleophile [147]. Importantly, in many
filamentous fungi a transcription factor with an
Ndt80-like DNA-binding domain (PFAM family
PF05224) is also included in the cluster, which was
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designated RONI1 (regulator of N-
acetylglucosamine catabolism 1) in Trichoderma
spp. [141]. With the discovery of this transcription
factor in the GIcNAc cluster of many filamentous
fungi, the first positive regulator of GIcNAc
catabolism genes has been pinpointed that was
found to be an essential transcriptional activator of
the GIcNAc gene cluster [141]. RON1 is a member
of a rare family of exclusively fungal transcription
factors, which were first described in S. cerevisiae
[148-151]. In Trichoderma spp. RONI1 highly
induces transcription of all three (hxk3, dacl, daml)
catabolic genes in the presence of GlcNAc as well
as the GIcNAc transport protein NGT1 [141]. In C.
albicans a gene for an orthologous Ndt80-like
transcription factor, REP1 (orf 19.7521) has been
described that has been found to play a role in the
regulation of a multiple drug resistance efflux pump
[152]. In filamentous fungi, Ndt80-family proteins
were also studied extensively and XprG from
Aspergillus spp. [153] and NCU04729 from N.
crassa [154] have been identified as the closest
orthologs in our study but so far an involvement in
GIcNAc catabolism of neither of the three was
tested.

Importantly, in T. reesei, induction of gene
expression of all GIcNAc cluster genes and ngtl
was completely abolished upon deletion of ronl.
Furthermore, biomass formation on GIcNAc as sole
carbon source was suppressed in knockout strains
in submerged cultivations. Thus RONI1 is essential
for growth on GIcNAc. Remarkably expression of
the genes encoding the two NAGases, NAGI1 and
NAG2, was also found to be dependent on RONI1
[141]. RONI1 therefore is the first identified positive
regulator of chitin degradation for nutritional

purposes.

4.2 N-acetylglucosamine anabolism — The chitin
biosynthesis pathway

From the available data generated over the past
years it can be expected that the intracellular
GIcNAc pool not only undergoes catabolic
recycling, but also feeds into anabolism as UDP-
GIcNAc, which is a building block for de novo
chitin synthesis. For chitin synthesis as well as
glycosylation and anchoring of proteins in the cell
wall UDP-GIcNAc has been found to be
detrimental, and therefore also the enzymatic
machinery needed to produce these universally
present structures are conserved in eukaryotes down
to yeast S. cerevisiae and Sz. pombe as well as
prokaryotes. Gene deletion of any of the involved
enzymes is deleterious unless GIcN or GIcNAc are
present in the growth medium, emphasizing their
detrimental role in growth processes [155-157], but
also pointing at possible redundancies with the
catabolic enzymes.

Hyphae of C. albicans have been shown to harbor
around five-fold amounts of chitin (with around 4-
5% chitin in their cell walls) compared to the yeast
like form, while in the thermally dimorphic H.
capsulatum the opposite is the case [158, 159]. The
anabolic enzymes for chitin synthesis have been
extensively studied mainly in the two yeasts, C.
albicans and S. cerevisiae, and a brief overview of
the generation of UDP-GIcNAc and chitin is given
here (for more details on that topic the reader is
referred to [158]). For other GlcNAc modifications
the reader is referred to [160, 161] for an overview
on these topics. The conversion of sugar into sugar
nucleotides was discovered by Luis F. Leloir in the
1950s and therefore the biosynthetic reaction to
create UDP-GIcNAc represents one version of the
Leloir pathway. The first two steps are an exact
reversion of the last two catabolic steps conferred
by CaNagl/TrDAMI1 and CaDacl/TrDACI,
respectively. Fructose-6-PO, is converted to GlcN
by Glucosamine 6-PO, synthase (EC 2.6.1.16), that
is designated Gfal in S. cerevisiae and C. albicans.
Gfal catalyses the transfer of ammonium from L-
glutamine to Fructose-6-PO,. In homozygous
deletions of gfal in diploid C. albicans strains
growth was only possible upon supplementation
with GIcNAc [155]. The second step is generation
of GIcNAc-6-PO, by GIcN-6-PO,
acetyltransferase/Gnal (EC 2.3.1.4), that has been
characterized in detail in S. cerevisiae, C. albicans
and Sz. pombe and involves AcetylCoA as a co-
factor. S. cerevisiae gnal deficient mutants cannot
grow even in the presence of GlcNAc [157], but
homozygous C. albicans gnal null mutants may
grow when supplemented with GlcNAc, although
they dramatically swell upon growth and are not
able to undergo cell separation any more [162]. The
differences in response to gnal deletion in the two
yeasts can be explained by the lack of GlcNAc-
deacetylase and -kinase in S. cerevisiae.
Considerable effort has been made to identify
regulators of the anabolic enzyme Gfal, although in
contrast to GIcNAc catabolism (RON1) so far
evidence for the transcriptional regulator(s) of this
pathway is missing. Cell wall stress and mating
have been found as triggers for S. cerevisiae GFA1
expression [163-166]. Cell wall stress, as an
inducer of gfaA (the GFAL ortholog) expression
and chitin deposition in the cell wall, was
confirmed in A. niger [167] and in C. albicans
during the switch from the yeast-like to hyphal
form of growth [168]. The catalytic activity of Gfal
can further be post-transcriptionally increased
nearly five-fold upon phosphorylation by protein
kinase A, as has been demonstrated for CaGfal
[169]. A relatively strong and specific inhibitor of
Gfal enzymatic activity is feedback inhibition by
UDP-GIcNAc, the endproduct of the anabolic
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pathway which can be alleviated when Glucose-6-
PO, is absent.

The last two synthesis steps are carried out by
phosphoacetylglucosamine mutase, Agml (EC
5.4.2.3), which accounts for the isomerization of
GIcNAc-6-PO;s to  GIecNAc-1-PO, and UDP-
GlcNAc pyrophosphorylase ScQril/ CaUapl (EC
2.7.7.23), that catalyzes the exchange of phosphate
with Uridine-5'-diphosphate (UDP). For both
anabolic enzymes only limited data is available
regarding their regulation [169, 170]. For SCAGM1
three putative pheromone-responsive elements have
been identified [171] and the Uapl enzyme was
effectively inhibited in vitro by uridine [172].

UDP-GIcNAc may then be fed into chitin
biosynthesis were again many of the studies about
chitin synthases (CHS, Chitin-UDP acetyl-
glucosaminyl transferase, EC 2.4.1.16) and their
regulation come from S.cerevisiae and C. albicans.
There are 3 CHS enzymes in S. cerevisiae and 4 in
C. albicans and in filamentous fungi the number
increases up to 8 [20]. By search in genomes with
the catalytic motif Q(R/Q)XRW more than 150
synthases have been identified and are grouped in 7
classes. Class III seems to be important for the bulk
chitin synthase activity in S. cerevisiae and C.
albicans accounting for 80-90% of total cellular
chitin production. Simultaneous deletion of all three
chitin synthases in S. cerevisiae causes a lethal
phenotype [173]. Class V and VII have been shown
to be highly conserved 1500 amino acid long chitin
synthases where most of them harbor a myosin-
motor like domain [20, 174]. In N. crassa 7 chitin
synthases have been identified, each for every class,
of which NcChs-3 (class I) seems to be responsible
for the majority of chitin production [175, 176]. In
A. fumigatus and A. nidulans, which have 8 chitin
synthases, AfCHSE and AnCHSB (class III) have
been found essential for growth [177, 178]. Chitin
synthases transfer UDP-GIcNAc in an inverting
mechanism onto the non-reducing end of the
growing acceptor oligosaccharide [179]. The large
enzymes are an integral part of the membrane with
multiple domains important for activation and
subcellular localization. They are believed to form a
transport channel through the outer membrane, and
deposit chitin at the outer surface, similar to the
cellulose synthases [180]. In C. albicans they have
been shown to synthesize different forms of chitin
(long microfibrils or short chitin rodlets),
depending on their localization and the life cycle
[181]. Several competitive natural chitin synthase
inhibitors have been identified, among them
nikkomycin and polyoxins and their chemically
modified derivatives, but they seem not to be
sufficiently effective to treat mycoses, yet [182].

Regulation of chitin synthesis is tightly linked to
the life cycle. In yeast S. cerevisiae CHS1 (class I)

transcription is increased during mating as well as
after activation of the salvage pathway, i.e. the
nucleotide re-usage after recombination [183, 184].
In A. nidulans and N. crassa differential expression
of chitin synthases during sexual and asexual
development was also reported [174, 185]. For the
class I homolog in C. albicans induction of
transcription was found after the switch to
filamentous growth [186, 187]. The activity of
SCCHS2 (class II) is highest before cytokinesis,
whereas it is strongly decreased during mating and
sporulation [188, 189]. For the homolog CaCHS1 a
low, but constant expression has so far been
determined [187]. ScCHS3, that was found
responsible for the bulk chitin synthesis, seems to
lack transcriptional regulation but is expressed
throughout the whole cell cycle. Instead of
transcriptional ~ regulation,  chaperones  are
implicated in directing SCCHS3 chitin synthase
activity to sites of action. Chs7 (close homologs
have been identified in C. albicans, A. fumigatus, A.
gossipyi and N. crassa [20]) and Chs6/5 are
involved in recruiting the chitin synthase from the
ER or chitosome to the cell membrane. Another
protein, Chs4, could act as a direct activator of
Chs3, since its overexpression increases the activity
of Chs3 during septum synthesis ([190, 191] and
reviewed in [20]). CHS4 has a functional homolog
SHC1, which is alternatingly expressed only during
ascospore formation when the chitosan layer is
produced and expression of CHS4 is turned off, so
that the proteins are functionally redundant, but
biologically compartmentalized by differential
expression. C. albicans seems to have the ortholog
of CHS4 despite its disability to sporulate [192]. A
recent finding also suggests an involvement of
GFAl in regulation of chitin synthase
activity/expression since its expression levels seem
to directly alter chitin synthesis and vice versa: the
need for chitin synthesis can increase GFAL levels
[166].

5. Recent approaches for mining chitin and the
generation of new high value products

5.1 New sources

Over the past decades chitin has proven to be
present - if not as major constituent, but still in
measurable amounts - in every eukaryotic kingdom
except for plants and higher vertebrates.
Interestingly, the main source of chitin to enter
production processes remains crustacean shells
derived from the high amounts of crustacean wastes
from the fishing industries. Moreover, the
prevailing method used to extract chitin is chemo-
catalytic leaching which not only results in poorly
defined end-products, but also accumulates
considerable amounts of unhealthy wastes.
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In order to reduce the hazardous wastes many
projects’ were initiated to exploit the current
knowledge about chitinases and chitosanases (e.g.
produced from filamentous fungi such as
Trichoderma, Aspergillus but also from bacteria
e.g. Bacillus and Serratia) to assist the chemo-
catalytic methods in mining GIcNAc or
chitooligomers form crude chitinous sources in the
last years [193]. From the Antarctic fungus
Lecanicillium muscarium, cold tolerant chitinases
could be isolated that would further reduce energy
costs of chitin hydrolysis [194]. Efforts to further
optimize the enzymes for direct GIcNAc production
are being made to increase the output and reduce
production steps. Chern et al., identified a
bacterium, Chitinibacter tainanensis, in Taiwan
that seems to be able to synthesize GlcNAc into its
environment when fed with chitin [195, 196]. A
benefit of the new methods and processes that have
been evolving over the past years is that via the
enzymatic lysis by-products (proteins, lipids etc.)
can be used as animal feed or for biogas-production
as alternative energy source. The highly hazardous
chitinous waste generated in millions of tons every
year by the fishing industry could thereby be
completely salvaged and prevent the otherwise
ecological risks generated by disposal in landfills.

Extensive overfishing and the immense demand for
fish led to a dramatic decline of natural fish stock in
the past century. Therefore, commercial production
of fish and crustaceans in large scale marine farms
were established. Crustaceans (mainly shrimps)
accounted for the highest percentage (57%) of
farmed marine animals for food production in 2010.
These farms are mainly built on land (in ponds) or
sea near the coast and pose a high threat to coastal
areas since the effluents from these farms contain
vast amounts of organic matter, nitrogen and
phosphate that harm and pollute the marine
ecosystem [197]. The high density of crustaceans in
the farms further raises the possibility that illnesses
spread in the colony and therefore antibiotics are
frequently administered raising the probability for
antibiotic resistances. On the other hand, when
antibiotics are omitted species such as Vibrio spp.,
the most common bacterial disease in shrimp farms,
could also be transmitted to other inhabitants of the
coast [197]. Thus, the environmental concerns
caused by the high amounts of shrimp and crab
production require other sources to be considered.
Harvesting chitin from crustacean shells is
extremely energy intensive since the vast amounts
of pigments and residual proteins in and around the
chitin shell need to be extracted first, and so far an

! ChiBio project: www.chibiofp7.eu; funded by European
Union's Seventh Framework Programme (FP7) under the grant
agreement n° 289284.

effective enzymatic extraction (protease mixtures
with maximum 20 % extraction efficiency [198])
for these contaminants has not been explored
extensively. Therefore other sources of chitin with
very low ash content are interesting targets for
biotechnological exploitation. Moreover, obtaining
chitin from crustacean shells for medical purposes
is also challenging. This is due to the high amounts
of proteins and pigments associated with chitin
since residual solvent from the extraction process or
proteins/pigments may create allergic reactions or
intolerances [5]. Therefore, a current approach is to
find and exploit new more ecologically save
sources, which may yield easier extractable, more
pure chitin. In an ongoing project insect farming? is
tested where yellow mealworm larvae (Tenebrio
molitor) are bred with controlled aliments. An
advantage of insects is there easy and cheap
breeding and their separation from the natural
environment in a self-contained system. Trials
conducted by the E.U. initiative PROteINSECT®
have found that at least 150 tons of insect protein
could be produced on one hectare of land per year
[199]. Therefore, the insects would be bred in the
first place not for chitin production, but to generate
the high amounts of proteins and lipids currently
needed as animal feed. The chitin shell of insect
larvae further contains lower amounts of pigments -
i.e. the percentage of ash in chitin is lower than in
adults - which decreases the amount of chemicals
needed to purify chitin [200, 201]. Thus chitin
would only be a by-product of protein and lipid
production but could more easily be extracted with
less contaminant which would dramatically
decrease costs and efforts for production [199].

Mushrooms, as source for chitin, represent another
alternative to crustacean shells. Global edible fungi
cultivation was estimated to 32 million tons in 2011
with Agaricus bisporus, leading the list of preferred
fungi [8, 202]. Studies for chemical extraction from
basidio- and ascomycetous wastes showed that
fungi are an excellent source for chitin and
chitosan. A. bisporus, A. niger and M. rouxii wastes
contain 19, 12 and 20% harvestable chitin/chitosan
in dry mycelia with lower deacetylation grades than
shrimp shell chitin [203, 204]. Especially low DA
grade chitosan could be directly harvested from M.
rouxii, which harbors mainly chitosan with very
low DA grades [205]. Pigmentation can be avoided
when using white fungi such as A. bisporus or when
only white parts of fungi, i.e. stalks or mycelium
that is devoid of pigments, are processed so that
chemical extraction of pigments could be bypassed

2 YNSECT: Genopole — Campus 3, 1 rue Pierre Fontaine
Batiment 2, 91058 Evry CEDEX, France, www.ynsect.com/

* PROteINSECT project: http://www.proteinsect.eu/; co-
financed by the European Commission (EC) under the seventh
framework program (FP7) n°® 312084
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or strongly reduced. Furthermore, in comparison to
chitin from animal sources, chitin from edible fungi
does not pose medical risks, since allergic reactions
and transmission of diseases are considered
unlikely, facilitating certification for
pharmacological and medicinal purposes. The large
scale enzymatic fermentation processes accumulate
vast quantities of fungal biomass which often pose
problems as unwanted byproducts. Extraction of
chitin from these industrial sources would as well
be a cheap alternative to crustacean chitin.

5.2 New products

Production of chitin, chitosan and derivatives
thereof is now entering the third generation. When
production of chitinous materials was established
the so called ‘first generation’ of chitin and
chitosans sufficed only for the use as biomaterial
for e.g. waste water treatment or as livestock food
additives. The poorly defined polymer mixtures of
varying purity and composition rendered chitin
applications and production at industrial scale
unappealing. A ‘second generation’ with more
reliable production standards after intense efforts to
understand the structure and function of chitin and
derivatives lead to well-defined new products in
terms of degrees of polymerization and acetylation.
They were more suitable for the development of
reliable high value products due to known
molecular structure-function relationships, which
made it possible to increase affectivity for example
in plant protection from 40kg/ha to 4g/ha. The
challenge for future studies will be the exploitation
and generation of new design products to enter the
‘third generation’ of chitin and chitosan based
products. Chitosans with non-random patterns of
acetylation and chitin and chitooligomers with
clearly defined biological activities and cellular
modes of action will be generated. The last section
of this review therefore discusses new products that
are already being designed or are envisaged for
future applications.

Chitosan and chitooligomers of differing
acetylation grades can be used in medical
applications. They are highly antibacterial but can
be degraded by endogenous human chitinases and
therefore assist regeneration of human tissue after
injury. Their current applications comprise wound
dressings, separation membranes, antibacterial
coatings for stents and tissue engineering scaffolds.
With decreasing deacetylation grade chitosan also
becomes soluble in mild acidic solutions producing
hydrogels [206, 207] and sponges [208, 209], that
can be used for drug delivery and scaffolds for
mucosal tissue. Chitosan is the only known natural
polymer with a positive charge owing to the free
amino-groups  generated by the  partial

deacetylation. The positive charge raises the
possibility to crosslink chitosan to other negatively
charged polymers or ions. Chitosan cross-linked to
alginate or gelatin improves stability, cyto-
biocompatibility and provides a better environment
for cell attachment and proliferation [210-212]. The
covalent combination of glycine and chitosan
results in  N-carboxymethyl chitosan. The
amphiphilic behavior of the glycine moiety
enhances the solubility over a continuous and
extended pH range and the polymer has been
demonstrated to serve as antioxidant in cellular
processes [8]. Electrospinning is further applied
now to generate higher molecular weight fibers
from chitin solutions by pulling micron and nano-
sized fibers from this polymer solution in an
electric field. The higher molecular weight fibers
can also serve as scaffolds in tissue engineering
[213]. The project Nano3bio* aims at identifying
chitinases and chitin deacetylases to obtain
chitosans with known and defined, non-random
patterns of deacetylation. Chitin deacetylases are
capable of producing distinct patterns of DA and
therefore will be wused to generate chito-
oligosaccharides with defined DA grades. Hamer et
al. have produced specific chitosan oligomers,
which are deacetylated with a novel and defined
pattern by use of two chitin deacetylases [214]. By
increasing the number of different deacetylases
(also from fungal sources), novel chitosan
oligomers with a fully defined architecture will be
produced in the near future.

GlcNAc itself was discovered to be a valuable
pharmacological agent in the treatment of a wide
variety of maladies in the past decade. GIcNAc has
been found effective to treat joint damage including
arthritic diseases, cartilage- or joint injury and
degenerative joint diseases when delivered to sites
of damage. Furthermore, provident GIcNAc
administration can prevent joint damage. GlcNAc
also inhibits elastase activity and superoxide release
from human polymorphonuclear leukocytes and is
tested as potential candidate to treat inflammatory
bowel disease [215-219]. Another field of
application is cosmetics, hyaluronic acid is widely
used to treat skin and mucosal damages despite
inefficient absorption. GIcNAc, however, absorbs
effectively and has been shown to induce a dose-
dependent increase in the production of HA in
cultured keratinocytes [220, 221].

N-acetylglucosamine and Glucosamine can serve as
starting material (or platform chemical) to
synthesize new polymers or N-containing
compounds, such as isocyanates and polyamides
which have so far not been produced from

* www.nano3bio.eu/start/ funded by European Union's Seventh
Framework Programme (FP7) under the grant agreement n°®
613931
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renewable raw material. GIcNAc and GlcN can be
harnessed as carbon and energy source for
specialized yeast cells to produce functionalized
fatty acids and amino-carboxylic acids as starting
point for chemical synthesis processes. Both can be
fed into the polymer production process. In a multi-
enzymatic process currently developed’ also
heterocycles can be produced from GlcN. A process
already developed is N-acetylneuraminic acid
(Neu5Ac) production. NeuSAc is one of the most
common sialic acids, used to produce
neuraminidase inhibitors to treat influenza
infections [222]. For enzymatic synthesis of
Neu5Ac N-acetylmannosamine (ManNAc) and
pyruvate are used as substrates for recombinant
Neu5Ac aldolase. ManNAc in turn can be produced
inexpensively from GlcNAc, via epimerization with
the GIcNAc 2-epimerase. Thus from 27 kg of
GlcNAc 29 kg of NeuSAc could be obtained using
recombinant GIcNAc 2-epimerase and NeuSAc
lyase as catalysts [223].

6. Outlook

Over the past decades major efforts have been made
to increase our knowledge about the structure and
function of chitin/chitosan and its degradation
products and how they are functionalized in chitin
metabolism. With the use of new sources, that are
more reliable, contain less pigments and
contaminants and are thus medically safer, chitin
and chitooligomers will be established as bio-based,
renewable compounds and will serve as substrate
for (bio-) chemical design processes, such as
heterocycle chemistry and functionalized fatty
acids. Moreover, a better understanding of the
function and action of chitin metabolizing enzymes
and the interplay with auxiliary proteins will help to
increase their productivity and specificity via
directed  genetic  engineering.  Importantly,
regulators for chitin metabolism need to be
identified so that we are able to modulate activity of
the enzymes and alter the time course of their
action. With the identified regulators and the
knowledge about all enzymes involved in
anabolism and catabolism of chitin it will soon be
possible to stop reactions at any given point and
modify the produced intermediate with the
introduction of heterologous enzymes to create new
substrates for designed chemicals on a sustainable
basis.

LIST OF ABBREVIATIONS
AAs auxiliary activities
CBM carbohydrate-binding module

* ChiBio project: www.chibiofp7.eu; funded by European
Union's Seventh Framework Programme (FP7) under the grant
agreement n° 289284.

CHS chitin synthase

CP cerato-platanin

CPP cerato-platanin protein

CURLI curled pili

DA-grade deacetylation grade

ENGase endo-B-N-acetylglucosaminidases
ER endoplasmatic reticulum

ERAD endoplasmatic reticulum
associated degradation

ERAD endoplasmic reticulum-associated
protein degradation

GH glycoside hydrolase

GlcN N-glucosamine

GlcNAc N-acetylglucosamine

(GlcNAc), chitobiose

GPI-anchor glycosylphosphatidylinositol
anchor

HA Hyaluronic acid

LPMOs lytic polysaccharide
monooxygenases

LysM lysin motif

ManNAc N-acetylmannosamine

MFS major facilitator symporters
NAGase N-acetylglucosaminidase
NAGases N-acetylglucosaminidases
NeuSAc N-acetylneuraminic acid

UDP uridine-5'-diphosphate
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Summary

Chitin is an important structural constituent of fungal
cell walls composed of N-acetylglucosamine (GIcNAc)
monosaccharides, but catabolism of GIcNAc has not
been studied in filamentous fungi so far. In the yeast
Candida albicans, the genes encoding the three
enzymes responsible for stepwise conversion of
GIcNAc to fructose-6-phosphate are clustered. In this
work, we analysed GIcNAc catabolism in ascomycete
filamentous fungi and found that the respective genes
are also clustered in these fungi. In contrast to C. albi-
cans, the cluster often contains a gene for an Ndt80-
like transcription factor, which we named RONL1
(regulator of N-acetylglucosamine catabolism 1).
Further, a gene for a glycoside hydrolase 3 protein
related to bacterial N-acetylglucosaminidases can be
found in the GIcNAc gene cluster in filamentous fungi.
Functional analysis in Trichoderma reesei showed
that the transcription factor RON1 is a key activator of
the GIcNAc gene cluster and essential for GIcNAc
catabolism. Furthermore, we present an evolutionary
analysis of Ndt80-like proteins in Ascomycota. All
GIcNAc cluster genes, as well as the GIcNAc trans-
porter gene ngtl, and an additional transcriptional
regulator gene, csp2, encoding the homolog of Neuro-
spora crassa CSP2/GRHL, were functionally charac-
terised by gene expression analysis and phenotypic
characterisation of knockout strains in T. reesei.

Accepted 19 October, 2015. *For correspondence. E-mail
verena.seidl@tuwien.ac.at; Tel. (+43) 1 58801 166554; Fax
(+43) 1 58801 17299.

Introduction

Chitinis alinear polysaccharide composed of 3-(1,4) linked
N-acetylglucosamine units (GIcNAc; 2-acetamido-2-
deoxy-D-glucopyranose). In filamentous fungi, chitin is
located in the inner layers of the cell wall, close to the
plasma membrane (Ruiz-Herrera, 1991) and forms,
together with B-(1,3-1,6) glucan, the structural scaffold of
the fungal cell wall (Latgé, 2007). In the biosphere, chitin is
not only found in fungal cell walls, but also in the exoskel-
etons of protists and arthropods, e.g. insects and shrimps.
Chitin is the second most abundant biopolymer after cel-
lulose with a natural turnover of at least 10° tons per year
(Muzzarelli, 1999). Nonetheless, chitin does not visibly
accumulate in the biosphere, which is indicative for its
efficient natural recycling by microbes. Analysis of fungal
genomes revealed that filamentous fungi feature a large
repertoire of extracellular chitinolytic enzymes. They have
typically between 10 and 35 different chitinases belonging
to glycoside hydrolase (GH) family 18 and two extracellular
GH 20 B-N-acetylglucosaminidases (chitobiases) that con-
tribute to the degradation of chitin to GICNAc monomers
(Seidl, 2008). The genomes of fungi that parasitise other
fungi (mycoparasites) or insects (entomopathogens), e.g.
Trichoderma species and several entomopathogens,
including Metarhizium anisopliae, Beauveria bassiana and
Cordyceps militaris, are particularly enriched in chitinase
genes (Seidl et al., 2005; Gao et al., 2011; Kubicek et al.,
2011; Zheng et al., 2011; Xiao et al., 2012; Agrawal et al.,
2015). Chitinases are not only involved in the breakdown of
extracellular chitin, but also in self-digestive processes
such as cell wall remodeling during fungal growth and
asexual development, as well as in cell wall degradation
during autolysis and apoptosis. The roles of chitinases in
these processes, and their gene expression, have been
studied in several fungal species, e.g. Aspergillus nidulans
(Pusztahelyi et al., 2006; Emri et al., 2008; Pdcsi et al.,
2009; Shin etal., 2009), Neurospora crassa (Tzelepis
et al., 2012), Trichoderma atroviride and T. virens (Gruber
and Seidl-Seiboth, 2012), and Penicillium chrysogenum
(Sami et al., 2001; Kamerewerd et al., 2011; Pusztahelyi
and Pdcsi, 2014). The data suggest that several chitinases

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd
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Fig. 1. Schematic representation of the GIcNAc catabolism pathway. GIcNAc is phosphorylated by GIcNAc hexokinase, then
GIcNAc-6-phosphate is deacetylated by GIcNAc-6-phosphate deacetylase, and subsequently, GIcN-6-phosphate deaminase converts
GlcN-6-phosphate into fructose-6-phosphate. Acetate and ammonium are the other end products of GIcNAc catabolism.

have dual roles and are involved in the degradation of
extracellular chitin as well as remodeling and recycling of
cell wall chitin during different growth stages (Gruber and
Seidl-Seiboth, 2012). From this broad spectrum of different
chitinases, the pathway of chitin degradation narrows
down to one or two N-acetylglucosaminidases (Seidl,
2008). In T. atroviride, it was shown that the presence of
either one of these two N-acetylglucosaminidases is
essential for extracellular conversion of chitobiose to
GIcNAc and for growth on chitin (Lépez-Mondéjar et al.,
2009). Uptake and intracellular catabolism of GIcCNAc have
scarcely been studied in fungi to date, with the notable
exception of the human pathogenic diploid yeast Candida
albicans (Kumar et al., 2000; Alvarez and Konopka, 2007;
Biswas et al., 2007; Naseem et al., 2011; 2015; Konopka,
2012; Rao et al., 2013). Saccharomyces cerevisiae and
Schizosaccharomyces pombe lack the genes needed to
catabolise GIcNAc.

In C. albicans, GIcNAc is a potent inducer of hyphal
growth related to the virulence of this dimorphic human
pathogen (Naseem et al., 2011; Ishijima et al., 2012; Rao
et al., 2013). GIcNAc stimulates the switch from budding to
hyphal growth and induces the expression of virulence
genes, but it also induces the expression of the genes
needed to catabolise GIcNAc. To induce signaling, GIcNAc
must enter C. albicans cells, although stimulation of hyphal
growth does not require GICNAc catabolism (Naseem
et al., 2011; 2015). Transport of GIcNAc in C. albicans is
mediated by the plasma membrane transporter Ngtl,
which belongs to the large Major Facilitator Superfamily
(Alvarez and Konopka, 2007). The three genes encoding
the enzymes necessary for GIcNAc catabolism are organ-
ised in a gene cluster that consists of adjacent genes
encoding a sugar kinase (Nag5/Hxk1) (EC 2.7.1.59) that
phosphorylates GIcNAc to create GIcNAc-6-phosphate, a
deacetylase (Nag2/Dacl) (EC 3.5.1.33) that splits it into
acetate and glucosamine-6-phosphate, and a deaminase
(Nagl) (EC 3.5.99.6) that subsequently converts
glucosamine-6-phosphate to ammonium and fructose-6-
phosphate, an intermediate of glycolysis (Kumar et al.,
2000; Naseem et al., 2011) (Fig. 1). Deletion mutants of

HXK1, NAG1 and DACL failed to utilise GIcNAc as carbon
source, and surprisingly, GIcNAc inhibited the growth of
NAG1 and DAC1 deletion mutants on other sugars
(D-glucose, D-fructose, D-galactose), suggesting that
excess GIcNAc-6-phosphate is deleterious (Naseem
et al., 2011). However, the transcriptional regulator of the
C. albicans GIcNAc catabolic pathway has not been iden-
tified so far.

In this study, we analysed the genomic organisation of
the GIcNAc catabolic gene cluster in ascomycete filamen-
tous fungi. We found that it often contains a gene for a
transcription factor with an Ndt80-like DNA-binding
domain. Expression of this transcription factor and the
four structural GIcNAc catabolism genes was analysed in
two species of Trichoderma, and the genes were function-
ally characterised upon generation of knockout strains in
T. reesei.

Results

Organisation of the GIcNAc catabolic gene cluster in
filamentous fungi

Fungal genomes were screened for the presence of
homologs of the GIcNAc catabolic cluster genes and the
GIcNAc transporter from C. albicans. The results showed
that the respective genes are also clustered in ascomy-
cete filamentous fungi and that a homolog of the C. albi-
cans transporter gene ngtl can also be found in these
genomes (Fig. 2A). Considering extant gene names in
Trichoderma and other filamentous fungi (e.g. hexoki-
nases hxkl and hxk2, 3-N-acetylglucosaminidases nagl
and nag?2), the structural genes of the GIcNAc catabolic
cluster were designated hxk3 (GlcNAc-hexokinase), dacl
(GlcNAc-6-phosphate deacetylase), daml (glucosamine-
6-phosphate deaminase) and ngtl (GIcNAc:H* sym-
porter) respectively.

In filamentous fungi, besides these genes encoding the
enzymes necessary for the stepwise conversion of GIcNAc
into fructose-6-phosphate (see Fig. 1) and its transporter, a
gene encoding a GH family 3 protein can often be found in

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd, Molecular Microbiology



the cluster, which we have annotated as nag3.
NAG3 exhibits similarity to bacterial GH3 [-N-
acetylhexosaminidases (Tsujibo et al., 1994; Cheng et al.,
2000; Li etal, 2002; Mayer etal., 2006; Litzinger
et al., 2010) and http://www.cazy.org/GH3.html). In fungi,
N-acetylglucosaminidases have so far only been
described from GH family 20 (Seidl, 2008; Lopez-Mondéjar
etal.,, 2009). Recently, it was reported for Nag3 from
Cellulomonas fimi that the GH3 enzyme is actually a
GIcNAc-phosphorylase using phosphate rather than water
as nucleophile (MacDonald et al., 2015).

Interestingly, our analysis showed that the GIcNAc
cluster in filamentous fungi in many cases also contains a
gene for a transcription factor with an Ndt80-like DNA-
binding domain (PFAM family PF05224). The transcription
factor was designated RON1 (regulator of N-
acetylglucosamine catabolism 1). RON1 belongs to a rare
family of exclusively fungal transcription factors, epito-
mised by S. cerevisiae Ndt80 (Xu et al., 1995; Chu and
Herskowitz, 1998; Fingerman et al., 2004; Lamoureux and
Glover, 2006). The genome of the filamentous model
fungus N. crassa contains three genes encoding proteins
with an Ndt80-like DNA-binding domain (Hutchison and
Glass, 2010). While in S. cerevisiae Ndt80 is primarily
involved in the regulation of meiosis, the Ndt80-like pro-
teins in N. crassa (VIB-1, FSD-1) have other functions.
Mutations in fsd-1 affected the timing and development of
female reproductive structures and ascospore maturation
(Hutchison and Glass, 2010), and the A. nidulans
homolog, ndtA, is apparently required for sexual reproduc-
tion (Katz et al., 2013). Further, VIB-1 is involved in the
regulation of vegetative incompatibility and programmed
cell death. In addition, VIB-1 is a major regulator of
responses to nitrogen and carbon starvation, involved in
protoperithecial development, and was recently reported
to be essential for plant cell wall degradation by repressing
glucose signalling and carbon catabolite repression
(Dementhon et al., 2006; Hutchison and Glass, 2010;
Xiong et al.,, 2014). For the third transcription factor in
N. crassa belonging to the Ndt80-family (encoded by the
gene at locus NCU04729), no phenotype or overlap in
function with either fsd-1 or vib-1 has been reported
(Hutchison and Glass, 2010). We have now found that the
gene at locus NCU04729 is part of the GIcNAc catabolic
cluster of N. crassa (Fig. 2A). In A. nidulans, classical loss-
of-function mutations in the Ndt80 transcription factor gene
xprG/phoG (initially called pacG) resulted in the loss of an
acid phosphatase (Caddick and Arst, 1986) and in
decreased extracellular protease production in response
to carbon and nitrogen starvation (Katz et al., 2006). In
A. nidulans, the xprG gene is closely linked to three of the
structural GIcNAc catabolic genes and neighbours the
nag3 ortholog (Fig. 2A), but the cluster is effectively split in
two as a consequence of a chromosomal inversion.
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In order to elucidate the evolutionary relationships
among Ndt80-like transcription factors in filamentous
fungi (Pezizomycotina), a phylogenetic analysis was per-
formed, including some 500 proteins from over 200
species of Ascomycota. Figure 2B shows a condensed
phylogenetic tree summarising our findings. A more
detailed species-annotated tree of the same analysis can
be found in Fig. S1. The results indicated that Ndt80-like
proteins can be assigned to two groups that likely existed
in a common ancestor of all Ascomycota. One super-
branch contains direct orthologs of S. cerevisiae Ndt80,
and includes members from many species belonging to
the two subphyla Pezizomycotina and Saccharomycotina.
A characterised filamentous fungal member of this super-
branch is N. crassa FSD-1. N. crassa VIB-1 and A. nidu-
lans PhoG/XprG-like proteins cluster in the other
superbranch that constitutes two separate clades. One
clade (termed VIB-1 clade in Fig. 2B) appeared exclu-
sively in the classes Sordariomycetes (including Tricho-
derma spp.) and Leotiomycetes, while the other clade
(XprG/RONL1 clade in Fig. 2B) featured orthologs from all
but one class of Pezizomycotina. Thus, this analysis
shows that RON1 and XprG are orthologs that can be
found throughout many different classes of Ascomycota,
while VIB-1-like proteins are RON1-paralogs unique to
Sordariomycetes and Leotiomycetes.

In general, these two clades (VIB-1-clade and RON1/
XprG-clade) appear to have evolved in Pezizomycotina
after the divergence from Saccharomycotina, including
the early divergent yeasts Yarrowia lipolytica and Blasto-
botrys adeninivorans, both of which feature a complete
set of GIcNAc-cluster genes (data not shown). Five out of
the six GIcNAc cluster genes (including the designate
Ndt80-family regulator) are neither present in the 14
species of Saccharomycetaceae nor in Pichia pastoris,
which suggests that the GIcNAc cluster has been lost
independently from this yeast lineage.

Expression of the GIcNAc cluster genes is upregulated
during growth on GIcNAc and chitin

Gene regulation of chitinolytic enzymes and the use of
chitin and N-acetylglucosamine as carbon sources have
already received considerable attention in Trichoderma
spp. In order to complement the currently available knowl-
edge with data about GIcNAc catabolism, we decided to
analyse the gene expression of the six GIcNAc cluster
genesin T. reesei and T. atroviride. T. atroviride is a myco-
parasite and has been the subject of several detailed
studies on chitinase and N-acetylglucosaminidase gene
regulation. T. reesei is a saprotroph and is widely used for
biotechnological applications due to its remarkable cellulo-
lytic potential. It is more amenable to molecular genetic
manipulations than T. atroviride, and a range of different
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Fig. 2. (A) Genomic organisation of GIcNAc gene clusters in Ascomycota. GIcNAc cluster genes are depicted as coloured arrows to indicate
their identity and orientation: nag3, black; ngtl, yellow; hxk3, red; dacl, purple; daml, blue; ronl, green. Gene clustering is indicated by
arrows superposed on an uninterrupted, thin horizontal black bar. Intergenic spaces are not drawn to scale. Unlinked genes involved in
GIcNAc catabolism are always depicted with the arrowhead (3" end) pointing to the right. Single genes unlikely to be involved in GIcNAc
catabolism but nevertheless located between GIcNAc cluster genes in certain species are represented by grey arrows. Evolutionary relations
among the 18 species are reflected by the schematic, flattened ‘taxonomical tree’ at the left. (B) Phylogenetic analysis of putative Ndt80 family
proteins in Ascomycota. Data were condensed at the level of classes (Color code: Orbiliomycetes, yellow; Pezizomycetes, brown;
Lecanoromycetes, orange; Leotiomycetes, purple; Sordariomycetes, blue; Eurotiomycetes, dark green; and Dothideomycetes, pink), while for
Saccharomycotina, branches were collapsed at the level of families (essentially, Saccharomycetaceae — type species: S. cerevisiae — and
Debaryomycetaceae — type species: C. albicans). To facilitate recognition, branches of yeast proteins are depicted in light green shades.

selection markers for gene deletion is readily available for
T. reesei (Guangtao etal., 2009; Seiboth etal., 2011,
Bischof and Seiboth, 2014). It has been established that
GIcNAc is an efficiently consumable carbon source that
promotes strong and fast growth of either species
(Druzhinina et al., 2006; Seidl et al., 2006). Chitin, even
when used in a pretreated, acid-hydrolysed form, allows
only slow growth and weak biomass formation due to its
recalcitrant polymer structure (Lopez-Mondéjar et al.,
2009; Gruber et al., 2011). For gene expression analysis of
the GIcNAc cluster genes, biomass samples were taken
from shake flask cultivations of T. atroviride and T. reeseiin
minimal medium containing 1% GIcNAc or glucose
(control) as the carbon source at 16 h, 24 h and 38 h after
inoculation. In both T. reesei and T. atroviride, hxk3, dacl
and daml, which encode the enzymes of GIcNAc catabo-
lism, exhibited different basal expression levels on
glucose, as well as a clear up-regulation during growth on
GIcNAc for all three time points (Fig. 3A). Quantitative
evaluation of the gene expression levels by gPCR in
T. reesei (Fig. 3B) confirmed a particularly strong induction
of the three genes hxk3, dacl and dam1, with 253, 104 and
60-fold, respectively, after 24 h on GIcNAc compared with
the glucose control. In contrast, expression of nag3,
encoding the GH 3 protein, was only increased 12-fold and
that of the transcription factor ron1, 7-fold. Transcription of
the putative GIcNAc-specific transporter-encoding gene
ngtl was increased 40-fold after 24 h on GIcNAc, indicat-
ing involvement in GIcNAc uptake. These data show that
the transcription of the genes encoding enzymatic and
transport functions in the GIcNAc catabolism pathway is
highly induced upon growth on this carbon source, which
strongly suggests that the gene cluster is indeed involved
in GIcNAc catabolism.

Next, we tested the gene expression of this cluster in
T. atroviride and T. reesei during growth on chitin powder
(from crab shells) and colloidal chitin, a better accessible,
acid-pre-treated form of chitin. Liquid standing cultivations
were used, which enable better growth of Trichoderma on
chitin than shake flask cultivations (Gruber et al., 2011).
Also under these growth conditions, increased expression
of the GIcNAc catabolic gene cluster was detected,
although it was less pronounced than on the monomer,

GIcNAc (Fig. 3C). Again considerable induction of hxk3,
dacl and dam1l was observed, while ronl and nag3 were
less responsive. In T. atroviride, the expression profile of
the GIcNAc cluster genes was similar on chitin and col-
loidal chitin at 48 h and 72 h, while T. reesei seemed to
respond somewhat slower on untreated chitin and only at
72 h after inoculation, the highest levels of induction of the
GIcNACc cluster genes were observed.

The transcription factor RON1 is essential for the
induction of the GIcNAc catabolic gene cluster

Consequently, knockout strains of the GIcNAc catabolic
cluster genes in T. reesei were generated and functionally
analysed. First, single knockout strains were created for
nag3, hxk3, dacl, damil, ronl and ngtl (Table 1) in a
Atku70 background, which facilitates homologous integra-
tion of gene knockout cassettes due to the lesion in func-
tional non-homologous end joining (see experimental
procedures for details and Fig. S2 for genetic confirmation
of the knockout strains). All strains used in this study are
listed in Table 1. All subsequent analyses were performed
with at least two independent knockout strains. In the
figures involving gene deletion strains, the respective
results from independent strains and biological replicates
are included in the error bars or representative images
(e.g. from plates) are presented.

All knockout strains exhibited wild-type growth rate and
hyphal morphology as long as GIcNAc (or chitin) was not
used as sole carbon source. Carbon sources that were
tested are D-glucose, D-fructose, cellulose, chitin, glyc-
erol and L-arabinose. Minimal medium from which a
carbon source was omitted was also tested, but did not
produce any marked difference in growth compared with
the control strain. Figure 4A shows that growth of all dele-
tions strains, except for Angtl and Ahxk3, was basically
abolished on agar plates with minimal medium [Mandels-
Andreotti (MA)] containing GIcNAc as the carbon source.
Ahxk3 and Angtl strains exhibited sparse outgrowth on
agar plates with GIcNAc. Residual growth of Angtl strains
on agar plates could be due to expression of an alterna-
tive transporter that exhibits low affinity for GIcNAc and
thereby enables some growth on the added carbon
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Fig. 3. Transcript levels of GIcNAc catabolic cluster genes are
strongly increased during growth on GIcNAc.

A. Gene expression analysis (semi-quantitative RT-PCR) of GIcNAc
cluster genes in T. atroviride and T. reesei after growth on 1%
glucose (G) or 1% GlcNAc (N) for 16 h, 24 h and 38 h. As
reference gene tefl was used.

B. Quantitative gene expression analysis (QRT-PCR) of the GIcNAc
cluster genes in T. reesei. Samples were normalised to tefl
expression levels and compared with the time point ‘glucose, 16 h’,
which was set as 1 for the respective genes that were studied. The
standard deviation of the mean expression values from at least two
independent biological replicates is shown; P values are < 0.001
except for hxk3 and ngtl (P < 0.01 for glucose, 24 h). ronl levels at
16 h induction with GlcNAc and dacl and daml levels at 24 h on
glucose are statistically not significantly different from glucose
levels at 16 h.

C. Expression of GIcNAc cluster genes in T. atroviride and

T. reesei after 48 h and 72 h of growth on the complex carbon
sources chitin (1%, chi) and colloidal chitin (1%, coll) in comparison
to growth on glucose (1%, glc). As reference gene, again, tefl was
used.

source. In order to assess this possibility, agarose and
Phytagel™ (a polymer gelling agent composed of glucu-
ronic acid, rhamnose and glucose units) were also tested
as solidifying reagents instead of agar. In each case,
residual growth of the Angtl strain was observed (data not
shown).

Biomass formation of the knockout strains was also
quantitatively determined from shake flask cultivations
(Fig. 4B). Here, all knockout strains, including Ahxk3 and
Angtl, showed strongly reduced biomass formation on
GIcNAc. Therefore, all GIcNAc catabolism cluster genes,
including nag3, whose function in GIcNAc catabolism
remains unclear, appear to be essential for growth on
GIcNAc. The putative transporter NGT1 indeed seems to
be of major importance for GIcNAc import into the cell.
Importantly, Aronl knockout strains also could not grow
on GIcNAc, suggesting that the putative transcription
factor RONL1 is essential for GIcNAc catabolism. In order
to verify our results, complementation strains of ron1 were
generated, which contained an ectopically inserted, func-
tional copy of ronl as well as the original deletion of the
ronl locus (see experimental procedures for details
and Fig. S2 for strain verification). Measurements from
two independent ronl-complemented strains showed a
complete restoration of wild-type biomass formation
(Fig. S3A).

Upon exhaustion of medium nutrients, filamentous fungi
undergo autolysis of ageing hyphae. At advanced autolytic
growth stages, a decline of biomass can be observed in
submerged cultivations. We tested whether a lack of
GIcNAc catabolism causes alterations in autolysis due to
impaired recycling of chitin from the cell wall. Biomass
samples from shake flask cultivations with glucose as
carbon source were taken at advanced time points, i.e.,
120-216 h after inoculation (Fig. S4). Although onset of
autolysis (i.e. the decrease of biomass) appeared delayed
in Aronl compared with the control strain, this difference
was not statistically significant. Similar results were
obtained for the other knockout strains (data not shown),
with the exception of Ahxk3 (Fig. S4) which exhibited a
statistically significant stronger decrease in biomass than
wild type.

The finding that ron1 knockout strains could not grow on
GIcNAc strongly suggested that RON1 is indeed an indis-
pensable regulator of GIcNAc catabolism. To further
confirm that RON1 is a transcriptional regulator of this
pathway, transcript levels of the structural GIcNAc cata-
bolic genes were assessed in Aronl strains. Mycelia were
pre-grown on 1% glycerol and then replaced to either 1%
glucose or 1% GIcNAc. Gene expression levels were
determined at 4, 8 and 24 h after the replacement and were
similar at all three tested time points. The results (Fig. 5)
showed that high-level induction of the genes hxk3, dacl
and dam1 in the presence of the pathway’s substrate, as
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Table 1. Fungal strains used in this study.

Strain Genotype Reference

T. reesei QM9414 matl-2
T. reesei QM9414 Atku70 Atku70::pyr4 mat 1-2

ATCC 26921

C. Ilvanova and B. Seiboth;
unpublished data
(Ghassemi et al., 2015)

T. reesei Anag3 matl-2 Atku70 Anag3::hph This study
T. reesei Ahxk3 matl-2 Atku70 Ahxk3::hph This study
T. reesei Adacl matl-2 Atku70 Adacl::hph This study
T. reesei Adam1 mat1-2 Atku70 Adam1::hph This study
T. reesei Aronl matl-2 Atku70 Aronl::hph This study
T. reesei Aronl ronl* matl-2 Atku70 Aronl::hph ronl:amdS This study
T. reesei Angtl matl-2 Atku70 Angtl::hph This study
T. reesei Ahxk3 G418 matl-2 Atku70 Ahxk3::G418 This study
T. reesei Adam1 amdS mat1-2 Atku70 Adaml::amdS This study
T. reesei Acsp2 matl-2 Atku70 Acsp2::hph This study
T. reesei Adacl Ahxk3 matl-2 Atku70 Adacl::hph Ahxk3::G418 This study
T. reesei Adam1 Ahxk3 matl-2 Atku70 Adaml::hph Ahxk3::G418 This study
T. reesei Adacl Adaml matl-2 Atku70 Adacl::hph Adaml::amdS This study
T. reesei Ahxk3 Adam1 matl-2 Atku70 Ahxk3::hph Adaml::amdS This study
T. reesei Ahxk3 Adacl Adaml matl-2 Atku70 Ahxk3::G418 Adacl::hph Adaml::amdS This study

well as that of nag3 and ngtl, was virtually abolished in
ronl deletion strains. Gene expression analysis of comple-
mented Aronl strains (Fig. S3B) showed that an ectopic
integration of ronl is sufficient to fully restore inducible
expression of the other GIcNAc cluster genes in the pres-
ence of GIcNAc.

GIcNAc has also been reported to efficiently induce the
expression of the GH20 N-acetylglucosaminidase genes
nagl and nag2 (Lépez-Mondéjar et al., 2009). Therefore,
we analysed whether the lack of ronl also influences the
expression levels of these genes and found that the
induction of nagl and nag2 gene expression by GICNAc is
severely affected in Aronl strains (Fig. 5). Therefore,
these data further substantiated that the transcription
factor RON1 is indeed the key activator of the GIcNAc
catabolic pathway in T. reesei.

Evaluation of growth conditions related to the GIcCNAc
catabolism based on observations in other fungi:
starvation and regulation by the transcription

factor CSP2

Our current study demonstrated for the first time the direct
and essential involvement of a fungal Ndt80-like regulator
in the turn-over of GIcNAc by mediating high-level induc-
tion of the GIcNAc-catabolic system. For A. nidulans XprG
mutants, the ortholog of T. reesei RONL1 (cf. Fig. 2A), a
number of observations apparently unrelated to GIcNAc
were published. An xprG gain-of-function mutant (xprG1)
was described that overproduces extracellular proteases
under starvation conditions (Katz et al., 2006; 2013). xprG
loss-of-function mutants show reduced extracellular pro-
tease levels under both carbon and nitrogen starvation

conditions. In addition, HXkC has been described as a
non-catalytic hexokinase-like protein in A. nidulans, like-
wise modulating the production of extracellular protease
(Bernardo et al., 2007). However, HxkC is the ortholog of
T. reesei HXK3; thus, it is likely that HxkC is responsible for
the phosphorylation of GIcNAc in A. nidulans. We tested
growth of knockout strains of the T. reesei GICNAc gene
cluster on agar plates containing 1% skimmed milk, the
growth condition under which increased protease levels
were described for the xprG gain-of-function mutant. No
growth differences (colony diameter or hyphal density) or
variation in the diameter of the cleared halo around the
growing colonies (indicative of the extracellular protease
activity produced) could be detected on MA plates, regard-
less whether 1% (w/v) skimmed milk powder was used as
the sole carbon- or as the sole nitrogen source (data not
shown). Thus, the lack of ronl or hxk3 or any other gene
lesion in GIcNAc catabolism does not appear to affect
extracellular protease production in T. reesei under these
assay conditions.

A survey of the literature for transcription factors that
might also be involved in the regulation of GIcNAc
metabolism showed that in N. crassa, the transcriptional
regulator termed GRHL (grainy head like protein) could be
involved in the regulation of GIcNAc metabolism in aerial
hyphae (Pare etal.,, 2012). On solid medium fungal
hyphae grow on and in the substrate and some hyphae
can extend into the air (aerial hyphae) and differentiate
into specialised structures for the formation of asexual
spores (conidia) upon certain stimuli, such as light or
nutrient limitation. N. crassa grhl mutants are defective in
conidial-spore dispersal in aerial hyphae due to an appar-
ent inability to remodel the cell wall during conidiation. The

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd, Molecular Microbiology



8 L Kappel, R. Gaderer, M. Flipphi and V. Seidl-Seiboth I

A
Anag3 Ahxk3 Adac1 Adam1 Aront Angt1
¥ = g . - ; AR 3 i,
B
5
OWT
4.5 1 B Anag3
W Ahxk3
4 { B Adac1
B Adam1
3.6 1 W Aront
- O Angt1
2 3
£
2 25 4
=
> 21
o
1.5 1
1 A dekdk Fededk
0.5 A “ i’1'|
0
Glc24h Gic48h GlcNAc GlcNAc
24 h 48 h

Fig. 4. Knockout strains of GIcNAc cluster genes exhibit strongly impaired growth on GIcNAc.

A. T. reesei strains WT (parental strain; QM9414 Atku70), Anag3, Ahxk3, Adacl, Adam1l, Aronl and Angtl were grown for six days on MA
agar plates (1.5% w/v agar) containing either 1% GIcNAc or 1% glucose (Glc) as carbon source.

B. For biomass measurements, strains were grown in liquid MA medium in shake flasks, containing either 1% GIcNAc or glucose (Glc) and
dry weight was determined after 24 h and 48 h after inoculation. Dry weight of single knockout strains is in all cases statistically significantly

different from WT when grown on GIcNAc as carbon source, with p < 0.001 for all knockout strains.

grhl gene is allelic to conidial separation-2 (csp-2) muta-
tions. The genes of GIcNAc catabolism were among the
set of down-regulated genes in aerial hyphae and conidia
from a N. crassa grhl mutant (Pare et al., 2012).

GRHL proteins belong to the CP2 superfamily of tran-
scription factors (PFAM family PF04516), and in the
T. reesei genome database, only one predicted member
can be found (NCBI accession number: XP_006965082),
which we named CSP2. To address its function(s) and
assess its relevance for GIcNAc catabolism, we gener-
ated knockout strains of T. reesei csp2 (Fig. S2). T. reesei
CSP2 and N. crassa CSP2 show a high degree of con-
servation (amino acid similarity: 69%; sequence cover-
age: 96%). We found that T. reesei csp2 is expressed
under various growth conditions, but we were not able to
detect any morphological defects in our Acsp2 strains.
Analyses included growth on agar plates with either
complex medium (potato dextrose agar; PDA) (Fig. 6A) or
MA medium with various carbon sources, but colony for-

mation, radial growth rate and sporulation were not
altered in Acsp2 strains. Further, no phenotype was
evident for growth on GIcNAc and chitin (data not shown).
Biomass formation in shake flask cultivations was normal
for all tested growth substrates. Moreover, microscopical
investigation of hyphae or sporulating cultures did not
reveal any phenotype for csp2 knockout strains (data not
shown). These data show that, in contrast to N. crassa,
the sole GRHL-type transcription factor in T. reesei does
not seem to have critical functions in conidiation.

To assess potential connections between nutrient limi-
tation and GIcNAc catabolism in more detail, we analysed
whether the GIcNAc cluster genes in T.reesei are
expressed during carbon starvation and whether this
expression in the absence of externally supplied GIcNAc
might be regulated by RON1 or CSP2. Deletion strains
and a wild-type control strain were pre-grown for 16 h on
1% glucose and then replaced into medium without
carbon source. After the medium shift, samples were
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Fig. 5. The transcription factor RON1 is the key activator of the GIcNAc catabolic gene cluster. Fungi were grown on MA medium containing
1% glycerol as carbon source for 24 h and then shifted to minimal medium containing 1% GIcNAc (N) or 1% glucose (G) and cultivated for
another 24 h. Gene expression levels of all GIcNAc cluster genes, ngtl as well as nagl and nag2 were evaluated by qRT-PCR at 4, 8 and

24 h after the medium shift, normalised using tefl as reference gene, and compared with the respective gene expression levels of the
parental strain on glucose (control) which was set as 1. The 4, 8 and 24 h values were combined since expression of all three time points was
very similar. Statistically significant differences (P values < 0.001 were only detected for the parental strain (WT, QM9414 Aku70) for growth on
GIcNAc vs glucose, but not for the Aronl strain, where gene expression levels on GIcNAc were with relative values around 1 rather similar to

those on glucose.

taken at different time points (0 h (control), 5 h and 15 h),
and expression analysis of the GIcNAc cluster genes was
performed. The results showed that in the T. reesei paren-
tal strain, mainly dacl and ngtl transcript levels were
increased during starvation and that this was dependent
on ronl, but not on csp2 (Fig. 6B). In Acsp2 strains, some
transcript levels were increased transiently at 5 h after the
medium shift, e.g. hxk3 and ronl, but it was difficult to
discern a trend or a biological consequence for GIcNAc
metabolism from that. Interestingly, this experiment also
suggested that RON1 antagonises apparent glucose
repression of the ngtl and hxk3 genes, i.e. the transporter
and the dedicated GIcNAc kinase, directly after the trans-
fer (t=0 h), hence, in the absence of added GIcNAc or a
starvation response.

Conidiation rates in GIcNAc cluster knockout strains

We also generated double and triple knockout strains of
the GIcNAc cluster genes (Table 1, Fig. S2). Apart from
the already observed phenotypes for single knockout
strains on GIcNAc, no obvious phenotypic alterations
were observed for the double and triple knockout strains
except for Ahxk3Adaml double knockout strains: PDA
plates fully overgrown with sporulating colonies of the
latter appeared to be ‘less green’, even after incubation
for 12 days (data not shown). A more detailed analysis
showed that Ahxk3Adaml strains produced ca. 60%
fewer spores/PDA plate than the parental strain (Fig. 7A),
but pigmentation of the spores appeared to be normal
(Fig. 7B). Spore counting of conidia from 12-days old PDA

plates also revealed that Aronl produced 30% more
conidia than the parental strain and all the other strains of
our collection of deletion mutants (Fig. 7A). Microscopic
analyses of conidia upon staining of chitin in the fungal
cell wall with Calcofluor White did not reveal any differ-
ences, and germination rates of the produced conidia
were not altered (data not shown). The phenotype of
Ahxk3Adam1 strains (which was also verified with another
combination of selection marker genes for deletion of
hxk3 and daml, see Table 1, data not shown) was not
observed in any of the other combinations of double
knockout strains and also not in Ahxk3AdaclAdam1 triple
knockouts. This suggested that the reduced number of
conidia could be caused by aberrant dacl expression in
Ahxk3Adaml strains and/or a side activity of this enzyme.
Gene expression analysis of dacl in conidia at different
maturation stages showed indeed that this gene is up to
100-fold up-regulated in Ahxk3Adaml1 double knockout
strains compared with the parental strain or the respective
single knockout strains (Fig. 7C). These data suggest that
the roles of enzymes of the GIcNAc pathway and/or its
intermediates could go beyond merely catabolic functions
in mobilising reserve nutrients for energy production and
nitrogen (re-)assimilation from cell wall polymers.

Discussion

The phenomenon of gene clustering has been a powerful
aid in the identification, expression and characterisation of
fungal secondary metabolism pathways, their intermedi-
ates and products (Brakhage, 2013; Wiemann and Keller,
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Fig. 6. CSP2 is not involved in the
regulation of GIcNAc genes during vegetative
growth or under carbon starvation conditions.
A. Growth of the T. reesei parental strain
QM9414 Atku70 (WT) and two csp2 knockout
strains (Acsp2/5 and Acsp2/23) after 7 days
on agar plates with MA medium with glucose
and PDA.

B. qRT-PCR of the parental strain (WT), and
two Aronl and Acsp2 strains. Mycelium was
pre-cultivated for 16 h in MA medium
containing 1% glucose, and biomass samples
were taken at 0, 5 and 15 h after a shift to
MA medium lacking added carbon sources.
All measured values were normalised to tefl
expression and compared with the time point
[WT, 0 h], which was set at 1. Bars indicate
the SEM (standard error of the mean). ‘a’, ‘b’
and ‘c’ indicate significance at P < 0.001, 0.01
and 0.05 respectively.
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2014; Wisecaver and Rokas, 2015). Clustering of genes
appears less frequently in primary metabolism, but both
catabolic and anabolic gene clusters have already been
described, e.g. for L-proline catabolism (Jones etal.,
1981; Hull etal, 1989) and D-biotin biosynthesis
(Magliano et al., 2011). Comparative genomics revealed
that some clusters are quite ancient, while others, such as
the ethanol utilisation cluster in certain Aspergilli (Flipphi
et al.,, 2009), are more recent acquisitions. Clusters can
contain structural genes for enzymes, pathway-related
transport functions as well as pathway-specific regulatory
genes, and their exact layout often varies among diver-
gent lineages that share this higher level of organised,
functionally related genetic information. In this work, we

studied the genomic arrangement of the GIcNAc gene
cluster in Ascomycota, generated transcriptional profiles
of the respective genes in T. reesei and T. atroviride and
finally characterised them functionally using knockout
strains in T. reesei. We started by screening the position
of the genes encoding homologs of the GIcNAc catabo-
lism pathway in C. albicans in sequenced fungal genomes
and established the occurrence of a GIcNAc catabolism
cluster in all three subphyla of Ascomycota, right down to
the most primitive ascomycete (Taphrinomycotina)
sequenced to date, Saitoella complicata (Fig. 2A). The
functional GIcNAc catabolism gene cluster contains two
genes in addition to the catabolic enzymes. A gene encod-
ing a GH3 protein (NAG3) is often associated with the four

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd, Molecular Microbiology



N-acetylglucosamine catabolism in Trichoderma 11

A B
Ahxk3

- WT Adam1 200+
9 Owrt
£ 1407 = 0 Ahxk3
,5 120+ %150-- M Adam1 :
® o W Ahxk3 Adam1
Eg 1007 Ahxk3 Adac1 gmo
o 804 = J
g
g2 ™ 2
2 40+ :_:3 50
T 204 Adam1 Aront

0...

Ahxk3
Adac1
Adam1
Aron1

Ahxk3 Adam1

" Oﬁ

day2

day3 day7

Fig. 7. Up-regulation of dacl expression in a Ahxk3Adam1 double knockout strain decreases the amount of produced conidia.

A. Percentage of produced conidia in gene knockout strains relative to the parental strain QM9414 Atku70 (WT; 100%). Conidiospore numbers
in the Ahxk3Adac1l, Aronl (P < 0.001) and Adam1 (P < 0.01) strains are significantly different from the WT.

B. Conidiospores were harvested, counted (see Fig. 7A) and diluted to a final spore concentration of 1 x 107 spores ml. Photographs were

taken to visually document the color of the conidia.

C. dacl expression in spores of different age was assessed in the WT and selected knockout strains (Ahxk3, Adam1 single and Ahxk3 Adam1
double knockout). Strains were grown on PDA plates, and spores were harvested after 2, 3 and 7 days after inoculation of the plate for
gRT-PCR analysis, corresponding to nascent, pre-mature and mature spores of the control strain on PDA plates respectively. Expression
levels of dacl were compared with WT levels at day 2 and normalised to tefl levels. Only the transcription levels of the knock out strains but

not the WT levels were significantly different (P values < 0.001).

core cluster genes. The nag3 gene is also present in
Saccharomycetales that feature the GIcNAc cluster, as
represented by C. albicans (not associated with the
cluster; Locus Ca019.7516) and Y. lipolytica (Fig. 2A). It
does not occur in yeasts that miss both the deacetylase
and the deaminase, like budding yeast (S. cerevisiae) and
fission yeast (S. pombe). Given the similarity to bacterial
exo-beta-N-acetylhexosaminidases, e.g. Escherichia coli
NagZ (Litzinger et al., 2010), a role in the mobilisation of
GIcNAc from various poly and oligomeric precursors
appears logical, although we cannot explain why the dele-
tion of nag3 in T. reesei results in a growth phenotype for
the monomer (Fig. 4). We are currently studying this gene
further to identify its function(s).

The other additional gene that we found in the cluster in
comparison to C. albicans encodes the transcription
factor with an Ndt80-like DNA-binding domain that we
named RONL1. Our in silico analysis showed that the
GIcNACc cluster in ascomycete filamentous fungi (Pezizo-
mycotina) frequently harbours a gene for this transcription
factor. In C. albicans, the gene for the Ronl structural
ortholog was previously described as Repl and is linked
to the GH3 ortholog gene (Fig. 2A). REP1 is implicated in
negative regulation of the multiple drug resistance efflux

pump Mdrl: Overexpression in S. cerevisiae increased
susceptibility to fluconazole, and deletion of repl lead to
increased efflux of azole antifungal drugs in C. albicans
(Chen etal., 2009). The documented function of the
Ndt80-like transcription factor Repl seems to be different
from that of Ronl in T. reesei. We have shown for the first
time that an Ndt80-like transcription factor (RON1) is nec-
essary for growth on GIcNAc as the sole carbon source
(Fig. 4) and that it is essential for the high-level induction
of the catabolic genes by GIcNAc (Fig. 5).

GIcNAc catabolism relates directly to nutrient starva-
tion. Polymers of GIcNAc and N-glycosylated proteins —
containing GIcNAc; as a basal anchor of the glycan to the
protein — are mobilised to serve as transient carbon and
nitrogen sources that allow the fungus to enter asexual
reproduction and produce conidia to disseminate and to
survive the prevalent unfavourable environmental condi-
tions. Nevertheless, it can be expected that the intracel-
lular GIcNAc pool not only undergoes catabolic recycling
but also feeds into anabolism upon phosphorylation to
GIcNAc-6P, followed by isomerisation into GIcNAc-1P
with phospho-acetylglucosamine mutase (EC 5.4.2.3)
and uridylation of the latter into UDP-GIcNAc with UDP-
GIcNAc pyrophosphorylase (EC 2.7.7.23). The last two
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enzymes are part of Leloir's UDP-GIcNAc biosynthetic
pathway (for a review in fungi, see Milewski et al., 2006).
This process provides building blocks for de novo chitin
synthesis and glycosylation of secreted proteins bypass-
ing the need to re-synthesise GIcNAc-6P from fructose-6P
by means of the first two enzymes of UDP-GIcNAc bio-
synthesis, GIcN-6P synthase (EC 2.6.1.16) and GIcN-6P
acetyltransferase (EC 2.3.1.4) (note: these enzymes cata-
lyse the reverse reactions of DAM1 and DAC1 respec-
tively). Indeed, diploid C. albicans strains, homozygote for
GIcN-6P synthase deletion could not grow unless the
growth medium contained GIcNAc (Gabriel et al., 2004).

In filamentous fungi, proteins belonging to the Ndt80-
family have already received considerable attention.
RON1 and XprG are orthologs, while VIB-1-like proteins
are RON1 paralogs unique to Sordariomycetes and Leo-
tiomycetes (Fig. 2B). We therefore speculate that XprG
functions and their pleiotropic effects (as evident in
A. nidulans) could be divided between the RON1- and
VIB-1-like paralogs in species of the two filamentous
fungal classes that feature both regulators, such as
T. reesei, N. crassa and Botrytis cinerea. The involvement
in multiple, seemingly unrelated processes has been
reported for VIB-1, including the regulation of protoperi-
thecial development, vegetative incompatibility and pro-
grammed cell death, regulation of responses to nitrogen
and carbon starvation, as well as plant cell wall degrada-
tion by carbon catabolite repression (Dementhon et al.,
2006; Hutchison and Glass, 2010; Xiong et al., 2014). In
the endophytic plant-symbiont Epichloé festucae (Sord-
ariomycetes), VIB-1 is involved in the production of anti-
fungal compounds (Niones and Takemoto, 2015).

However, none of these studies have revealed the
direct connection between Ndt80-like transcription factors
and GIcNAc catabolism or studied GIcNAc as growth sub-
strate although GIcNAc is an important, omnipresent con-
stituent of the fungal cell wall. Additional functions of
GIcNAc and its derivatives in signalling and other cellular
processes, as reported in C. albicans, remain to be eluci-
dated in filamentous fungi.

Our current work strongly suggests that HXK3, the
ortholog of A. nidulans HxkC (Bernardo et al., 2007), is a
sugar kinase dedicated to the phosphorylation of GIcNAc,
whose induced expression is controlled by RON1, the
ortholog of A.nidulans XprG (Katz etal.,, 2006). The
increased induction levels of the structural GIcNAc cata-
bolic genes in T. reesei in response to GIcNAc (Fig. 3) are
substantially higher (> 100-fold) than for any gene men-
tioned by Katz etal. (2013) in their genome-wide tran-
scriptome analysis of carbon starvation in A. nidulans.
Nevertheless, one of the best induction ratios comparing
xprG* and xprG- strains (6-fold) was reported for hxkC.

Very leaky (starvation) growth of T. reesei hxk3 knock-
out strains was observed on GIcNAc agar plates, but not

in shake flask cultivations (Fig. 4). This suggests that,
although HXK3 is responsible for growth on the acetylated
aminosugar, in surface cultures, some phosphorylation
can take place in its absence. The enzyme responsible for
this activity could be a glycolytic hexokinase; in T. reesei,
the hexokinase HXK1 and the glucokinase GLK1 involved
in the phosphorylation of D-fructose and D-glucose,
respectively, have been described (Hartl and Seiboth,
2005), but in view of the strong growth defects on many
other sugars exhibited by the knockout strains, we
refrained from testing this trait further.

An interesting finding concerns simultaneous deletion of
hxk3 and daml that leads to a 60% reduction in condio-
spore formation in this double knockout mutant and con-
comitantly, to an up to 100-fold increase in dacl expression
in the absence of GIcNAc. In a recent publication, Hakki-
nen et al. found a strong dependence of dacl expression
on PAC1, the principal mediator of the response to extra-
cellular pH in T. reesei (known in A. nidulans as PacC: see
Pefialva and Arst, 2004). The levels of dacl were strongly
upregulated in a pacl deletion strain, which mimics acidic
conditions (Hakkinen et al., 2015). A pacl deletion in Tri-
choderma harzianum was shown to result in decreased
conidiation (Moreno-Mateos et al., 2007). Although we
cannot directly explain the correlation between dacl
up-regulation and conidiation with our current understand-
ing of GIcNAc catabolism, a pleiotropic effect of elevated
dac1 levels on spore formation cannot be excluded.

In this study, we focussed on functional verification and
characterisation of the GIcNAc catabolism pathway and
the respective genesin T. atroviride and T. reesei. Further-
reaching consequences of genetic alterations in this
pathway and of its activator RON1 will be the subject of
future studies. This could encompass potential feedback
effects of the lack of GIcNAc catabolism on chitinase gene
regulation as well as more general aspects related to, for
example, carbon catabolite repression, as has been
reported for N. crassa VIB-1 (Xiong et al., 2014). While
Trichoderma chitinase genes have so far been reported to
be inducible only by chito-oligosaccharides or chitin-
containing polymers (e.g. chitin and fungal cell walls), the
two N-acetylglucosaminidase-encoding genes nagl and
nag?2 are strongly inducible by the monomer GlcNAc (Mach
et al., 1999; Gruber and Seidl-Seiboth, 2012). Although the
two proteins NAG1 and NAG2 exhibit different extracellular
locations — NAG1 is predominantly secreted into the
medium, while NAG2 remains attached to the fungal cell
wall; the presence of one of these proteins is both neces-
sary and sufficient to enable growth on chitin (Lépez-
Mondéjar et al., 2009). T. atroviride cannot grow on the
dimer chitobiose when nagl and nag2 genes are absent,
which not only shows that there is no additional extracel-
lular N-acetylglucosaminidase that would be able to com-
pensate for NAG1 and NAG2, but also strongly suggests
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that extracellular cleavage of the dimer into monomersis a
prerequisite for uptake in T. atroviride (Lépez-Mondéjar
et al., 2009). In this study, we could now show that the
expression of both N-acetylglucosaminidases is depend-
ent on RONL1 since expression of neither of them can be
induced in the presence of GIcNAc in a ronl deletion
mutant. This observation presents an interesting starting
point for further investigations of the regulation of chitin
metabolism.

As shown in this study, GIcNAc uptake proceeds mainly
via the transporter NGT1 because growth of ngtl knock-
out strains was virtually abolished in liquid cultivations. On
agar plates, some growth was evident, although the
formed mycelium was less dense than in the control
strains. The observed weak growth could be explained by
presuming the existence of another hexose transporter
that has a low affinity for GIcNAc and is expressed suffi-
ciently due to the different type of colony morphology or
the different environmental conditions on solid but not in
liquid medium. Alternatively, it could be induced by (com-
ponents of) the solidifying agent to support the observed
residual growth on GIcNAc plates.

The GIcNAc gene cluster was not only inducible by
GIcNAc, but also by chitin, although induction levels were
lower. This is in agreement with the observed slow forma-
tion of biomass on chitin and suggests that extracellular
depolymerisation is the bottleneck for growth on chitin. For
proper understanding of the regulation of chitin degrada-
tion from external chitinous carbon (and nitrogen reserve)
sources as well as for the process of cell wall remodelling
and recycling, knowledge of the GIcNAc catabolic pathway
and its possible regulatory and feed-back functions is
pivotal. Chitin degradation narrows down from a multi-
enzyme system at the level of polymeric chitin decompo-
sition to a well-defined, singular pathway with unique
genes for each step. It remains to be elucidated whether
altering the flow through the GIcNAc catabolic pathway by
manipulation of single genes leads to a better understand-
ing of the regulation and functions of the whole chitin
degradation machinery as well as of chitin biosynthesis.

In this study, we progressed towards a more complete
insight in fungal chitin degradation by describing the
GIcNAc catabolism pathway and its gene cluster in fila-
mentous fungi and established the principle role of the
Ndt80 family regulator RON1 as its transcriptional
activator.

Experimental procedures

Strains and cultivation conditions

T. atroviride IMI206040 (ATCC 20476) and T. reesei QM9414
(ATCC 26921) were used in this study and maintained on
potato dextrose agar (PDA, BD, Franklin Lakes, USA). Agar
plates were kept in the dark at 28°C for T. reesei orina 12 h
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light/12 h dark cycle at 28°C for T. atroviride. Stock cultures
were kept in 50% glycerol at —80°C. For yeast transformation
to generate deletion constructs, the shuttle vector pRS426
(Christianson et al., 1992) and the yeast strain WW-YH10
(ATCC 208405) were used. E. coli Stellar™ Competent Cells
(Clontech Laboratories, Mountain View, CA) were used for
propagation of all used and constructed plasmids.

For shake flask cultivations MA medium [pH 5; per liter:
1.4 g (NH,).SO, 2.0g KH,PO,, 0.3 g MgSO,*7H,O, 0.3 g
CaCl,*2H,0, 5 mg FeS0O,*7H,0, 1.6 mg MnSO,*H,0, 1.4 mg
ZnS0O4*7H,O and 2 mg CoCl,*2H,0 for T. reesei (adapted
from (Mandels and Andreotti, 1978)] and SM medium for
T. atroviride (Seidl etal., 2004) with 0.05% peptone and
1% glucose (D-Glucose Monohydrate; Roth, Karlsruhe,
Germany) or N-acetylglucosamine (GIcNAc; Sigma-Aldrich,
St. Louis, MO) as carbon source was inoculated with 1 x 10°
conidia mI™* and cultivated at 28°C and 220 r.p.m. for the
indicated time periods. For replacement of carbon sources,
T. reesei strains were pre-grown in MA medium containing
0.05% peptone and 1% glycerol (for replacement with GIcNAc
and glucose) or 1% glucose (for starvation) for 24 h and 16 h,
respectively, harvested by filtration through sterile filter
tissue (Miracloth; Calbiochem, Merck, Darmstadt, Germany),
washed with sterile tap water and transferred to fresh MA
medium, containing carbon sources as stated in the figure
legends in the results section and again incubated at 28°C,
220 r.p.m. for the indicated time periods. Static liquid cultiva-
tions were performed in sterile Petri dishes (100 mm diameter,
Greiner Bio-one, Kremsmunster, Austria) with MA medium
containing 1% glucose, powdered chitin (Sigma-Aldrich) or
colloidal chitin, inoculated with 1 x 10° conidia mI™* and culti-
vated at 28°C. Colloidal chitin was prepared as described in
Seidl et al. (2005). Mycelial samples from shake flask and
static cultures were harvested by filtration through Miracloth
(Calbiochem, Merck), washed with cold distilled water and
immediately frozen in liquid nitrogen. Mycelial dry weight was
determined by withdrawing 50 ml aliquots from shake flask
cultivations, suction filtration through a glass wool filter, fol-
lowed by extensive washing with tap water, and drying at 80°C
to constant weight.

For preparation of conidia from different maturation stages,
based on the appearance of the mycelium covered with
conidia, ranging from white (2 days) to light green (3 days)
and dark green conidia (7 days) strains were grown on PDA
plates in the dark at 28°C. Conidia were harvested at the
indicated time points by rinsing the sporulating mycelium with
a 0.9% NaCl/0.05% Tween-80 solution, which was then
transferred into a sterile 2 ml reaction tube, concentrated by
centrifugation (2,500 g, 3 min), and the conidial pellet was
immediately frozen in liquid nitrogen.

For spore counting strains were grown for 12 days on PDA.
Conidiospores were harvested from plates in a defined
volume of 0.9% NaCl/0.05% Tween-80 solution/plate and
counted in a Thoma-cell counting chamber (Roth). The
amount of total spores per ml was calculated using the
formula given by the manufacturer. To visually determine the
color of the mature spores, a dilution to 1 x 107 spores per ml
was produced according to the spore concentration deter-
mined by cell counting. Statistical analysis for growth tests
and spore generation was performed using the Student's
t-test, assuming unequal variance of groups.
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Isolation and purification of fungal DNA and RNA

For RNA isolation, the samples were ground with mortar and
pestle to a fine powder under liquid nitrogen, and total RNA
was isolated using the guanidinium thiocyanate method
(Sambrook and Russell, 2001). Isolated RNAs were treated
with DNAse | (Fermentas, St Leon-Roth, Germany), and
cDNAs were subsequently generated with the Revert Aid
H-minus cDNA synthesis kit (Fermentas). For verification of
knockouts, genomic DNA was isolated using a rapid DNA
purification protocol (Liu et al., 2000). Genomic DNA from
T. reesei was isolated using the Wizard Genomic DNA Puri-
fication Kit (Promega).

Gene expression analysis (RT-PCR and
guantitative RT-PCR)

RT-PCR (17-30 cycles depending on the probe, see
Table S1) was performed using the gene-specific primers
listed in Table S1 along with the database accession numbers
of the genes analysed in this study. The tefl gene (JGI
protein ID 83874 for T. reesei and JGI protein ID 300828 for
T. atroviride in the JGI database; NCBI database:
XP_006964056 and EHK42777 respectively) was used as
the reference gene. qRT-PCR reactions were performed in a
Bio-Rad (Hercules, CA, USA) iCycler 1Q. The reaction mix
contained 12.5 pl SYBR green Supermix (Bio-Rad), 8.5 ul
pure water, 6.25 uM forward and 6.25 uM reverse primer, and
2 ul 1:50 diluted template cDNA. For cDNA synthesis, 5 pg of
RNA/reaction were reverse-transcribed using the Revert Aid
H-minus cDNA synthesis kit (Fermentas). Primer efficiency
for gPCR was calculated using a dilution series from 1:5 to
1:5000 with the PCR baseline-subtracted mode. Amplification
efficiency was then calculated from the given slopes in the
1Q5 Optical system Software v2.0. The amplification protocol
consisted of an initial denaturation step for 3 min at 95°C,
followed by 40 cycles of denaturation (95°C for 15 s), anneal-
ing and elongation (60°C for 15 s). Oligonucleotides are listed
in Table S1. The tefl gene was used as a reference. Relative
gene expression ratios were calculated using REST software
(Pfaffl et al., 2002). For analyses of the results, samples from
at least two independent experiments with three technical
replicates in each run were used. The significance of differ-
ences in gene expression between different knockout
mutants and the parental strain as well as between cultivation
conditions at a given time point was evaluated by the Stu-
dent’s t-test, assuming unequal variance of groups.

Generation of T. reesei gene knockout strains

Gene deletions were performed in a T.reesei QM9414
Atku70 strain in which the tku70 gene was replaced by the
pyrd marker (Ghassemi etal., 2015; C. Ivanova and B.
Seiboth, unpub. results). Effects of the deletion of tku70 in
T. reesei have been described in Guangtao etal. (2009).
Gene knockout cassettes were generated using the yeast
recombination system described in Schuster etal. (2012).
For generation of the 5’- and 3’-flanking sequences consist-
ing of around 1kb of up- and downstream non-coding
regions of the respective genes, primers were designed

according to Schuster etal. (2012). Sequences were
obtained from the T.reesei genome database (http://
genome.jgi-psf.org/Trire2/Trire2.home.html). Primers for 5’-
and 3’-flanking sequences for the knockout cassette con-
struction are listed in Table S2. As selectable marker the
hygromycin phosphotransferase gene hphB from E. coli was
used to generate single knockout strains (Mach et al., 1994).
For generation of double and triple knockout strains, the
geneticin resistance gene (npt2, from E. coli (Bischof and
Seiboth, 2014)) and acetamidase gene (amdsS, from Asper-
gillus nidulans; described for application as selection marker
in Trichoderma in Penttila et al., 1987) were used as selecta-
ble markers (the primers for amplification of the marker
genes are listed in Table S3). In the course of these experi-
ments, also single knockout strains with npt2 (hxk3) and
amdS (daml) markers were generated (Table 1) with which
also the results from the hphB marker deletion strains could
be verified. The amplified 5" and 3’ flanking regions of the
respective GIcNAc cluster genes and the marker genes
were inserted in pRS426 by homolog recombination in yeast
(Schuster et al., 2012). Transformation of T. reesei was per-
formed essentially as described in Gruber etal. (1990).
Correct integration of the gene deletion cassette was veri-
fied by PCR (primers are listed in Table S4) after two rounds
of purification by single spore isolation on selective medium
containing 0.1% Triton X-100. Selective media were PDA
with 100 pug ml* Hygromycin B (Roth) or 120 ug ml* Gene-
ticin (G418-Sulfat, Roth) for hphB and npt2, respectively,
and 0.1 M acetamide (Merck) in MA medium lacking other
nitrogen sources for amdS. A replacement strain of the
Aronl strain was constructed by heterologously reintroduc-
ing the wild-type ronl gene coupled to an amdS cassette
into the constructed Aronl strains. Therefore, ronl was
amplified from genomic T. reesei DNA, assembled with the
amdS cassette downstream of the gene in the pRS426
vector and transformed into the Aronl mutant strains as
described above. Table 1 shows all generated knockout
strains and the Aronl ronl* replacement strain. Knockout
strains and the Aronl ronl* replacement strain were verified
for correct integration of the cassette by PCR (Fig. S2) and
by absence of the wild-type band of the respective target
genes and gene expression (data not shown). At least two
independent knockout strains for each of the analysed
genes were used for characterisation.

Microscopic analyses

For detailed morphological characterisation of knockout
strains, liquid cultures supplemented with the carbon
sources indicated in the respective results sections were
incubated for 24, 48 and 72 h; 200 ul of each culture was
placed on a microscope chambered coverglass (Thermo
Fisher Scientific) and imaged with an inverted Nikon T300
microscope (Nikon, Tokyo, Japan) with differential interfer-
ence contrast optics and a DXM1200F digital camera
(Nikon). For microscopical investigation of the chitin content
of fungal cell walls, they were incubated with a solution con-
taining Calcofluor White to a final concentration of 2.5 uM
and imaged on a Nikon C1 confocal laser scanning unit
containing a 405 nm laser mounted on a Nikon Eclipse
TE2000 inverted microscope.
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Bioinformatic analyses

For analysis of the GIcNAc catabolic gene cluster in filamen-
tous fungi, genomic data of the 18 token species of Ascomy-
cota depicted in Fig. 2A, accessible at the National Centre for
Biotechnology Information (NCBI), were mined for orthologs of
the six genes involved in GIcNAc catabolism that are
described in this paper, i.e. hxk3, dacl, dam1, ngtl, ronl and
nag3, by TBLASTN screening (Altschul et al.,, 1990). The
guery proteins used were the functional C. albicans structural
proteins Nagl (T. reesei DAM1), Nag2 (T. reesei DAC1), Nag5
(T. reesei HXK3) and Ngtl (T.reesei NGT1) (all of these,
encoded by intron-less genes), the predicted GH family 3
protein from T. reesei (NAG3, protein ID: 79669, NCBI acces-
sion number: XP_006966911) and A. nidulans (NCBI TPA
accession number CBF84813; 923 aa) and the Ndt80-like
regulator PhoG/XprG from A. nidulans (NCBI TPA accession
number CBF84810: 588 aa), as well as its ortholog in T. reesei
RON1 (protein ID: 79673, NCBI accession number:
XP_006966820). Gene models were determined manually,
and clustering and orientation were subsequently deduced for
the closely linked genes. Intergenic spaces within (sub)clus-
ters were checked for (additional) reading frames.

To study the evolutionary relations among ascomycete pro-
teins harbouring an NDT80-like DNA-binding domain, we
mined the NCBI Whole Genome Shotgun contigs database —
including an ample range of species of Eurotiomycetes, Sor-
dariomycetes and Dothideomycetes — for the encoding genes
in Pezizomycotina and Taphrinomycotina and the NCBI Ref-
erence Genomic Sequences database for the encoding genes
in Saccharomycetales. As queries for TBLASTN screening,
we used the characterised regulatory proteins Saccharomy-
ces cerevisiae Ndt80 (Xu et al., 1995), Neurospora crassa
Vibl (Xiang and Glass, 2002), Aspergillus nidulans PhoG/
XprG (version TPA Accession CBF84810; (Wortman et al.,
2009) and its T. reesei ortholog, RON1 (Kubicek et al., 2011).
Gene models and products were deduced manually, in some
cases with the aid of publicly available EST sequences, for
instance, for the correct 586 residues-long Ndt80-ortholog in
Neurospora crassa, GenBank accessions GE976053 and
BG280050. PhoG/XprG- and Vib1-like proteins were assigned
to two groups (tagged _1 and _2 respectively) based on the
gene model (intron-exon structure) of the encoding genes,
while Ndt80-like proteins (labelled _3) are clearly distinct. In
the subphylum Taphrinomycotina, we only found a PhoG/
XprG-like protein specified in the primitive species Saitoella
complicata. Two paralog Ndt80-like proteins deduced from the
genomes of seven strains of Rhizophagus irregularis, belong-
ing to the phylum of Glomeromycota, were included to provide
an evolutionary anchor that eventually appeared at the basis
of the branch of the Ndt80-like (group 3) ascomycete proteins.

Approximately 500 resulting protein sequences from this
search were aligned with MAFFT version 7 (Katoh and Toh,
2008) using the E-INS-i algorithm and a BLOSUM 45 simi-
larity matrix. The alignment was curated with Block Mapping
and Gathering using Entropy (Criscuolo and Gribaldo, 2010)
using a BLOSUM 40 similarity matrix and a block size of 3,
yielding 135 informative residues per protein. A maximum
likelihood tree was then calculated with the PhyML program
applying the WAG substitution model (Guindon et al., 2010)
and drawn with FigTree (available at http://tree.bio.ed.ac.uk/
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software/figtree). The drawing software allows simplification
of branches or clades to group phylogenetically related pro-
teins with retention of species information in cartoons
(Fig. S1) as well as collapsing branches or clades to the level
of entire classes or entire families (Fig. 2B) (NB: all known
Saccharomycotina belong to the order of Saccharomyc-
etales). Hence, Fig. 2B shows an extremely compressed
version while Fig. S1 is a more extensive, albeit still simpli-
fied, reflection of the same maximum likelihood tree. Approxi-
mate likelihood ratio tests (Anisimova and Gascuel, 2006)
were calculated integrally by PhyML using Chi2-based para-
metric, and aLRT values (0-1) are given at the connecting
nodes in the tree.
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Chapter 1.3

N-acetylglucosamine, the monomeric building block of chitin, inhibits growth

of Neurospora crassa

Romana Gaderer, Verena Seidl-Seiboth and Lisa Kappel

Abstract

N-acetylglucosamine (GIcNAc) is the monomer of the polysaccharide chitin and is in fungi an
important structural component of the fungal cell wall. GIcNAc can also serve as nutrient
source for filamentous fungi. We could recently show that the genes encoding the enzymes
necessary for catabolism of GIcNAc are clustered in filamentous ascomycete fungi, including
Neurospora crassa. But GIcNAc-catabolism has not been studied in N. crassa so far. In this
study we investigated the GIcNAc-catabolism cluster genes in N. crassa with respect to their
gene expression and analysed growth behaviour and biomass formation of N. crassa on
GlcNAc as carbon source. The results showed that, in contrast to Trichoderma species,
GlcNAc is surprisingly a very poor carbon source for N. crassa. These results were confirmed
with four N. crassa wild-type isolates. GIcNAc turned out to be even growth-inhibiting in the
presence of other carbon sources. Nonetheless we found that the GIcNAc-catabolism cluster
genes were still expressed on GIcNAc. Since our findings, as well as data from other
organisms reported in the literature, suggested that the enzymatic conversion from
glucosamine-6-phosphate to fructose-6-phosphate performed by the glucosamine-6-
phosphate deaminase could be a bottleneck in GIcNAc-catabolism, we attempted to
overexpress the functional GlcN-6-phosphate deaminase gene (dam1) from Trichoderma
reesei in a N. crassa wild-type and a dam-1 deletion strain. Indeed, investigations of the T.
reesei dam1 overexpression strains exhibited improved GlcNAc utilisation, but the results
showed that growth was still relatively sparse in comparison to D-glucose, which is in

contrast to other fungi such as Trichoderma species.

Introduction

Chitin consists of B-(1,4) linked residues of N- acetylglucosamine units (GIcNAc, 2-acetamido-

2-deoxy-D-glucopyranose) and is a major constituent of the shells of crustaceans and insects.
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Chitin can also be found as a major component in the exoskeleton of arthropods and
nematodes and in the cell walls of algae and fungi, and is overall considered to be the
second most abundant polymer on earth [1-5]. In fungi, chitin is located in the inner layer of
the cell wall close to the plasma membrane [6] and constitutes together with 3-(1,3 1,6)
glucan the structural scaffold of the cell wall [7]. Bacteria and fungi are responsible for the
turnover of chitin in soil and marine environments. Genomic studies showed that
filamentous fungi have a multitude of genes encoding chitinolytic enzymes [8, 9]. Enzymatic
degradation of chitin involves chitinases (EC.3.2.1.14), which are in fungi members of the
glycoside hydrolase (GH) 18 family and catalyze the hydrolysis of the B-1,4 linkages in chitin
and chitooligomers, releasing short-chain chitooligosaccharide products with a minimum
chain length of 2 GIcNAc molecules [10]. Filamentous fungi have typically between 10 and 30
different chitinases, whereas fungi with yeast and yeast-like forms exhibit low numbers of
chitinases [8, 9]. (GIcNAc), is converted into GIcNAc monomers by N-acetylglucosaminidases
belonging to GH family 20 in fungi [8]. GIcNAc can subsequently be taken up into the cell and
used as carbon and nitrogen source via three additional steps that lead to generation of
fructose-6-phosphate, which subsequently can enter glycolysis. However, GIcNAc not only
undergoes catabolic recycling, but also feeds into anabolism as UDP-GIcNAc, which is a
building block for de novo chitin synthesis in the cell wall [11, 12]. We were recently able to
show that the genes involved in the conversion of GIcNAc to fructose-6-phosphate are
clustered in fungi. The GIlcNAc-catabolism gene cluster was first described in the human
pathogen Candida albicans. Saccharomyces cerevisiae and Schizosaccharomyces pombe lack
the genes needed to catabolize GIcNAc [13-15]. In our recent study we found that this
cluster is also conserved in filamentous fungi, including Trichoderma spp. and Neurospora
crassa [16]. The three main enzymes that are responsible for the stepwise conversion of
GlcNAc into fructose-6-phosphate are a GlcNAc-hexokinase (Trichoderma: HXK3; C. albicans:
Nag5/Hxk1), a GlcNAc-6-phosphate deacetylase (Trichoderma: DAC1; C. albicans:
Nag2/Dacl) and a glucosamine-6-phosphate deaminase (Trichoderma: DAM1; C. albicans:
Nagl) [17, 18]. Furthermore, a gene belonging to GH3-family, namely nag3, occurs in the
GlcNAc-catabolism cluster and the protein exhibits similarity to bacterial B-N-
acetylhexosaminidases. A GIcNAc transporter, named NGT1 (GIcNAc:H® symporter), is

located distantly from the cluster ([19-23] and http://www.cazy.org/GH3.html). In contrast

to C. albicans, the GIcNAc-catabolism cluster of filamentous fungi often includes an Ndt80-
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like transcription factor, called RON1 (regulator of N-acetylglucosamine catabolism 1), which
was recently shown to operate as a key activator of the GIcNAc gene cluster and is essential
for GIcNAc-catabolism [16]. The genome of N. crassa contains all six genes from the GIcNAc-
catabolism, the catabolic genes are similar to the other filamentous fungi, highly conserved
and clustered together with the Ndt80-like transcription factor. N. crassa has two other
Ndt80-like transcription factors, VIB1 and FSD1, whose biological functions seem to be
unrelated to GlcNAc-catabolism and therefore are different from that of RON1. FSD1 plays
an important role in timing and development of female reproductive structures and
ascospore maturation [24] and VIB1 controls the production of proteases upon nutrient
starvation, is involved in the regulation of vegetative incompatibility and programmed cell
death, as well as plant cell wall degradation by repressing glucose signalling and carbon
catabolite repression (CCR) [24-26].

In this study, we investigated the growth of N. crassa on chitin and GIcNAc and the inhibitory
growth effect of GIcNAc on other carbon sources. Moreover, we characterized the GIcNAc-
catabolism cluster genes in N. crassa with respect to their gene expression profiles and their

effect on GIcNAc utilization.

Material and Methods

Strains and cultivation conditions

The following fungal strains were used in this study: Neurospora crassa wild-type (WT)
strains 74-OR23-1A(FGSC987), Chilton (FSGC1691), Lindegren25a (FSGC353), Fast growth
(FSGC5729) and the N. crassa 74-OR23-1A knockout strains Aron-1(FGSC12181; NCU04729),
Adam-1 (FGSC16718; NCU04727), Angt-1 (FGSC18566; NCU09771), Anag-3 (FGSC22042;
NCU04726), Ahxk-1 (FGSC 16566; NCU04728). All strains were obtained from the Fungal
Genetics Stock Center (FGSC, Kansas City, MO) [27], and maintained on Vogel's minimal
medium (VM) with 1% sucrose at 28°C [28].

Escherichia coli Stellar™ Competent Cells (Clontech Laboratories, Mountain View, CA, USA)

were used for propagation of all used and constructed plasmids.
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For biomass measurements, samples for gene expression analysis on insoluble crab-shell
chitin and growth tests liquid standing cultivations were performed. 1x10° conidia/ ml were
cultivated in VM with 1 % of the indicated carbon sources [glycerol (Roth, Karlsruhe,
Germany), GIcNAc (Sigma-Aldrich, St.Louis, MO), chitin from crab shell (Sigma-Aldrich, St.
Louis, MO), D-glucose (Roth, Karlsruhe, Germany), D-fructose (Sigma-Aldrich, St. Louis, MO)
and cellulose (Serva, Heildelberg, Germany)] at 28°C with 12h/ 12h dark/ light cycles. For
biomass measurements, cultivations were performed in sterile petri dishes with 5 cm
diameter (Greiner Bio-one, Kremsmiunster, Austria) containing a volume of 10 ml VM and 1
% carbon source. For gene expression analysis on chitin and growth assays on different
carbon sources, cultivations were performed in sterile petri dishes with 9 cm diameter
(Greiner Bio-one, Kremsmdlinster, Austria) containing a volume of 15 ml VM and 1 % carbon
source. Mycelia for RNA synthesis were harvested by filtration through Miracloth
(Calbiochem, Merck, Darmstadt, Germany), washed briefly with cold tap water and stored at
-80°C, samples were taken after 16 h, 24 h and 48 h. Images of the plates from N. crassa WT
and gene deletion strains were taken after seven days and from N. crassa WT and
overexpression strains after 12 days.

For gene expression analysis via induction by GIcNAc liquid shaking cultivations were
performed in flasks containing 200ml VM medium and 1% glycerol. They were inoculated
with 1x10’ conidia/ ml and incubated for 24 h at 200 rpm and 28°C, and then the formed
fungal biomass was replaced into VM medium with either 1 % glycerol (as control) or 1 %
GlcNAc. Samples were taken after 0.5 h, 1 h and 2 h after shifting. Mycelia were harvested
by filtration through Miracloth (Calbiochem, Merck, Darmstadt, Germany), washed briefly

with cold tap water, immediately immersed in liquid nitrogen and stored at —-80°C.

For viability assays on GIcNAc N. crassa WT conidia were incubated in 1 ml liquid standing
VM medium containing 1 % GIcNAc in 2 ml tubes for 20 h. Thereafter the spores were
washed twice with distilled water and shifted into 6 well plates (Greiner Bio-one,
Kremsmiinster, Austria) containing 3 ml VM medium each with either 1 % glycerol, 1 % D-
glucose or 1 % GIcNAc (negative control). As positive control N. crassa conidia were pre-

incubated in VM containing 1 % D-glucose or 1 % glycerol instead of GIcNAc.
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Biomass measurements

The total protein concentration, corresponding to biomass formation, was measured for
mycelial biomass after extraction with NaOH as described in [29]. 10 ml of each sample were
harvested by centrifugation at 5000 x g for 10 min and mycelia were washed twice with
distilled water. Then mycelia were incubated with 1 ml 1M NaOH for 3 h by shaking (1000
rom) at room temperature, and centrifuged again. The protein content was determined
using the Bradford protein assay (Bio-rad, Hercules, CA, USA) with BSA as standard. All
extractions and measurements were performed at least in duplicates. Statistical analysis of

the results was performed with student’s t-test, assuming unequal variance of groups.

Plasmid construction

For generation of the dam1 overexpression construct, the respective coding region of dam1,
the GIcNAc-deaminase of Trichoderma reesei (JGI Protein ID 49898, NCBI accession number:
XP_006966912.1), was amplified from T. reesei cDNA with the primer pair
FW_INFU_DAM T.r. and RV_INFU_DAM T.r (see Suppl. Tab.1). A suitable host vector, pAL6-

lifeact (FGSC760, http://www.fgsc.net), which harbours a strong Pccg-1 promoter [30, 31]

and a nourseothricin (nat1) [32] selection gene, was chosen and linearized via PCR using
FW_pAL6_linear and RV_pAL6_linear primer (see Suppl. Tab.1). The reporter peptide
(Lifeact) and the fluorescent protein (TagRFP-T) of the pAL6-lifeact plasmid were regarded
disadvantageous for this experiment, and therefore replaced with T. reesei daml gene.
Plasmid construction was carried out using the in vitro cloning In-Fusion® PCR cloning system
(Clontech, Takara Bio Europe, Saint-Germain-en-Laye, France). The construct was verified by
sequencing and ectopically transformed into N. crassa WT 74-OR23-1A and the
corresponding Adam1 strain using a standard electroporation protocol for N. crassa [33].
Transformants were selected by recovery on VM medium with 10 % CaCl, and 10 % MgSO,
and 400 pg/ ml nourseothricin and subsequently purified by single spore isolation, twice,
and screened with PCR using the primers FW_Trafo_check_DAM and RV_Trafo_check_DAM
(Suppl. Fig.2a). For verification of overexpression strains, genomic DNA was isolated using a

rapid DNA purification protocol [34]. And the expression of T. reesei dam1 was checked by
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RT-PCR using the primers Tr_DAM_RTs and Tr_DAM_RTa (Suppl. Fig.2b). All oligonucleotides

are listed in Suppl. Tab.1.

RNA Isolation

For RNA isolation the mycelia from those samples that were grown on D-glucose, glycerol
and GIcNAc, were ground to fine powder under liquid nitrogen and total RNA was isolated
using the guanidinium thiocyanate method [35]. RNA from chitin samples was isolated with
the RNeasy Plant Mini Kit (Qiagen). Isolated RNAs were treated with DNAse | (Fermentas, St
Leon-Rot, Germany), and cDNAs were generated with the Revert Aid H-minus cDNA

synthesis kit (Fermentas), using 5 ug RNA.

Gene expression analysis

gPCR reactions were performed in an Eppendorf Realplex thermal cycler. The reaction mix
contained 12.5 ul SYBR green Supermix (Bio-Rad Laboratories, Hercules, CA, USA), 8.5 ul
pure water, 6.25 uM forward and 6.25 uM reverse primer, and 2ul 1:50 diluted template
cDNA. Reactions were performed in triplicates. Primer efficiency was calculated using a
diluted series from 1:5 to 1:5000 with the PCR baseline-subtracted mode. The amplification
protocol consisted of an initial denaturation step for 3 min 95°C followed by 40 cycles of
denaturation (95°C for 15 s), annealing, and elongation (60°C for 15 s). Oligonucleotides and
protein IDs in the N. crassa genome database are listed in Suppl. Tabl. The actl (actini,
NCU04173) gene was used as reference. Expression data were evaluated using REST
software [36]. All samples were analysed in at least two independent experiments with three
replicates in each run. Statistical analysis of the results was performed with student’s t-test,

assuming unequal variance of groups.

Microscopic analyses

For morphological characterization, liguid VM medium supplemented with the carbon

sources indicated in the respective results sections, were incubated for 8 h at 28°C. 200 pl of
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each culture were placed on microscope chambered coverglass devices with eight wells
(Thermo Fisher Scientific) and imaged with an inverted Nikon T300 microscope (Nikon,
Tokyo, Japan) with differential interference contrast optics and a DXM1200F digital camera

(Nikon).

Results

1) GIcNAc inhibits growth of N. crassa

Several bacteria as well as various fungi have been reported to be able to utilize GIcNAc as
sole carbon source, including filamentous fungi from the genera Trichoderma and Apergillus
[37, 38]. In analogy to other filamentous fungi, the genome of N. crassa contains a gene
cluster located on linkage group (chromosome) 6 encoding the enzymes involved in GIcNAc-
catabolism and a transcription factor. Distant from the GIcNAc gene cluster, a gene encoding
the GIcNAc transporter is located on linkage group (chromosome) 2. Following the
nomenclature that was used for T. reesei [16], we named the respective genes in N. crassa
hxk-3 (NCU04728), dac-1 (NCU04725), dam-1 (NCU04727), nag-3 (NCU04726), ngt-1
(NCU09771) and ron-1 (NCU04729), one of the three Ndt80-like transcription factors also
described in Hutchison, et al [24]. Since Trichoderma species are readily able to utilize
GlcNAc as carbon source and the GlcNAc-catabolic cluster is strongly conserved between
Trichoderma spp. and N. crassa, we anticipated that N. crassa would grow equally well on
GlcNACc as sole carbon source. However, when we compared the growth of N. crassa WT 74A
on VM medium containing different carbon sources (glycerol, D-glucose, cellulose, D-
fructose, chitin and GIcNAc), the results (Fig.1a) showed surprisingly that N. crassa was

unable to grow on GIcNAc.
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Fig.1: Growth of N. crassa WT 74A on different carbon sources. a) Growth of the WT on VM
containing different carbon sources (1% glycerol, 1% glucose, 1% cellulose, 1% fructose, 1%
chitin and 1% GIcNAc) after 7 days. Negative control was VM medium containing the
appropriate carbon source without spores. b) WT on VM containing 1% glycerol or 1%
glucose after incubation for 20 h on VM with 1% GIcNAc. Positive control was only incubated
and replaced on VM containing 1% glycerol or 1% glucose and negative control was replaced
again on VM containing 1% GIcNAc. Pictures were taken after 7 days.

Somewhat in contrast to that finding, N. crassa was able to grow on medium containing
purified chitin powder from crab shells (Suppl. Fig.1) and colloidal chitin, a better accessible,
acid-pre-treated, purified form of chitin. In order to verify that the observed growth defect
was not specific for N. crassa WT strain 74A, we tested three additional WT strains (Chilton
(FSGC1691), Lindegren25a (FSGC353), Fast growth (FSGC5729)). All tested N. crassa WT

strains were unable to grow on GIcNAc (data not shown).

In order to analyse the growth defect on GIcNAc in more detail, the concentration of GIcNAc
was varied between 0.1 % and 1 %. With all tested GIcNAc concentrations, growth of N.

crassa was inhibited.
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Next we tested if GIcNAc is simply not catabolized by the fungus or, beyond that, if it is even
growth-inhibiting in the presence of other carbon sources. Therefore, growth assays with the
N. crassa WT 74A on VM containing 1 % GIcNAc and 1 % glycerol, chitin, cellulose, D-glucose
or D-fructose were performed. GIcNAc was clearly growth-inhibitory in the presence of
glycerol (Fig.2a), and growth was strongly diminished. The growth-inhibitory effect on
glycerol was less pronounced when the GlcNAc concentration was lowered. Combination of
1 % GIcNAc with 1 % of the polymeric carbon sources cellulose and chitin resulted also in
strong growth inhibition (data not shown). Only upon supplementation with D-glucose and
D-fructose, restoration of growth was observed (data not shown). This might be due to
carbon catabolite repression that is caused by these carbon sources, in contrast to glycerol,
which is generally regarded as a non-repressive carbon source. Biomass formation of the WT
strain that was cultivated on VM containing 1% glycerol, 1% glycerol + 1 % GIlcNAc and 1%
GIcNAc was analysed after 16 h, 24 h and 48 h of growth. Since biomass formation was too
low for mycelial dry weight measurements, biomass was carefully harvested (by
centrifugation), lysed and quantified by total protein measurements (see Materials and
Methods for details). As observed by visual inspection in the growth assays described above,
guantification of the biomass showed that growth of N. crassa WT was very low on medium
containing GIcNAc as sole carbon source. After 48 h of growth a value of 13 +/- 1 pg/ ml
protein was measured and also on medium containing both, glycerol and GIcNAc, the value
was with 55 +/- 1.5 pg/ ml still only 29 % of that on glycerol alone (192 +/- 33 pg/ ml)
(Fig.2b).

Further, we investigated if incubation of N. crassa conidia in medium containing GIcNAc
solely inhibits growth or if GIcNAc leads to cell death of the conidia or germlings. In order to
test that, conidia were incubated in medium containing 1% GIcNAc for 20 h, thereafter
washed twice with distilled water and then replaced into medium containing 1% glycerol or
1% D-glucose, respectively. Interestingly, on both carbon sources normal growth was
restored upon medium shift (Fig.1b). Thus, these results showed that under our
experimental conditions, i.e. incubation with GIcNAc for up to 20 h, N. crassa conidia were
still viable. Germination was initiated on GIcNAc but hyphal growth appeared to proceed
very slowly. In order to test whether GIcNAc exerted its growth-inhibitory effect mainly
during the stages of spore germination and initial growth or if it is also growth inhibitory for

mature hyphae, we also tested if N. crassa WT strains could grow on GIcNAc containing
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medium when mycelium was used as starting material. The findings showed that also

growth of the mycelium itself was affected by GIcNAc (data not shown).

In C. albicans a growth defect on GIcNAc-containing medium was described for the three
single knockout strains hxk1, nagl, and dacl (and a triple mutant lacking all three catabolic
genes (hxk1AnaglAdacl1A)) [18]. Deletion mutants of nagl and dacl were not even able to
grow on medium containing GIcNAc with a supplementary carbon source such as D-glucose,
D-fructose and D-galactose, suggesting that excess GIcNAc-6-phosphate is deleterious.
However, growth of hxk1 single knockout strain and the triple mutant (hxk1Anagl1AdaclA)
was recovered on medium containing GIcNAc in addition to galactose [14, 18]. In the N.
crassa strain collection from FGSC, gene knockout strains for hxk-3, dam-1, ron-1, nag-3 and
ngt-1 are available. We therefore investigated growth of these strains on GIcNAc (Suppl.
Fig.1) in order to test whether a defect in the GlcNAc-catabolism pathway at certain steps
would have an effect on growth on GIcNAc alone or in the presence of other carbon sources.
However, the results were similar as those that we found for the WT and our findings again
showed that growth was also inhibited in the presence of glycerol (Fig.2a), but not glucose

(data not shown).
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Fig.2: Growth tests and biomass formation of N. crassa WT 74A and GIcNAc catabolic gene
knockout strains (Angt-1, Anag-3, Aron-1, Ahxk-3, Adam-1). a) WT and knockout strains
were grown for seven days on VM containing 1% glycerol and VM containing 1% glycerol +
1% GIcNAc as carbon source. Negative control was VM with the corresponding carbon
source without spores. b) For biomass measurements, strains were grown in liquid standing
VM medium, containing 1% glycerol or 1% gylcerol+1% GIcNAc or 1% GIcNAc and total

protein concentration was determined after 16 h, 24 h and 48 h after inoculation.

Quantification of biomass based on total protein measurements — biomass formation was
too low for mycelial dry weight measurements — showed that N. crassa WT and all tested
knockout strains exhibited no significant differences in biomass content on glycerol as
carbon source, which was used as control. On medium containing only GIcNAc as carbon
source, biomass formation of all tested strains was very low (between 4-25 ug/ ml after 48

h), similar to the results of the visual inspection of the growth tests, except for Ahxk-3, with
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slightly higher - but not statistically significant — values of 38 +/- 5 ug/ ml after 48 h of
growth. Interestingly, on medium containing both, 1 % glycerol and 1 % GIcNAc, biomass
formation of Ahxk-3 was significantly increased (350 +/- 83 pg/ ml after 48 h) and was
considerably higher than that of the WT with 55 +/- 1.5 ug/ ml and even higher than Ahxk-3
on medium containing only glycerol with 198 +/- 39 ug/ ml (Fig. 2b). In Fig.2a the difference
between Ahxk-3 and WT on medium containing glycerol and GIcNAc was not obviously
discernible with the naked eye, but we observed that Ahxk-3 formed plenty of mycelium but
did not sporulate well. Interestingly also the ngt-1 knockout strain showed increased

biomass formation (272 +/- 41 pg/ ml) after 48 h of growth compared to the WT.

2) The GIcNAc-catabolism cluster genes are induced by GIcNAc but not during growth

on chitin

In order to get first insights into gene expression levels of the GIcNAc-catabolic cluster genes
i.e. hxk-3, dac-1, dam-1, ron-1, nag-3, as well as the transporter-encoding gene ngt-1, we
analysed their expression in N. crassa WT strain 74A on medium containing chitin or GIcNAc
as carbon source. For analysis via induction by GIcNAc as carbon source a replacement
strategy was followed. Shake flask cultivations with VM medium containing 1 % glycerol as
non-repressive carbon source were inoculated with N. crassa WT conidia and incubated for
24 hours, and after that replaced into VM medium with 1 % glycerol (as control) or 1%
GIcNAc. Samples were taken after 0.5h, 1h and 2h after replacing (for more detailed
information see Materials and Methods section). Induction of gene expression by chitin was
investigated in liquid standing cultivations with 1 % chitin after incubation for 16h, 24h and
48h and compared to cultivations with glucose as carbon source. Transcription levels of the
N. crassa GlcNAc catabolic genes were investigated by RT-gPCR. As shown in Fig.3ab, gene
expression patterns of all six GIcNAc cluster genes on medium containing chitin showed
almost no difference compared to the control (D-glucose). Interestingly, none of the genes
was significantly upregulated on chitin, except for ngt-1, for which a slight induction (12-fold
after 48 h) could be detected. Gene expression of the transcription factor gene ron-1 and

GH3-encoding gene nag-3 was even somewhat lower on chitin than on D-glucose.
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Fig.3: Gene expression (RT-qPCR) of GIcNAc-catabolism cluster genes in the WT 74A strain.
a-b) Samples were taken after 16 h, 24 h and 48 h from liquid standing cultivations with
glucose or chitin as carbon source. All samples were normalized to the 16 h glucose sample.
c-d) Samples were taken after 0.5 h, 1 h and 2h after replacing from 1% glycerol into 1%
glycerol (control) or 1% GIcNAc. All samples were normalized to the 0.5 h glycerol sample.
actl was used as reference gene. The standard deviation of the mean expression values
from at least two independent biological replicates is shown. Bars indicate the SEM (*, **
and *** indicate significance at P < 0.05, 0.01 and 0.001).

In contrast to these findings with chitin as carbon source, all three GIcNAc catabolic genes
(hxk-3, dac-1, dam-1) were significantly stronger induced on GIcNAc than on the control
glycerol, with 102, 224 and 956-fold, respectively, after 1 h, summarized in Fig.3cd.
However, expression of the genes nag-3, ron-1 and ngt-1 was only moderately higher (9-fold
after 1 h) on GIcNAc than on glycerol. After 2 hours, at this time point expression of all three
genes is even decreasing on GlcNAc-containing medium, with 4, 4, and 1- fold, respectively.
These results therefore showed that the genes of the GlcNAc-catabolism cluster were
interestingly inducible by GIcNAc although N. crassa is not able to grow on this carbon

source. With chitin as carbon source they did not appear to be strongly induced, which was
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actually in agreement with the rather puzzling finding that N. crassa could grow rather well

on chitin and that it did not seem to be growth inhibiting.

3) Overexpression of the T. reesei glucosamine-6-phosphate-deaminase gene dam1l in N.

crassa WT and a Adam-1 strain partially restores growth on GIcNAc

The amino acid sequences of the enzymes involved in GIcNAc-catabolism in N. crassa, T.
reesei, C. albicans and E. coli were compared in order to detect possible clues why growth of
N. crassa is abolished when GIcNAc is added to the medium. N. crassa Hxk3 and Dacl exhibit
high similarities with their respective orthologs in Trichoderma spp.. A first investigation of
Dam1 suggested an N-terminal truncation of this protein because the first 70 amino acids
seemed to be missing in N. crassa in comparison to other fungi. However, a closer
examination revealed solely a wrong annotation of the introns leading to a falsely predicted
protein sequence. The correct open reading frame was confirmed using cDNA and specific
primers that bind in exons and introns, respectively, in our corrected model (PCR data not
shown). If the correct annotation were used, the resulting protein would exhibit a very
similar amino acid sequence to the other Dam1 orthologs (Suppl. Fig.3). Furthermore, in
silico analysis showed that the highly conserved catalytic residues described from E. coli are
also present in N. crassa Dam1. Nonetheless, since we observed the strongest growth defect
on GIcNAc in Adam1 and the findings in recent studies corroborate the importance of Dam1
in GIcNAc-catabolism, we hypothesised that the glucosamine-6-phophate-deaminase gene
could be a bottleneck in the GIcNAc utilisation process of N. crassa. Additional support for
the hypothesis that Dam1 plays an important role in the GIcNAc-catabolism came from the
fact that C. albicans deletion mutants of nagl (homologue of N. crassa dam-1) exhibit
massive growth defects on medium containing GIcNAc as carbon source, even in the
presence of additional carbon sources (D-glucose, D-fructose, D-galactose) [18]. Therefore
we decided to overexpress T. reesei dam1, which has already been shown to be important
and functional in T. reesei [16], in the N. crassa WT and N. crassa Adam-1 strain using the
strong N. crassa ccg-1 promoter. For construction and verification of the overexpression

strains see also Materials and Methods section and Suppl. Fig.2ab.
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In order to test if the presence of T. reesei dam1 improved growth of N. crassa on GlcNAc,
we investigated the growth of the verified transformants on different carbon sources and
pictures were taken after 12 days to ensure complete sporulation. As shown in Fig.4a the
overexpression strains, WT::ccg1:Trdam1 and Adam-1::ccgl:Trdam1, showed normal growth
on medium containing glycerol. Additionally, both strains were also able to grow on medium
containing both, glycerol and GIcNAc. However, although growth of the WT::ccg1:Trdam1
and Adam-1::ccg1:Trdam1 strains was clearly better than that of the Adam-1 strain, it was
only marginally improved compared to the WT. Growth on medium containing only GIcNAc

as carbon source did not show a clear improvement.

WT: T: Adam-1: Adam-1:
Adam 1 Trdam1/1 Trdam1/2 Trdam1/1 Trdam1/2

,/

‘000600
geer J") ' )/ , )

b)
ik WT: Trdam1/1
250 WT: Trdam1/2
M Adam-1
P Adam-1:Trdam1/1
200 T 1T Adam-1:Trdam1/2
. 11
€
D150 I
=2
*
100 = 1 *
'L F=
50 i I ———
il " o LI
0 i - i i i - I= I - l &=
16h 24h 48h 16h 24h 48h 16h 24h 48h
glycerol glycerol+GIcNAc GIcNAc

Fig.4: Growth tests and biomass formation of N. crassa WT 74A and overexpression strains
(WT::ccgl:Trdam1l and Adam-1::ccgl:Trdam1). a) WT and overexpression strains were

grown for 12 days on VM containing 1% glycerol, 1% GIcNAc and 1% glycerol + 1% GIcNAc as
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carbon source. Negative control was VM with the corresponding carbon source without
spores. b) For biomass measurements, strains were grown in liquid standing VM medium,
containing 1% glycerol or 1% gylcerol+1% GIcNAc or 1% GIcNAc and total protein
concentration was determined after 16 h, 24 h and 48 h after inoculation.

Quantification of biomass formation of the corresponding strains on VM containing 1%
glycerol, 1% glycerol+1% GIcNAc and 1% GIcNAc after 16 h, 24 h and 48 h of growth based
on total protein measurements, is shown in Fig.4b. All tested strains exhibited similar values
on the control glycerol. On medium containing GIcNAc as sole carbon source, biomass
formation of the WT::ccg1:Trdam1 and Adam-1::ccg1:Trdam1 strains was slightly higher (37
+/- 0.7 and 39 +/- 4 pug/ ml, 46 +/- 0.5 and 47 +/- 0.6 ug/ ml, respectively, after 48 h), but not
statistically significant different, but in general biomass formation was still very low, for the
WT with 13 +/- 1 pg/ ml and Adam-1 with 4 +/- 1.5 pg/ ml after 48 h, compared to other
carbon sources. The results for the cultivation on medium containing both, glycerol and
GlcNAc, showed that overexpression of T. reesei dam1 successfully improved biomass
formation of all tested strains. Biomass formation of the WT and Adam-1 strain was much
lower with 55 +/- 1.5 pug/ ml and 18 +/- 1.3 pg/ ml after 48 h than the results for the
overexpression strains WT::ccg1:Trdam1/ Adam-1::ccg1:Trdam1 with 159 +/- 9 ug/ ml and
160 +/- 44 pg/ ml, 193 +/- 8 ug/ ml and 195 +/- 7 ug/ ml, respectively.

Furthermore, we investigated morphological features of the WT, Adam-1, WT::ccg1:Trdam1
and Adam-1::ccgl:Trdam1 strains on VM containing 1% glycerol, 1% GIcNAc and 1%
glycerol+1% GIlcNAc. Macroscopically we could see that, although there was more biomass
formation and mycelium of the overexpression strains was dense, the strains produced only
small amounts of spores compared to the WT on glycerol (data not shown). Microscopic
analysis revealed clear differences in hyphal development between WT/ Adam-1 and
WT::ccgl:Trdam1/ Adam-1::ccgl:Trdaml strains grown on medium containing
glycerol+GIcNAc and GIcNAc as sole carbon source (Fig. 5ab). Especially the
WT::ccgl1:Trdam1 strains showed more germinated spores and the germ tubes were even

longer than that of the WT on glycerol (Fig. 5a).
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Fig.5: Microscopic analysis of the WT 74A, dam1 deletion strain and overexpression strains
and Adam-1::iccgl:Trdaml1). a) WT, WT:ccgl:Trdam1/1 and
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WT::ccgl:Trdam1/2 strains and b) Adam, Adam-1::ccgl:Trdam1/1 and Adam-
1::ccg1:Trdam1/2 strains on liquid standing culture containing VM with 1% glycerol, 1%
glycerol+ 1% GIcNAc and 1% GIcNAc after 8 h incubation are shown. Scale bars = 50 um.

Discussion

In this study, we focussed on GIcNAc-catabolism in N. crassa. We started by testing the
growth of four N. crassa WT isolates on different carbon sources, such as glycerol, D-glucose,
D-fructose, cellulose, chitin and GIcNAc (Fig.1a). Although all tested WT strains (74-OR23-1A:
FGSC987; Chilton: FSGC1691, Lindegren25a: FSGC353, Fast growth: FSGC5729) were able to
grow on VM medium containing glycerol, D-glucose, D-fructose, cellulose and even chitin, no
growth was observed on GIcNAc and it turned out to be even growth-inhibiting in the
presence of a non-repressive carbon source such as glycerol. Only D-glucose and D-fructose
were able to outcompete the growth-repressing effect of GIcNAc, which could be due to
carbon catabolite repression resulting in repression of gene expression of the GIcNAc gene
cluster. This points to the fact that an intermediate of the GIcNAc-catabolism pathway is
responsible for the observed growth defect on GIcNAc. Despite the deleterious effects of
GlcNAc on growth of N. crassa, it seemed to only cause a transient inhibition of growth but
did not lead to immediate cell death. When N. crassa conidia were incubated in 1 % GIcNAc
for 20 h, germination and growth could be completely restored after shifting them to
medium without GIcNAc, containing glycerol or D-glucose. This finding is in agreement with
observations in C. albicans, where addition of GIcNAc was also reported to have only an

inhibitory but no lethal effect [18].

Interestingly, N. crassa was readily able to utilize the polymer chitin in powder form from
crab shells and the better accessible and purified, acid-pre-treated form, colloidal chitin. One
possible explanation for that could be that GIcNAc or one of its intermediates in the GIcNAc-
catabolism pathway that are seemingly toxic for N. crassa, do not accumulate to sufficiently
high levels to lead to growth inhibition due to the slow release of the monomer from the
polymer chitin. However, in our assays even low amounts of the monomer GIcNAc were
growth inhibitory and therefore this hypothesis can in our opinion be rejected. An
alternative explanation could be that not chitinases but other, non-hydrolytic enzymes, e.g.

lytic polysaccharide monooxygenases are mainly responsible for chitin degradation in N.
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crassa, leading to chitin-degradation products other than GIcNAc, which would not be
catabolised via the GIcNAc pathway and therefore not lead to accumulation of the growth-
inhibitory intermediate. This is supported by our finding that the GIcNAc gene cluster was
highly inducible by GIcNAc, similar to the findings in T. reesei, which very efficiently uses
GlcNAc as carbon source [16], but none of the respective genes was found to be upregulated
on chitin. There was almost no difference in gene expression to the control D-glucose. These
findings are different from T. reesei which showed a clear upregulation for the GIcNAc
catabolic cluster genes on GIcNAc and chitin containing-medium. Although N. crassa is able
to utilize chitin as carbon source, the absence of the expression of the GIcNAc-cluster genes
suggests that the GIcNAc-catabolism pathway is bypassed. We investigated gene expression
at different time points (16 h, 24 h, 48 h) and biomass formation was clearly observed during
these growth stages. As stated above, we speculate that Iytic polysaccharide
monooxygenases could be important for chitin degradation in N. crassa, due to their ability
to cleave polysaccharides oxidatively [39-41] and leading to other chitin-degradation
products than by GlcNAc-catabolism and therefore no toxic concentration of the growth
inhibitory intermediate from the GIcNAc-catabolism pathway would be produced.

C. albicans is able to grow on GIcNAc containing medium, but Nassem et al. [18] described
that single and triple deletion strains of the genes encoding the three main enzymes (hxk1,
dacl, nagl) responsible for converting GIcNAc into fructose-6-phosphate failed to utilize
GlcNAc. Even in the presence of an additional carbon source, such as galactose, the dacl and
nagl deletion mutants were not able to grow, suggesting that an excess of GIcNAc-6-
phosphate is toxic to cells [18]. Similar inhibitory growth effects of GIcNAc were observed for
E. coli deletion strains lacking GIcNAc deacetylase or deaminase activity [42]. An exception in
C. albicans were Ahxkl and triple (hxk1Adam1AdaclA) knockout strains, which failed to
phosphorylate GIcNAc and could recover on medium containing GIcNAc and a
supplementary sugar (reviewed in Konopka et al, 2012 [14]). Based on these findings we
tested the growth of all N. crassa GlcNAc-catabolism gene knockout strains (except for the
not available Adac-1) on VM containing GIcNAc and glycerol. In agreement with the findings
in C. albicans, the hxk-3 deletion strain showed slightly better growth on medium containing
GIcNAc and glycerol (Fig.2). Thus, a possible explanation is that in analogy to C. albicans due

to the lack of the sugar kinase no toxic concentration of GlcNAc-6-phosphate will be
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produced and therefore the organism is able to utilize the supplementary carbon source and
is able grow again.

The N. crassa dam-1 deletion strain seemed to be most severely affected by GIcNAc even in
the presence of an alternative carbon source. The outcomes of this study confirmed the
assumption that the conversion from glucosamine-6-phosphate to fructose-6-phosphate
carried out by dac-1 is a precarious step in the GIcNAc-catabolism pathway. Based on the
findings in this study and previous data from C. albicans and E. coli [14, 42], where similar
results are described, the functional T. reesei deaminase gene dam1 was heterologously
overexpressed in N. crassa WT and Adam-1 background to see if high expression by another
functional deaminase gene can alleviate the observed severe growth defects. Investigation
of the overexpression strains showed that growth of the WT::ccg1:Trdam1 and Adam-
1::ccgl:Trdam1 strains was partially restored on medium containing both, glycerol and
GIcNAc. This suggests that overexpression of T. reesei dam1 indeed seems to slightly restore
N. crassa growth on GIcNAc in the presence of glycerol. On medium containing GIcNAc as
sole carbon source the inhibitory effect of GIcNAc was still present (Fig.4). Thus,
overexpression of T. reesei dam1 in N. crassa restored growth on GIcNAc to a certain extent,
but did not completely recover the growth defect, suggesting that more than one step in
GlcNAc-catabolism is responsible for the growth inhibition. Due to the findings in C. albicans
where deletion strains of nagl (N. crassa: dam-1) and dacl showed an inhibitory effect on
GIcNAc containing medium, one possibility could be that the approach to solving this
problem is the interaction between the two enzymes dam-1 and dac-1.

Another reason could be a context to plasma membrane permeability as described for
chitosan. Chitosan has been shown to inhibit growth of bacteria [43-45] and fungi, including
N. crassa [46-50] and has been reported to damage the plasma membranes of both bacteria
[44] and the yeast Saccharomyces cerevisiae [51]. Chitosan permeabilizes the plasma
membrane of filamentous fungi and kills cells by an unknown energy-dependent mechanism
that does not involve endocytosis [52]. The composition of the plasma membrane determine
the sensitivity against chitosan, an important role plays the content of polyunsaturated fatty
acids [53]. Although the fundamental difference between glucosamine and N-
acetylglucosamine is the free amino group of the former sugar, it would be interesting to

test if the deleterious effects of GIcNAc - or any of its metabolic intermediates, maybe even
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unrelated to the GIcNAc catabolic pathway - are related to these processes. Further studies

in this area will be necessary to elucidate the inhibitory effect of N. crassa by GIcNAc.

In this study we were able to show that GIcNAc can act as strong growth inhibitor under non-
carbon catabolite repressive growth conditions in N. crassa and that the reason for that
seems to be connected to the GlcNAc-catabolism pathway, which seems to be fully intact.
Therefore, the observed growth defect seems rather to be connected to the toxic effects of
an intermediate of this pathway but not to the inability of N. crassa to catabolize GIcNAc.
Further, we found that this feature is interestingly not necessarily related to chitin utilization
in N. crassa. Our growth assays and gene expression data suggest that the GIcNAc-
catabolism pathway is efficiently bypassed during growth of N. crassa on chitin. Both of
these key findings from our study have not been reported for any other fungus yet and
highlight the variability of GIcNAc and chitin utilization strategies and features in the fungal

kingdom.
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Supplementary Tablel. Primers and Protein IDs used in this study

Primer for T. reesei dam1 plasmid

FW_INFU_DAM_T.r.
RV_INFU_DAM_T.r.

CACTTTCCTCGACGGATCCATGAGGTTGATC
GTAACGTTAAGTGGATCCAGGGTTCGGCTTTG

FW_pAL6_linear GATCCACTTAACGTTACTG
RV_pAL6_linear GGATCCGTCGAGGAAAG
FW_Trafo_Pccgl DAM nat GGAGAAACAGGATGGG
RV_Trafo_Pccgl DAM nat TCAGGGGCAGGGCATGC
Primer for Trafo check

FW_Trafo_check_DAM GACCGCATGGCCTCC
RV_Trafo_check DAM GGTTCCAGCCGGAGTAC
RT-Primer

Tr_DAM_RTs GCCTACGAGGACGCCATTAA
Tr_DAM_RTa CCTTGGACGGCAGGATCTG
qPCR-Primer

Nc_GH3_gPCRs CAGCAACAGCAACAGCAACA
NC_GH3_gPCRa TTCCACCACTTCCATTGCCA
Nc_DAC_qgPCRs TGAGGTTGAGGATCTGCTGG
Nc_DAC_gPCRa TCACCAAAGCAGTCCCATCC
Nc_Dac2 _gPCRs TGAACTTTACCACTCCGCCC
Nc_Dac2 _gPCRa TTGGAGGGGAGAGAGGAAGG
Nc_TF_gPCRs GAAGGAAACCCACGCCCTTA
Nc_TF_gPCRa GGAGTAGCAGTCCTATTCATAGG
NC_DAM_qgPCRs CTAGCCCAACCCGTACCC
NC_DAM_qPCRa ACGGGATCAGTTAGCCTGGA
Nc_HEX_gPCRs CAGCCGCTTGAGCATCTG
Nc_HEX_gPCRa CTTTCCTCCCAACAGACCCG
Nc_NGTL_gPCRs GGATACCGTTGCCCTCGAAG
Nc_NGTL_gPCRa GTCTCGCTACCACCACCATG
gPCR_Acts_Nc GCGTGGTTACACCTTCTCCA
gPCR_Acta_Nc CGGGAAGCTCGTAGGACTTC
Protein IDs

Hxk3 NCU04728

Dacl NCU04725

Daml NCU04727

Ronl NCU04729

Nag3 NCU04726

Ngtl NCU09771

Actinl NCU04173
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Suppl. Fig.1: Growth tests of N. crassa WT 74A and GIcNAc catabolic gene knockout strains

glycerol

(Angt-1, Anag-3, Aron-1, Ahxk-3, Adam-1). WT and knockout strains were grown for 7 days
on VM containing 1% glycerol, 1% GIcNAc and 1% chitin as carbon source. Negative control

was VM with the corresponding carbon source without spores.

control PCR, overexpression strains

NeWT+  Adam-1+
Tr.dam1 Tr.dam1
Std 1 2 1 2

a) b)
WT: WT: Adam-1: Adam-1:
Trdam1 Trdam1 T rdam1 Trdam1
1 2 1 2

WT  Adam-1

T.reesei
dam1

Suppl. Fig.2: Verification of the constructed N. crassa WT 74A and Adam-1 T. reesei dam1
overexpression strains. a) (Std) Gene Rule, 1 kb DNALadder (Fermentas). Genomic DNA was
extracted from purified overexpression strains as described in the Material and Methods
section and subjected to PCR with primers binding to a sequence in the selection marker
cassette and a sequence in the T.reesei daml gene (Suppl.Tab.1l), generating an
approximately 2 kb long PCR product in overexpression strains. b) Gene expression (RT-PCR)
of T.reesei dam1 from WT, Adam-1 and overexpression strains (WT::ccg1:Trdam1 and Adam-

1::ccgl:Trdam1) are shown. act1 was used as reference gene.
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Chapter 2: Functional and biochemical studies of members of the
cerato-platanin protein family

Chapter 2.1

Cerato-platanins: a fungal protein family with intriguing properties and application potential.
Gaderer, R., Bonazza, K., & Seidl-Seiboth, V. (2014). Appl Microbiol Biotechnol, 98(11), 4795-
4803. doi: 10.1007/s00253-014-5690-y.
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Abstract Cerato-platanin proteins are small, secreted pro-
teins with four conserved cysteines that are abundantly pro-
duced by filamentous fungi with all types of lifestyles. These
proteins appear to be readily recognized by other organisms
and are therefore important factors in interactions of fungi
with other organisms, e.g. by stimulating the induction of
defence responses in plants. However, it is not known yet
whether the main function of cerato-platanin proteins is asso-
ciated with these fungal interactions or rather a role in fungal
growth and development. Cerato-platanin proteins seem to
unify several biochemical properties that are not found in this
combination in other proteins. On one hand, cerato-platanins
are carbohydrate-binding proteins and are able to bind to
chitin and N-acetylglucosamine oligosaccharides; on the other
hand, they are able to self-assemble at hydrophobic/
hydrophilic interfaces and form protein layers, e.g. on the
surface of aqueous solutions, thereby altering the polarity of
solutions and surfaces. The latter property is reminiscent of
hydrophobins, which are also small, secreted fungal proteins,
but interestingly, the surface-activity-altering properties of
cerato-platanins are the opposite of what can be observed for
hydrophobins. The so far known biochemical properties of
cerato-platanin proteins are summarized in this review, and
potential biotechnological applications as well as implications
of these properties for the biological functions of cerato-
platanin proteins are discussed.
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Chemical Engineering, Vienna University of Technology,
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Introduction

Proteins belonging to the cerato-platanin protein (CPP) family
are only found in filamentous fungi, i.e. fungi that produce
hyphae as growth structures, or in fungi which have at least a
pseudo-hyphal growth stage during their life cycle. The name-
giving protein for this family was cerato-platanin (CP) from
the plant pathogenic fungus Ceratocystis platani, which in-
fects plane trees. CP was first described in 1999 (Pazzagli
et al. 1999). Since then, CPPs have been reported from many
different filamentous fungi, and it has been recognized that
genes encoding CPPs can be found in the genomes of fungi
with all kinds of lifestyles, including biotrophic and
necrotrophic plant pathogens, human pathogens,
mycoparasites, plant-beneficial fungi and saprotrophs
(Frischmann et al. 2013; Chen et al. 2013). CPPs are small
proteins (12 kDa) that are abundantly secreted into the culture
filtrate, but remain also partially bound in the fungal cell wall
(Seidl et al. 2006; Boddi et al. 2004; Gonzaléz-Fernandez
etal. 2014).

Over the last decade, several studies revealed that CPPs are
important players in interactions of fungi with other organ-
isms. Many of the so far reported CPPs are from plant path-
ogenic fungi, and these proteins are able to act as virulence
factors in fungal-plant interactions (Scala et al. 2004; Jeong
etal. 2007; Frias etal. 2011). However, in fungi that positively
interact with plants, e.g. Trichoderma spp., which are used as
biocontrol fungi in agricultural applications, they act in a
positive way as elicitors of plant defence responses
(Djonovic et al. 2006). Further, a member of the CPP family
from the human pathogen Coccidioides immitis has been
described as an antigen (Pan and Cole 1995). Thus, CPPs
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are readily perceived by other organisms and signal them the
presence of a fungus.

With these insights in the effects of CPPs on fungal inter-
actions, several questions came up that still need to be an-
swered: Is the main function of CPPs related to the interaction
of fungi with other organisms, or do they have a primary role
in fungal growth? Or do they even have multiple roles? In
order to answer these questions, a more detailed understand-
ing of the biochemical properties of CPPs is necessary. The
studies so far conducted on this topic revealed intriguing
properties for this protein family ranging from carbohydrate-
binding and carbohydrate-disrupting abilities to protein self-
assembly and biofilm formation. Therefore, in this review, the
so far known biochemical properties of CPPs, as well as
similarities and differences to protein families with related
properties, are discussed. Further, we examine what these
properties can potentially tell us about the biological functions
of CPPs and how these findings could be important for bio-
technological applications.

Features of cerato-platanin proteins: carbohydrate
binding and modification

CPPs are small proteins of ca. 12 kDa and contain a signal
peptide that targets them to the secretory pathway. They seem
to be predominantly secreted and can be readily found in the
culture filtrates of fungi (Seidl et al. 2006; Pazzagli et al. 1999;
Gonzalez-Fernandez et al. 2014; Frias et al. 2013b). In
C. platani and Botrytis cinerea, CPPs were also already found
in the fungal cell wall (Boddi et al. 2004; Frias et al. 2013b).

In the initial studies about CPPs, it was suspected that they
are hydrophobin-like proteins (Pazzagli et al. 1999; Seidl et al.
2006), but structural analysis of CP from C. platani revealed
that there are significant structural differences between CPPs
and hydrophobins. CPPs are structurally rather related to
expansins, which are proteins associated with carbohydrate-
binding and loosening of the cellulose scaffolds in plant cell
walls (de Oliveira et al. 2011). However, biochemical analysis
of the properties of CPPs showed—somewhat surprisingly—
that they have actually both carbohydrate-binding/carbohy-
drate-loosening properties, similar to expansins (Baccelli et al.
2014), but also the ability to self-assemble and change the
polarity of surfaces and solutions, which are properties that are
reminiscent of hydrophobins (Frischmann et al. 2013).

The first protein structure that was reported for this protein
family was a NMR-derived solution structure for CP. It re-
vealed a globular fold containing two alpha-helices and six
beta-strands forming a six-stranded double 1\ [3-barrel (de
Oliveira et al. 2011). The structural fold of CP turned out to
be very stable and was preserved over a wide pH range (pH 3
to 9) and up to 76 °C. Further, an N-acetylglucosamine-bind-
ing pocket forming a shallow groove on one side of the barrel
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was detected. Another CPP for which structural data are
available is SM1 from Tirichoderma virens. The 3D structure
of SM1 has been deposited in the Protein Data Bank (PDB)
(accession number 3m3g), but no publication is associated
with it yet. Recently, the structures of MpCP1, MpCP2,
MpCP3 and MpCP5 from Moniliophthora perniciosa were
determined (de O Barsottini et al. 2013). All of these CPPs
comprise a single domain containing the double ) 3-barrel.
This folding is remarkably similar to that found in plant and
bacterial expansins, endoglucanases and the plant defence
protein barwin (de O Barsottini et al. 2013). Expansins loosen
the plant cell wall through a non-enzymatic mechanism
(Sampedro and Cosgrove 2005), while endoglucanases catal-
yse the hydrolysis of cellulose. Barwin proteins belong to the
plant pathogenesis-related protein-4 (PR4) family and are
generally thought to be involved in plant defence responses
(Bai et al. 2013).

For several CPPs (for Trichoderma atroviride EPLI1,
C. platani CP, Ceratocystis populicola Popl and
M. perniciosa MpCP1-5), it was already shown that they bind
to polymeric chitin—which consists of N-acetylglucosamine
subunits and/or chitin oligomers (Frischmann et al. 2013;
Baccelli et al. 2014; de O Barsottini et al. 2013).
Interestingly, the chitin-binding site of MpCPS5 is in a different
region of the protein than in the other MpCPs, suggesting that
there is a selective evolutionary pressure on MpCP5 to main-
tain its carbohydrate-binding properties (de O Barsottini et al.
2013). Chitin is an important structural component of the
fungal cell wall, and the peptidoglycan of bacterial cell walls
contains also N-acetylglucosamine sugars. However, so far,
no binding to fungal or bacterial cell walls was detected
(Frischmann et al. 2013). Further, none of the so far tested
CPPs bind to cellulose, but nonetheless, for CP, expansin-like
activity of cellulosic materials was reported (Baccelli et al.
2014). This included weakening of filter paper, fragmentation
of crystalline cellulose and breakage of cotton fibres. These
effects were also observed for Pop1, albeit weaker than for CP,
and it will be interesting to test further CPPs in order to
analyse their expansin-like activities in more detail. For
MpCP2, it was reported that only an aggregated form, but
not soluble protein, was able to fragment cellulose (de O
Barsottini et al. 2013). Possibly, there is considerable differ-
entiation among CPPs with respect to cellulose fragmentation.
For EPL1, the filter paper assay setup used for CP and Popl
(Baccelli et al. 2014) was unfortunately not feasible due to
excessive foaming of the protein solution (R. Gaderer and V.
Seidl-Seiboth, unpublished results).

The biological function of the chitin-binding properties is
not clear yet. One possibility is that CPPs are fungal
expansins, and their roles might therefore be related to
expansin-like activities within the fungal cell wall. Another
possibility is that their functions are related to the scavenging
of chitin oligomers, e.g. during fungal-plant interactions,
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which are released due to the action of plant chitinases and
would otherwise induce plant defence responses in order to
mask the presence of the fungus for the plant, similar to what
has been reported for the LysM protein Ecp6 from the plant
pathogen Cladosporium fulvum (de Jonge et al. 2010).
However, since CPPs like EPL1 and its orthologues in several
fungi are continuously secreted under many different growth
conditions, we suggest that a more general role related to
fungal growth, i.e. in the fungal cell wall, is more likely than
a specialized function during fungal-plant interactions.

Features of cerato-platanin proteins: self-assembly
and protein biofilm formation

Biochemical analysis of EPL1 from T atroviride revealed that it
readily forms protein biofilms at air/water interfaces
(Frischmann et al. 2013). A first indication for the self-
assembly properties of CPPs from Tiichoderma were reports
on the dimerization of these proteins (Seidl et al. 2006; Vargas
et al. 2008). EPL1 is able to form relatively stable dimers,
which were still observed after protein-concentration and
protein-denaturing steps during 2D gel electrophoresis of a
culture filtrate of 7. atroviride (Seidl et al. 2006). Detailed mass
spectrometric analysis of EPL1 showed that the dimer had a
double-oxidized tryptophan residue. Subsequently, a compari-
son of the homologues SM1 from T virens and EPL1 from
T atroviride revealed that, although these proteins are overall
highly similar (83 % amino acid (aa) identities), 7. virens has a
glycosylation site which is not found in T’ atroviride (Vargas
et al. 2008). This glycan moiety also influences the dimeriza-
tion tendencies of SM 1, which is less prone to form dimers than
the non-glycosylated EPL1. This is also of biological relevance
because the monomeric form is more efficient in the induction
of plant defence responses than the dimer.

An investigation of the self-assembly potential of EPL1
showed that protein layers can be readily observed under the
microscope and are even macroscopically visible after a few
minutes of incubation of a protein solution (Frischmann et al.
2013). Self-assembly of EPLI1 is reversible, and these protein
biofilms can be easily re-dissolved by pipetting or stirring of
the solution. High-resolution imaging of EPL1 layers with
atomic force microscopy (AFM) revealed that, in these protein
layers, EPL1 assembles into rather irregular, meshwork-like
structures (Frischmann et al. 2013). However, it should be
noted that, by AFM imaging of these protein layers, rather
large amounts of protein are deposited on the sample carrier.
More recently, we applied in-solution AFM imaging to inves-
tigate the self-assembly of EPL1 in more detail, and we were
able to show that, on solid/liquid interfaces, it indeed does
form highly ordered protein monolayers (Bonazza et al.
2014). Figure 1 shows AFM images of an EPL1 protein layer
that was imaged in situ during its formation in buffer. The

riffled surface exhibits a periodicity of 6 nm which corre-
sponds to the size of one monomer (Frischmann et al. 2013).
In the height image (Fig. 1a), the measurement mode is strictly
related to height proportions and reveals the actual 3D topog-
raphy, but small height differences are difficult to discern in
this imaging mode. In the amplitude error image (Fig. 1b),
height proportions are more relative to each other, which
limits some size measurement options, but circumvents the
limitation of displaying just 1-A-deep riffles beside a several-
nanometer-high step in the substrate surface.

Beside the formation of protein biofilms, EPL1 protein
solutions have also other surface-activity-altering properties
(Frischmann et al. 2013). They exhibit strong foaming, and at
higher concentrations, the protein solution shows the tendency
to crawl up along needles and pipet tips. Further, it was shown
that EPL1 solutions alter the contact angle of aqueous solu-
tions, making them even more hydrophilic, and EPL1 protein
layers that are deposited on surfaces can also enhance the
polarity effects of surfaces.

For CP and MpCPs, the formation of amyloid-like aggre-
gates was reported although these were observed after
prolonged incubation times and harsher incubation conditions
(Pazzagli et al. 2009; Sbrana et al. 2007; de O Barsottini et al.
2013). Rapid formation (less than 30 min) of Pop1 aggregates
was observed upon contact with hydrophobic surfaces (Teflon
beads), and it was shown that in vivo Popl is able to interact
with the hydrophobic cuticle of leaves (Martellini et al. 2013).
The authors therefore proposed that the interaction of CPPs with
host plant cuticle waxes could induce their partial unfolding and
thereby enhance the recognition of the proteins by the plant.

Differences and similarities between cerato-platanin
proteins and hydrophobins

The ability to self-assemble at interfaces and to alter the
polarity of solutions and surfaces is reminiscent of another
protein family: hydrophobins. They are a family of small,
secreted cysteine-rich proteins that, similar to CPPs, also
solely occur in filamentous fungi (Linder et al. 2005;
Wosten and Wessels 1997). These proteins self-assemble in
the form of an insoluble amphipathic membrane at
hydrophobic/hydrophilic interfaces, thereby forming protec-
tive surface coatings of fungal structures and aiding in their
adherence to surfaces. Hydrophobins are found on the outer
surfaces of cell walls of hyphae and conidia, where they
mediate interactions between the fungus and the environment.
Because the protein surface of hydrophobins contains large
hydrophobic and hydrophilic patches, they are able to invert
the polarity of surfaces. Biologically, this is for example
relevant for fungal hyphae that emerge from an aqueous
growth medium to form aerial hyphae and produce spores,
which are then covered with a layer of hydrophobins that
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Fig. 1 AFM height (a) and amplitude error (b) images of a highly

ordered EPL1 protein layer on a hydrophobic HOPG substrate. The
average distance of protein rows is ca. 6 nm. Areas with homogenous
protein orientation are in the micrometer range. The selected spot shows

render them hydrophobic. This facilitates the dispersal of
fungal conidia (spores). Due to their unique properties,
hydrophobins are also of interest for biotechnological appli-
cations, e.g. modification of surface properties and stabiliza-
tion of foams and emulsions (Linder et al. 2005).

Biochemically, hydrophobins are characterized by the pres-
ence of eight positionally conserved cysteine amino acid
residues (Linder et al. 2005). Hydrophobins are convention-
ally grouped into two classes (class I and IT) according to their
solubility in solvents, hydropathy profiles and spacing be-
tween the conserved cysteines. Overall, hydrophobins share
only a few conserved residues besides the cysteine patterns.
This also indicates that the cysteines are critical for structural
reasons, while the other, variable residues give rise to protein
variants with specific properties.

The cysteine spacing pattern of class I hydrophobins is
CX(6)CCX(9_39)CX(5_25)CX(5)CCX(g_17)C and of class II
hydrophoblns, CX(]())CCXU1)CX]6CX(8)CCX(10)C (Seldl-
Seiboth et al. 2011; Wosten and Wessels 1997). The disulfide
bridges connecting these cysteines span C1-C6, C2—-C5, C3—
C4, and C7-C8 (Linder et al. 2005). In contrast to that,
analysis of the aa sequences of CPPs shows that, in this
protein family, the general cysteine spacing pattern is
C38CXXCs4)C. For most CPPs, the CXXC motif in this
pattern can be confined to C—G—S/T—C. The disulfide bridges
that connect the cysteines in CPPs span C1-C2 and C3-C4
(de Oliveira et al. 2011; de O Barsottini et al. 2013). Thus,
there are no similarities in the cysteine spacing patterns be-
tween hydrophobins and CPPs and also no other sequence
similarities. The high numbers of microbial genomes that have
been sequenced in the past decade revealed that many fungi
have small, secreted, cysteine-rich proteins (Templeton et al.
1994), of which hydrophobins and CPPs are two families that
were now already characterized in more detail. However, there
are certainly several more protein families among these small,
secreted, cysteine-rich proteins that need to be described yet,
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an orientation zone boundary and a terrace step of the substrate. Images
were taken in tapping mode under PBS buffer, proteins self-assembled in
situ. Data scale, 1 nm (a) or 10 mV (b) from dark to bright

and it will be interesting to compare the biochemical proper-
ties and functions among them.

The surface architecture and the exposure of polar and
apolar patches of amino acids are also different between
CPPs and hydrophobins. Modelling of EPL1 based on the
structure of 7' virens SM1 (PDB accession number 3m3g)
shows that there are some hydrophobic residues on the surface
(carbohydrate-binding pockets are also lined with aromatic
residues), but there are no large hydrophobic patches on the
surface (Fig. 2). On the contrary, the surface seems to be rather
hydrophilic, which is in agreement with the good solubility of
EPL1 in aqueous solutions.

Fig. 2 a, b Modelled 3D structure of EPL1 using SM1 (PDB 3m3g) as
template, generated with I-TASSER (Roy et al. 2010). C-score=1.86.
Hydrophobic residues are shown in shades of red, hydrophilic residues in
shades of blue
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Another difference between hydrophobins and CPPs is that
CPPs are better soluble than hydrophobins. While protein
layers of the CPP EPL1 can be easily re-dissolved, the self-
assembly of hydrophobin layers is mostly irreversible.
Particularly, aggregates of class I hydrophobins are extremely
stable and can only be dissolved in strong acids such as
trifluoroacetic acid, while class II layers are soluble in aqueous
dilutions of organic solvents (Linder et al. 2005).

Beside the differences between CPPs and hydrophobins
with respect to their protein sequences and structure, it is
important to note that also the surface-altering properties of
these two protein families are complementary. EPL1 increases
the polarity of surfaces and solutions, which is the opposite of
what has been described for hydrophobins, and thus, CPPs
could possibly rather be described as ‘hydrophilins’ in this
respect. It will be interesting and necessary to determine these
parameters for other proteins of the CPP family.

Gene numbers and gene expression of cerato-platanin
proteins

Genome analysis showed that all filamentous fungi belonging
to the phyla Ascomycota and Basidiomycota have CP-
encoding genes, but their numbers vary strongly among dif-
ferent phyla (Chen et al. 2013). Basidiomycota have often
many CP genes, e.g. the nectrotrophic plant pathogen
M. perniciosa, the causal agent of witches’ broom disease in
cacao, has 12 CP genes (de O Barsottini et al. 2013). In
contrast to that, fungi belonging to Ascomycota have only
between one and three CP-encoding genes (Frischmann et al.
2013; Chen et al. 2013). Further, Ascomycota have usually
one strongly conserved homologue of T afroviride EPLI,
which was already studied in more detail (see above). The
protein sequences of EPL1-homologues are highly similar
throughout the Ascomycota, and for several fungi, it was
already shown that they are abundantly expressed during
different types of growth conditions.

T atroviride has three genes encoding CPPs: epl/, epl2 and
epl3. Transcriptional analysis of these genes showed that epl/
is expressed during hyphal growth and mycelial development,
while epl2 expression occurs during sporulation and spore
maturation, whereas almost no expression was detected for
epl3 (Frischmann et al. 2013). Similar findings were observed
for the corresponding CP-encoding genes from T virens: sml,
sm2 and sm3 (Gaderer 2013). Therefore, these genes are
clearly not co-regulated, and these results indicate that the
respective proteins are involved in different stages during
fungal growth and development. In C. platani, it was reported
that the expression levels of ¢p are associated with hyphal
growth and the formation of chlamydospores, which are spe-
cialized, thick-walled, large spores (Baccelli et al. 2012).
However, in Trichoderma, no connection between

chlamydospore formation and epl/sm-gene expression was
detected (Gaderer 2013; Frischmann et al. 2013). In other
fungi, there is also evidence that CP genes, similar to epll,
are expressed during hyphal growth, e.g. in B. cinerea, bespll
was found to be expressed under many different growth
conditions, whereas no expression was found for bespl2, a
second CP gene (Frias et al. 2011). MgSMI from
Magnaporthe grisea was also expressed during different fun-
gal growth stages (Yang et al. 2009). In addition to these gene
expression data, the protein EPL1 was found to be the pre-
dominant protein in the secretome of submerged T’ atroviride
cultivations with glucose as a carbon source (Seidl et al.
2006).

Despite these indications for a role of CPPs in fungal
growth, so far, no specific biological function could be
assigned to them. Gene knockout strains did not show any
phenotypes related to hyphal growth and development (see
below for details) (Frischmann et al. 2013; Djonovic et al.
2007; Frias et al. 2011; Jeong et al. 2007).

In the basidiomycete M. perniciosa, gene expression data
of the 12 CP genes (MpCP1-12) showed complex transcrip-
tional profiles throughout fungal development and specific
stages of the pathogenic infestation of the plant, suggesting a
specialization of the respective proteins in different biological
processes. While the MpCP1 gene was exclusively expressed
during basidiocarp formation, MpCP2 and MpCP3 expression
occurred in fast-growing mycelium and necrotic-infected seed
and fruit, while MpCP4, MpCP5, MpCP1l and MpCP12 were
especially found to be expressed during the slow-growing
biotrophic phase, when the fungus develops in the apoplast
of the plant and the pathogen-host survival battle is
established. For MpCP 6, 7, 8, 9, and 10, no gene expression
was so far detected (de O Barsottini et al. 2013). With the large
numbers of CPPs in some basidiomycetes, it will be interest-
ing to test whether there are also homologues with similar
functions or the specialization was rather separate in different
fungi.

(Potential) biological roles of cerato-platanin proteins
in fungal growth and dissemination

Despite several efforts to unravel the biological function of
CPPs, their roles in fungal development are not clear yet.
Their strong expression during hyphal growth and their
chitin-binding properties together with their similarity to
expansins suggest that they might be involved in fungal cell
wall expansion and that this might actually be their primary
function (see also the section “Features of cerato-platanin
proteins: carbohydrate binding and modification”). However,
unfortunately, there is so far still no direct evidence for that,
and interestingly, the central question, whether the primary
function of CPPs is related to fungal growth and development
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or rather to the interaction of fungi with other organisms, still
remains to be solved. Possibly, this is even different for
individual CPPs, as gene expression data might indicate, but
as long as we do not understand what—if anything—CPPs do
in/on/at the fungal cell wall, we cannot definitely answer this
question.

In T’ atroviride and T virens, epll/sm1 and epl2/sm2 single
knockout strains and even epll/epl2 double knockout strains
were extensively tested for phenotypes related to fungal
growth, including germination, hyphal elongation and
branching, biomass formation and sporulation (Frischmann
et al. 2013; Gaderer 2013; Djonovic et al. 2007). In none of
these developmental stages were any differences between the
wild-type and the knockout strains detected. Further, growth
during different types of stress or the transition of hyphae, e.g.
from liquid to solid media or surfaces, was also not different
from that of the wild type. Based on the differential expression
patterns of epll-3 and smi-3 in T atroviride and T virens,
respectively (see above), it is not likely that the lack of
phenotype is due to a compensation effect of other CP-
encoding genes.

Also, in other fungi, e.g. M. grisea, B. cinerea and
Leptoshpaeria maculans, so far no phenotypes of knockout
strains related to fungal growth or sporulation were reported
(Frias et al. 2011; Jeong et al. 2007; Wilson et al. 2002).

Another possibility for the functions of CPPs would be that
they are connected to chitin utilization, but in 7. atroviride, no
direct inducibility of ep/I-3 genes by chitin was found, sug-
gesting that the proteins EPL1-3 are not involved in aspects
related to chitin degradation (Frischmann et al. 2013). Maybe
the function of CPPs lies in between fungal growth and fungal
interactions?

When T atroviride hyphae grow out of a droplet of water/
medium, they are covered with a film of water (Fig. 3).
Although no changes in this water film were observed in
knockout strains, it could be speculated that the secretion of
CPPs influences the adherence of the hyphae to certain envi-
ronments and with that the interaction of the fungus with its
environment. By reducing the surface tension, substrates
might become more easily accessible in aqueous environ-
ments for the fungus. However, they would not serve their
purpose in fulfilling these roles if they would diffuse too far
away from the fungus, and maybe due to their chitin-binding
properties, they stay partially bound to the cell wall, serving as
a reservoir to be partially released under the right growth
conditions. It will be difficult to test some aspects of such a
hypothesis, particularly since some of these effects might be
more significant in the natural environment than under labo-
ratory conditions, but in support of the general idea that CPPs
influence the interaction of fungal hyphae with their environ-
ment, we recently obtained experimental data that showed that
EPL1 is able to alter the surface properties of hydrophobin
layers (Bonazza et al. 2014).

@ Springer

Fig. 3 a, b An aqueous film encloses hyphae of Trichoderma reesei that
are growing out of a droplet of medium

(Potential) biological roles of cerato-platanin proteins
in interactions between fungi and other organisms

In fungal-plant interactions, CPPs have been shown to act as
virulence factors and elicitors of plant defence responses. For
several plant pathogenic fungi, it was reported that CPPs are
an important factor for virulence or induce necrosis in plant
tissue (Frias et al. 2011, 2013a, b; Scala et al. 2004; Jeong
et al. 2007). The eliciting activity of BcSpll from B. cinerea
was mapped to a two-peptide motif on the protein surface
(Frias et al. 2013b). A review discussing the plant-related
aspects of CPPs in more detail has recently been published
(Pazzagli et al. 2014).

Differential timing of defence-related responses induced by
CP and Popl was found, which the authors suggested could
be due to the structural differences between CP and Popl, i.e.
different hydrophobic index and different helix content
(Lombardi et al. 2013). In addition to such biological differ-
ences between CPPs, which are undoubtedly present, overall,
the question of the dose of applied, purified CPPs and/or
expression levels in vivo should also be considered when
different effects are observed for different CPPs. This might
have a profound influence on the observed effects. For exam-
ple, in M. grisea, knockout strains showed reduced virulence,
while purified protein applied to wounded leaf tissue showed
no phytotoxic effects (Jeong et al. 2007), and ectopic expres-
sion in Arabidopsis thaliana conferred broad-spectrum dis-
ease resistance (Yang et al. 2009).
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The elicitation of defence responses by CPPs does not
necessarily result in negative consequences such as necrosis,
but can also strengthen the plants and confer resistance against
microbial pathogens, as was shown for Trichoderma spp.
T virens SM1 and to a lesser extent T atroviride EPL1 were
shown to be an important inducer of plant defence responses
(Djonovic et al. 2006; Vargas et al. 2008). Since Trichoderma
spp. are plant-beneficial biocontrol fungi, the fungal-plant
interaction as well as the effect of CPPs is in this case not
associated with disease symptoms or necrosis in plants. The
induction of defence responses by CPPs can also be conferred
artificially by transgenic expression in planta. The CP
MgSM1 from M. grisea was expressed in A. thaliana, and
subsequently, the plants showed enhanced disease resistance
and upregulation of defence-related genes (Yang et al. 2009).

The CPP AgCS (also called CS-Ag, Coccidioides-specific
antigen) (Cole et al. 1989; Pan and Cole 1995) from the
human pathogen C. immitis, which causes respiratory myco-
sis, has been reported to be an antigen. Antibodies of serum
from patients with coccidioidomycosis reacted with AgCS
that was isolated from the saprobic growth stage of
C. immitis. In the initial study (Cole et al. 1989), AgCS,
purified from culture filtrate, was reported to possess proteo-
lytic activity. In the subsequent study (Pan and Cole 1995),
AgCS was overexpressed in Escherichia coli, but protease
activity of the purified protein was not reported in this follow-
up paper. CPPs from other fungi were not tested for protease
activity, and it might be something that should be kept in mind
although the reported protease activity could have resulted
from an impurity of the protein preparation.

In general, it can be concluded with respect to the roles of
CPPs in the interactions between fungi and other organisms
that CPPs are readily recognized, e.g. by plants or humans,
probably due to their abundant secretion by fungi. We suggest
that the presence of CPPs signals the other organism reliably
the presence of a fungus, but probably dependent on other
factors of this interaction, this can lead to different responses
with positive or negative consequences for this interaction.

Possibilities for biotechnological applications
of cerato-platanin proteins

Particularly, the surface-activity-altering effects of CPPs are
potentially interesting for biotechnological applications, but
we are not aware of any ongoing efforts in this respect yet.
With native CPPs, stable coating of surfaces is not possible
due to their good water solubility, but protein modification,
coupling to or mixing with other proteins could enable this.
We found, for example, that CPPs and hydrophobins form
layers with mixed properties (Bonazza et al. 2014). Further,
CPPs could be used to enhance the wettability properties of
solutions, which can be of interest for applications where a

uniform moistening of a moderately hydrophobic surface is of
interest, e.g. spraying of plant protection products or in
cleaning agents.

With an increasing understanding of the mode of action of
CPPs, their possible use as additives for the induction of plant
resistance and defence mechanisms in fertilizers would also be
an interesting possibility.

The ability of CP and Popl to weaken cellulose—which
still needs to be tested for other CPPs—should also be kept in
mind for potential applications in cellulose degradation, e.g.
bioethanol production from cellulosic plant waste material or
paper processing (Himmel et al. 2007).

The strong foaming of the solution of CPP, as has been
reported for Epll (Frischmann et al. 2013), could also be of
interest for the stabilization of foams and emulsions. Further,
foaming can be a problem during fermentation of filamentous
fungi, which is carried out, for example, in large-scale enzyme
production. Therefore, it could be tested whether knockout
strains of CPP-encoding genes show favourable behaviour
such as less foam formation during fungal fermentations.

Biochemical analysis of more CPPs will be necessary to
elucidate the application potential of CPPs further and to
reveal which properties are specific for individual CPPs and
which properties can be generally found in all members of the
CPP family.
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Abstract

Background: The proteins Sm1 and Sm2 from the biocontrol fungus Trichoderma virens belong to the cerato-platanin
protein family. Members of this family are small, secreted proteins that are abundantly produced by filamentous fungi
with all types of life-styles. Some species of the fungal genus Trichoderma are considered as biocontrol fungi because
they are mycoparasites and are also able to directly interact with plants, thereby stimulating plant defense responses.
It was previously shown that the cerato-platanin protein Sm1 from T. virens - and to a lesser extent its homologue Epl1
from Trichoderma atroviride - induce plant defense responses. The plant protection potential of other members of the
cerato-platanin protein family in Trichoderma, however, has not yet been investigated.

Results: In order to analyze the function of the cerato-platanin protein Sm2, sm1 and sm2 knockout strains were
generated and characterized. The effect of the lack of Sm1 and Sm2 in T. virens on inducing systemic resistance in
maize seedlings, challenged with the plant pathogen Cochliobolus heterostrophus, was tested. These plant experiments
were also performed with T. atroviride epl1 and epl2 knockout strains. In our plant-pathogen system T. virens was a more
effective plant protectant than T. atroviride and the results with both Trichoderma species showed concordantly that
the level of plant protection was more strongly reduced in plants treated with the sm2/epl2 knockout strains than with
sm1i/epll knockout strains.

Conclusions: Although the cerato-platanin genes smi/epll are more abundantly expressed than sm2/epl2 during fungal
growth, Sm2/Epl2 are, interestingly, more important than Sm1/Epl1 for the promotion of plant protection conferred by
Trichoderma in the maize-C. heterostrophus pathosystem.

Keywords: Cerato-platanin protein, Trichoderma virens, Trichoderma atroviride, Mycoparasitism, Biocontrol,
Plant protection, Maize, Cochliobolus heterostrophus

Background

Fungi belonging to the ascomycete genus Trichoderma
inhabit the soil and rhizosphere, where they interact
with plant roots and with other fungi. Agricultural bio-
control applications take advantage of the well-known
ability of Trichoderma spp. to attack and destroy fungal
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hosts, which is called mycoparasitism. The wide host
range includes soil-borne plant pathogens such as
Rhizoctonia solani or Pythium ultimum, which make
Trichoderma spp. biological plant protectants. In
addition, the interaction of Trichoderma with roots
primes the plant’s immune system for better resistance
against pathogens [1-4]. Due to this induced systemic re-
sistance, Trichoderma spp. are able to protect plants
against some foliar pathogens, in addition to soil-borne
pathogens. Plants recognize proteins secreted by the fun-
gus, and such microbe associated (in this case fungal-
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associated) molecular patterns activate systemic resist-
ance. The first such secreted protein to be studied in detail
in Trichoderma-plant interactions was a small secreted
cysteine-rich protein belonging to the cerato-platanin pro-
tein (CPP) family, named Sm1/Epll in Trichoderma virens
and Trichoderma atroviride, respectively [5,6]. The Tri-
choderma genomes analyzed so far contain three genes
encoding CPPs [7]. Gene expression was analyzed in T.
atroviride and revealed that epll is expressed during
hyphal growth, epl2 expression was only detected dur-
ing spore maturation, and hardly any expression was
found for ep/3 [8]. Single and double knockout strains
of epll and epl2 did not reveal any phenotype related
to hyphal growth or development.

T. atroviride and T. virens belong to distant clades
within the genus Trichoderma, for which so far already
more than 200 species have been described [9]. Analysis
of the genomes of T. virens and 1. atroviride revealed
numerous differences in the genome inventory of these
two species, which each have more than 2500 genes that
do not occur in the other species [7]. Further, even
strongly conserved genes, e.g. chitinases, have already
been shown to be differentially expressed in T. atroviride
and T. virens [10]. However, the biological consequences
of these findings on the lifestyle of T. atroviride and T.
virens have, as yet, only been partially understood. It is
therefore important to note that it is not always valid
to draw direct conclusions from the results in one
species to the other. Rather, one can study protein
families in both of them in order to better elucidate
the similarities and differences between T. atroviride
and T. virens.

One example of the differences between these two
species are the CPP orthologues Sm1 and Epll. T. virens
Sm1 was shown to induce plant defense responses, but
this ability is far weaker for its homologue T. atroviride
Epll [11]. This was explained by different tendencies of
these proteins to dimerize. Only monomers of Sm1 and
Epll were shown to efficiently induce plant defense re-
sponses. While Epl1 is readily able to form dimers, Sm1
has a single glycosylation site that is not present in Epll
and is predominantly found in its monomeric form,
which is more effective in the induction of plant defense
responses [11].

The ability of CPP family members of Trichoderma
from other phylogenetic branches to promote sys-
temic resistance in plants has not been studied yet. In
this study, we generated knockout strains of 7. virens
sml and sm2 and analyzed them for developmental
phenotypes and for their ability to induce resistance of
maize to the Southern corn leaf blight pathogen
Cochliobolus heterostrophus. Plant experiments were
also carried out with 7. atroviride epll and epl2 knockout
strains [8].
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Results

Gene expression of CPP-encoding genes in T. virens

The genome of T. virens Gv29-8 contains three genes,
sml, sm2 and sm3, encoding CPPs (http://genome.jgi-psf.
org/TriviGv29_8_2/TriviGv29_8_2.homehtml and [7]). This
is in analogy to the genomes of T. atroviride and T. reesei,
which also contain three CPP genes [6,8]. The genes sm2
and sm3 and their respective proteins have not been stud-
ied yet. In order to assess the transcriptional profiles of all
three genes encoding CPPs in T. virens, their expression
was first analyzed with RT-PCR. While the smI gene was
found to be expressed during hyphal growth, no expres-
sion was observed for sm2 and sm3 at these time points
(Figure 1la). In biomass harvested from sporulating
cultures grown on potato dextrose agar (PDA) plates
during different stages of spore maturation, ranging
from mycelium covered with white conidia to first light
green and then dark green conidia, sm2 was found to be
strongly upregulated, but smi was also found to be
expressed (Figure 1b). For sm3 no expression was
detected under the tested growth conditions.

Generation and characterization of sm7 and sm2
knockout strains

Based on these gene expression results, gene knock-
out strains of sml and sm2 were generated in T.
virens 110 Atku70 [12] as described in the methods
section (Additional file 1: Figure S1). Since Sml was
previously shown to be far more potent in inducing
plant defense responses than Epll [11] and the lack
of sml strongly reduces the ability of T. virens to induce
plant defense responses [13], we were interested to test
whether Sm2 has a similar function in 7. virens. Phylo-
genetically Sm2 belongs to a different branch of CPPs
[6] and none of these proteins have been studied so far.
Since sml is expressed throughout different growth
stages and a possible function of CPPs in fungal growth
has been discussed in the literature [14], the generated
knockout strains were tested for phenotypic alterations
with respect to the following properties related to fungal
growth: growth on agar plates (Figure 2), formation of
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Figure 1 Gene expression of sm1, sm2 and sm3, analyzed with
RT-PCR. (a) Biomass harvested from shake flask cultivations with
glucose as carbon source (b) Biomass harvested from sporulating
fungal cultures grown on agar plates (PDA). Tefl was used as
reference gene.
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Figure 2 Colony growth of T. virens parental strain Atku70, sm1 and sm2 knockout strains on agar plates (PDA).

aerial hyphae, growth along (moist) surfaces, bridging of
gaps between two agar blocks, and transition of hyphae
between solid/liquid interfaces. Different types of desic-
cation stress, e.g. drying of water droplets and drying of
thin agar plates, were also examined. Furthermore, we
analyzed conidiation, biomass formation in shake flask
cultivations, germination efficiency, hydrophobicity of
the mycelium, chlamydospore formation, osmotic stress,
and cell wall stress (i.e. addition of Calcofluor white and
Congo Red, both of which interfere with the construc-
tion and stress response of the cell wall [15]). No mor-
phological differences between the parental strain and
the knockout strains were found in T. virens, which is
similar to T. atroviride, where no phenotype had been
detected in epll and epl2 single and double knockout
strains [8]. At advanced time points (48 h and 72 h) of
shake flask cultivations of T. virens abundant formation of
chlamydospores was detected (Additional file 1: Figure S2).
A correlation between chlamydospore formation and cp
(cerato-platanin) gene expression had been reported for
Ceratocystis platani [16], but no differences were
detected between the parental strain and the knockout
strains in T. virens.

The mycoparasitic potential of the knockout strains
was also not altered based on confrontation assays of T.

virens against R. solani (Additional file 1: Figure S3) and
Botrytis cinerea (data not shown).

We had found in a previous study that the expression
of T. atroviride epll, the homologue of T. virens sml, is
not constant during hyphal growth but its expression
level is strongly dependent on parameters that influence
the growth rate (e.g. medium composition and growth
temperature) [8]. We therefore paid particular attention
to this aspect in the knockout strains and assessed the
gene expression of sml quantitatively with qPCR in the
sm2 knockout strain and the parental strain Atku70
(control strain). The results (Figure 3) showed that smI
has a slightly different expression profile in the sm2
knockout strain compared to the parental strain, but we
were not able to elucidate this further due to the lack of
any detectable morphological changes in the knockout
strains.

T. virens strain 110 is a Q-strain

T. virens strains can be grouped into P- and Q-strains,
based on their antibiotic profiles. Strains of the Q-group
produce the antibiotic gliotoxin and are generally con-
sidered to be more effective biocontrol agents [17]. The
spectrum of secondary metabolites that is produced has
a profound effect on the plant protection potential and
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Figure 3 Gene expression (qPCR) of sm1 in the parental strain
and sm2 knockout strain. Samples were taken at the indicated
time points from shake flask cultivations with glucose as carbon
source. All samples were normalized to the 24 h sample of the
parental strain. Tefl was used as reference gene. Bars indicate the
SEM (*, ** and *** indicate significance at P < 0.05, 0.01 and 0.001).
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mycoparasitic activity of T. virens [18,19]. Previous stud-
ies on Sm1 were carried out in strain Gv29-8, which is a
Q-strain [19]. In order to relate our experiments on the
role of Sm2 (and Sm1l) in the interaction of T. virens
with plants (see below) more directly to previous studies
[5,13], we were interested whether strain 110, which we
used for our studies [12], is a P or a Q-strain. 7. virens
sml — but not sm2 — knockout strains have been previ-
ously studied in strain Gv29-8. Both strains, 110 and
Gv29-8, were grown for 36 h in shake flask cultivations
in liquid potato dextrose broth medium and gliotoxin
production was measured from filtered culture superna-
tants. The results (Additional file 1: Figure S4) showed
that 110 produced 18.5 mg/l1 gliotoxin, an amount similar
to strain Gv29-8 (17.5 mg/l), and strain 110 can therefore
also be attributed to the group of Q-strains of 7. virens,
which is of particular relevance for the discussion of our
plant experiments (see below).

Sm1 and sm2 knockout strains show reduced levels of
plant protection

In order to test whether Sm2 is involved in the inter-
action of Trichoderma with plants we analyzed whether
the lack of sm2 leads to an altered potential to protect
plants against fungal pathogens. For this, the interaction
of C. heterostrophus with its host, maize, was used as a
model pathosystem. We have recently standardized this
system (N.L.L. and B.A.H., unpublished results) and it
was used previously with Trichoderma asperellum ([20]).
The T. virens parental and sml knockout strains were
also included, and in addition experiments were per-
formed with T. atroviride wild-type, epl1 and epl2 knock-
out strains generated in a previous study [8]. Lesion sizes
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on maize plants, whose roots were co-cultured with the T.
virens parental strain Atku70 or sml and sm2 knockout
strains, were measured (Figure 4a, b). Colonization of
maize roots by the T. virens parental strain significantly
decreased symptoms by more than 40%. Plants colonized
by Asml showed impaired resistance in comparison to
plants treated with the T. virens parental strain, but were
still significantly different from control plants, showing
about 30% decrease in lesion size. Knock-out of sm2, how-
ever, led to a much more dramatic decrease in the ability
of the fungus to induce resistance in maize, resulting in
large lesions which were similar to the lesions of the con-
trol plants (no Trichoderma). In order to assess the gene
expression of sm-genes in T. virens during plant inter-
action, root biomass was harvested from plant experi-
ments four days post inoculation with 7. virens conidia
and analyzed by qPCR. Loss of one sm-gene might affect
the expression of the other through feedback in the signal-
ing network. The results (Figure 4c) showed, overall, no
strong changes in gene expression of the other sm-gene.
The expression of smlI was not altered in the Asm2 strain.
sm2 expression tended to be higher in Asm1I than in the
parental strain, but this was not statistically significant.

Plant experiments were also carried out with 7. atroviride
epll and epl2 single and double knockout strains that were
generated in a previous study [8]. While plants treated
with the T. virens parental strain showed more than 40%
reduction in lesion size, the lesion size in plants treated
with the T. atroviride IMI206040 wild-type strain was only
13% smaller than in the control plants (Figure 4d). Despite
the relatively poor plant protection potential of T. atrovir-
ide, we observed exactly the same trend regarding ability
of Aepll and Aepl2 strains to protect plants as for the
corresponding mutants in 7. virens. In addition, lesion
sizes on plants colonized by the double knockout strain
AepllAepl2 were not significantly different from Aepl2
treated plants and control plants (Figure 4d).

Discussion

In this study the gene expression of the three genes en-
coding CPPs in T. virens was analyzed. In analogy to
previous results from T. atroviride, sm1 was found to be
expressed during hyphal growth, i.e. under growth con-
ditions when sufficient nutrients are available and fast
biomass formation occurs. For sm2 gene expression was
detected in mycelium that was harvested from sporulat-
ing cultures. Since the formation of conidia is associated
with differentiation of the hyphae to form conidiophores
and phialides, sm2 gene expression could also be associ-
ated with these structures, but it is unfortunately not
possible to separate them efficiently. It should be noted
that in shake flask cultivations, where, according to our
microscopic observations, large amounts of chlamydo-
spores - which directly split off from hyphae - but no
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Figure 4 Effect of T. virens (parental strain, Asm7 and Asm2) on plant protection in maize seedlings challenged with the maize
pathogen C. heterostrophus. (a) Lesion development in leaves of T. virens-induced maize, two days after pathogen challenge. (b) Lesion size
measured from photographed leaves. Number of lesions measured in control plant, 33; T. virens parental strain, 23; Asm1, 24; Asm2, 23. (c) Gene
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sm1 and sm2 knockout strain. Number of lesions measured in control plant, 24; T. atroviride wild-type, 27; Aepl1, 23; Aepl2, 23; Aepl1Lepl2, 24.
Data from (b) and (d) represent the combined data from plants taken from two beakers. The experiment was carried out independently twice,
with two biological repeats, each one containing 12 plants, with the same results within the variability. Bars indicate the SEM (standard error of
the mean). *, ** and *** indicate significance at P < 0.05, 0.01 and 0.001. (d) Effect of T. atroviride (wild-type, Aepl1, Aepl2, and Aepl1Aepl2) on plant
protection in maize seedlings challenged with the maize pathogen C. heterostrophus. Lesion size measured from photographed leaves.

03, —m——=—
— el
= — -
3 *
qﬂ) 0.24 P g
w —
c
k)
(73
3 0.1

0.0

3 Control

m Parental strain (T. virens)
m Asm1 strain
O Asm2 strain

o

0.3+ -

0.2+

Lesion size (cm®)

Control

WT strain (T. atroviride)
Aepl1 strain

Aepl2 strain
Aepl1Aepl2 strain

noEmog

conidia, were formed, no expression of sm2 was found
(Figure 1 and Figure S2 in supplemental material). This
indicates that sm2 gene expression is connected to the
formation and maturation of conidia but not to other
types of spores in T. virens. It should be noted that, due
to morphological differences of the mycelium on agar
plates between T. atroviride and T. virens, in T. atroviride
the harvested biomass from sporulating cultures consists
mainly of spores, whereas in 7. virens 110 the mycelium is
fluffier and the harvested biomass is therefore a mixture
of spores and hyphae. This probably explains why in T.
virens expression of sml and sm2 was detected in these
samples, whereas in T. atroviride strong epl2 expression
but only weak epll expression was found. Sm2 is also
expressed in co-culture with maize (Figure 4).

Our transcriptional data for smI are in agreement with
findings by Djonovic et al. [5], who reported expression

under all tested conditions, including sporulating and
non-sporulating mycelia. In other fungi there is also evi-
dence that homologues of sm1 are expressed during hyphal
growth, e.g. in B. cinerea, bespll was found to be expressed
under many different growth conditions, whereas no ex-
pression was found for bespl2, a second CP gene [21].
MgSM1 from Magnaporthe grisea was also expressed
during different fungal growth stages [22]. In addition
to these gene expression data, the protein Epll was
found to be the predominant protein in the secretome
of submerged 7. atroviride cultivations with glucose as
a carbon source [6]. In the plant pathogenic basidio-
mycete Moniliophthora perniciosa gene expression data
of the 12 CP genes (MpCPI-12) showed complex transcrip-
tional profiles throughout fungal development and patho-
genic infestation of the plant, suggesting a specialization
of the respective proteins in different biological processes
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[23]. In ascomycetes, gene expression data are so far lim-
ited to homologues of sm1 except for ep/2 and epl3 from
T. atroviride and bcspl2 from B. cinerea (see above). It will
be of interest for future studies to obtain more expression
data for these genes, in particular considering the strong
effect of the lack of sm2 on the ability of Trichoderma to
protect maize from C. heterostrophus in our plant experi-
ments (Figure 4).

The mycoparasitic potential of sm-knockout strains
against R. solani and B. cinerea was not altered and it
can be anticipated that this would also be the case for
other host fungi. Nonetheless sm-knockout strains have
a strong effect on the biocontrol properties of T. virens
via direct effects on the Trichoderma-plant interaction.
In the T. virens Gv29.8-maize - Colletotrichum gramini-
cola interaction, loss of Sm1 resulted in complete loss of
the capacity to reduce lesion size on the leaves [13]. A
single protein might seem unlikely to be responsible,
alone, for the induction of systemic resistance. However,
it seems that in the maize C. graminicola interaction
Sml is indeed the dominant player. In the maize -
Cochliobolus assay used in this study, on the other hand,
knock-out of smI reduced the plant protection potential
of T. virens, but in this pathosystem the lack of Sm2 had
an even greater effect and lesion size of maize leaves was
statistically not different from the control (no Tricho-
derma). Although the colonization efficiency of maize
roots by T. virens was not directly measured, it should
be noted that upon harvesting of plant roots for biomass
extraction for qPCR experiments, no obvious pheno-
types in fungal growth and the appearance of the colo-
nized roots were observed. In plant experiments with 7.
atroviride plant protection levels were overall lower than
with 7. virens, but the same trend was observed for eplI
and epl2 knockout strains as for sm1 and sm2 knockout
strains, confirming that Sm2/Epl2 are, in the C. hetero-
strophus-maize pathosystem, more important for plant
protection than Sm1/Epll. This is also relevant because
it underlines that the observed effect is not due to any
unwanted, genetic side-effects of the knockout strains or
due a particular feature of the 7. virens strain used. The
T. atroviride double knockout strain AepllAepl2 ap-
peared slightly (albeit not significantly) less effective than
the Aepl2 strain (Figure 4b, d). These data are compat-
ible with an additive contribution of Sm1 and Sm2, and
the contribution of these two paralogs to the induction
of resistance is similar for T. virens and T. atroviride.
The data in Figure 4 provide genetic evidence that for
maximal induction of resistance, both paralogs need to
be present. In contrast to maize- C. graminicola, where
Sm1 dominates, Sm2 appears to be the dominant one in
this particular assay. Since sml expression was not
found to be altered in the sm2 deletion strain in plant
experiments it can be concluded that reduction of the

Page 6 of 9

capacity to protect the plant was directly due to the
absence of Sm2.

When comparing the C. graminicola to the C. hetero-
strophus pathosystem assays, it is important to note that
the assay here was done using hydroponic cultures rather
than soil-grown plants, which could affect the relative
extent of colonization, intensity of ISR and contribution of
specific secreted proteins. To maximize the potential of
Trichoderma spp. to protect plants, expression of different
combinations of CPP family members, at different levels,
will need to be tested, in different pathosystems.

Conclusions

CPPs are potent inducers of plant defense responses in
plant pathogenic fungi as well as plant-beneficial fungi
such as Trichoderma species. In this study we showed
that T. virens sm2 knockout strains were more impaired
in the protection of maize seedlings against the pathogen
C. heterostrophus than sm1 knockout strains. 7. atroviride
was overall less effective in plant protection than T. virens,
but the same trend was observed for the respective epl2
and epl1 knockout strains. These findings advance our un-
derstanding of the diversified functions of CPPs in fungi
and of the pool of molecules that are involved in the bene-
ficial interaction of Trichoderma with plants. Our results
show that the paradigm of Sm1 as the main or exclusive
inducer of plant systemic resistance triggered by Tricho-
derma-root interactions needs to be generalized. As we
have shown that in the particular interaction studied
here Sm2 is even more important than Sml, it seems
likely that even more elicitors remain to be discovered
in Trichoderma.

Methods

Generation of knockout strains and phenotype analysis
Knockout strains were generated using 7. virens 110
Atku70 [12] as a parental strain. A schematic represen-
tation of the smI and sm2 knockout loci is shown in
Additional file 1: Figure S1. All primers used for gener-
ation and verification of knockout strains are listed (see
Additional file 1: Table S1). For construction of the sml
deletion vector 900 bp of the 5’- and 860 bp of the 3’-
flanking regions of sml were amplified from genomic
DNA of T. virens 110 with the primers sm1-5-fw/sm1-
5-rv and sml-3’-fw/sm1-3’-rv, respectively. The PCR
products were cloned into a pBS (Bluescript SK+) vector
containing a selection hph-cassette (hph gene, conferring
resistance to hygromycin, under control of the 7. reesei
pki promoter and cbh2 terminator) [24]. The obtained
plasmid was first linearized with Xhol and the smli-
5flanking region was inserted with the In-Fusion cloning
kit (Clontech, Mountain View, CA, USA). Then the
resulting plasmid was again linearized with EcoRV and
the sm1-3’ flanking region was inserted. For identification
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of knockout strains primers sml-promupstream-fw and
sm1-hph-cass-rv were used, yielding a 2 kb PCR product
for positive knockout strains. The purification of the
knockout strains and thus absence of the smI gene was
verified with primers sml-promupstream-fw and sml-
term-rv, yielding a PCR product with the size of 2 kb for
the sm1-wild-type.

For generation of the sm2 deletion vector the Aspergil-
lus oryzae ptrA gene was used as a selection marker, con-
ferring resistance against pyrithiamine [25]. The resistance
marker cassette, containing the native promoter and ter-
minator of the ptr gene, was amplified from a plasmid
(kindly obtained from B. Seiboth) and inserted into a pBS
(Bluescript SK+) vector that was previously linearized with
Xhol and HindIII via In-Fusion cloning (Clontech). The
5-flanking region of sm2 was amplified with the primers
sm2-5-fw/sm1-5"-rv and the 3’-flanking region was ampli-
fied with the primers sm2-3’-fw/sm2-3’-rv. The flanking
regions were inserted into plasmid pBS-ptr that was line-
arized with Xhol for the sm2-5" region and HindIII for the
sm2-3 region via In-Fusion cloning (Clontech). Knockout
strains were identified by PCR with the primers sm2-
promupstream-fw and sm2-ptr-cass-rv, yielding a 2 kb
band for the sm2 knockout locus. After single spore iso-
lations, the absence of the sm2 gene was verified with
the primers sm2-promupstream-fw and sm2-term-rv,
yielding a 2.2 kb band for the sm2 wild-type locus.

Fungal transformation, carried out with the PCR-amplified
transformation cassettes, protoplast generation, prep-
aration of selection media and purification of fungal
transformants were performed as described in [12]. For
selection on pyrithiamine (1 pg/ml) T. virens transfor-
mants were grown on ISM medium; 0.68 g/L KH,POy,
0.87 g/L K;HPOy, 1.7 g/L (NH4)2SO4, 0.2 g/L CaCl,,
0.2 g/L KCl, 0.2 g/L MgSO,.7H,0, 5 mg/L FeSO,.7H,0,
2 mg/L ZnSO4.7H,0, 2 mg/L MnSO,4.7H,0 [6] in order
to facilitate the differentiation between transformants and
background growth.

Mycoparasitism assays were performed on potato
dextrose agar (PDA) plates. T. virens and a host fungus
(R. solani or B. cinerea) were placed on opposite sides
of the agar plate and incubated at 28°C with a 12 h/12 h
light/dark cycle. Images of the confrontation assays were
taken every 24 h to record the antagonism and over-
growth of the host fungi by T. virens.

Phenotype analysis of the knockout strains was carried
out as described for T. atroviride in [8]. All experiments
were carried out with at least two independent biological
replicates.

Fungal cultivations and gene expression analysis

Shake flask cultivations were carried out with ISM medium
[6] containing 1% glucose and 0.05% peptone. Media were
inoculated with 1 x 10° conidia/ml and cultivated at 25°C
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and 200 rpm. Mycelia were harvested at the time points
indicated in the results section and frozen in liquid nitro-
gen. For gene expression analysis from conidia at different
maturation stages (based on the appearance of the myce-
lium covered with conidia, ranging from white to first
light green and then dark green conidia), sporulated myce-
lia were scraped from PDA plates with a spatula and fro-
zen in liquid nitrogen. For RNA isolation the samples
were ground to a fine powder under liquid nitrogen and
total RNA was isolated using the guanidinium thiocyanate
method [26]. Isolated RNAs were treated with DNAse I
(Fermentas, St Leon-Rot, Germany), and cDNAs were
generated with the Revert Aid H-minus ¢cDNA synthesis
kit (Fermentas). RT-PCR (25 cycles) was performed using
the gene-specific primers listed (see Additional file 1:
Table S1). Accession numbers of the smi-genes in the
JGI T. virens genome database; http://genome.jgi-psf.org/
TriviGv29_8 2/TriviGv29_8_2.home.html) are: sl 110852,
sm2 111830 and sm3 32154. The corresponding accession
numbers in the NCBI database are EHK25601 for Sm1,
EHK20677 for Sm2, and EHK25819 for Sm3. The tef]
gene (translation elongation factor 1 alpha, protein ID
83874 in the JGI database and in the NCBI database
EHK22702) was used as reference gene.

qPCR reactions were performed in an Eppendorf
Realplex thermal cycler. The reaction mix contained
12.5 pl SYBR green Supermix (Bio-Rad Laboratories,
Hercules, CA, USA), 8.5 ul pure water, 6.25 uM for-
ward and 6.25 pM reverse primer, and 2 pl 1:50 diluted
template cDNA (5 pg of RNA/reaction were reverse-
transcribed using the Revert Aid H-minus cDNA syn-
thesis kit (Fermentas)). Reactions were performed in
triplicates. Primer efficiency was calculated using a di-
lution series from 1:5 to 1:5000 with the PCR baseline-
subtracted mode. The amplification protocol consisted
of an initial denaturation step for 3 min at 95°C followed
by 40 cycles of denaturation (95°C for 15 s), annealing,
and elongation (60°C for 15 s). Oligonucleotides are listed
in Additional file 1: Table S1. The tefl gene was used as a
reference. Expression data were evaluated using REST
software [27]. Cultivations for gene expression analysis
were carried out with at least two independent biological
replicates.

Gliotoxin measurements

LC-MS/MS screening of fungal metabolites was per-
formed with a QTrap 5500 LC-MS/MS System (Applied
Biosystems, Foster City, CA) equipped with a TurbolonSpray
electrospray ionization (ESI) source and a 1290 Series HPLC
System (Agilent, Waldbronn, Germany). Chromatographic
separation was performed at 25°C on a Gemini® Cig-
column, 150 x 4.6 mm i.d., 5 um particle size, equipped
with a C;g 4 x 3 mm i.d. security guard cartridge (all from
Phenomenex, Torrance, CA, US). The chromatographic
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method, as well as chromatographic and mass spectrometric
parameters for 186 of the investigated analytes, is as
described by Vishwanath et al. [28]. In the meantime, the
method has been further expanded to cover 320 metabolites.

ESI-MS/MS was performed in the time-scheduled
multiple reaction monitoring (MRM) mode both in posi-
tive and negative polarities in two separate chromato-
graphic runs per sample by scanning two fragmentation
reactions per analyte. The MRM detection window of
each analyte was set to its expected retention time +
27 seconds and +48 seconds in the positive and the
negative mode, respectively. The target cycle time was
1 second. Confirmation of positive analyte identification
was obtained by the acquisition of two MRMs per analyte
(with the exception of moniliformin and 3-nitropropionic
acid, that exhibit only one fragment ion), which yielded
4.0 identification points according to commission decision
2002/657/EC. In addition, the LC retention time and the
intensity ratio of the two MRM transition agreed with the
related values of an authentic standard within 0.1 min and
30% rel., respectively.

For further confirmation of the identity of gliotoxin,
Enhanced Product Ion scans were performed using the
third quadrupole as linear ion trap, applying a collision
energy of 35V, a collision energy spread of 15 V and a
dynamic fill time of the trap. Spectra were obtained by
averaging 20 scans of a scan speed of 1000 amu/sec and
a scan range of 50—-820 amu.

Plant assays for induced systemic resistance

We used a hydroponic system [5,29] to evaluate the resist-
ance response of maize seedlings stimulated by 7. virens
or T. atroviride. 600 ml glass beakers were filled with
200 ml plant nutrient solution (half-strength Murashige
and Skoog basal medium, 2.5 mM MES buffer pH =5.7).
A perforated stand for supporting the seeds was made
from a 200 pl tip holder. Maize seeds (Royalty, local hy-
brid, purchased from Ben Shachar, Tel Aviv) were surface
sterilized by dipping them in 10% H,O, for three hours,
followed by three washes with sterile water. Treated seeds
were dried on sterile Whatman #1 paper, placed in sterile
Petri dishes containing half-strength Murashige and Skoog
agar and incubated in the dark for three days at 30°C to
allow germination. 12 germinated seeds with similar-sized
roots and shoots were placed on the stands in each aseptic
beaker. The plants were maintained in a controlled envir-
onment at 23°C and a 16 h photoperiod with moderate
shaking on an orbital shaker (100 rpm). After four days of
growth in the beakers, plants were inoculated with Tricho-
derma spore suspension to a final concentration of 5x10°
spores/ml. Roots and fungus were allowed to interact for
four more days before pathogen challenge. For pathogen
challenge, plants - with their roots - were taken out of the
beakers and the second leaf of each plant was attached to

Page 8 of 9

a tray from the edges of the leaf. The roots of each set of
plants according to treatment were wrapped separately in
wet paper towels.

The maize pathogen C. heterostrophus (strain C4) was
grown for seven days on complete xylose medium [30] in
the same controlled environment as the plants. The sec-
ond leaf was inoculated with 7 pl droplets of 0.02% Tween
20 in double distilled water containing 1000 spores. Trays
were closed in clear plastic bags to keep the plants moist
and kept in the controlled environment. Pictures of the
challenged leaves were taken after 48 h and lesions were
measured using Image] software (http://imagej.nih.gov/ij/).
For each treatment the data represent at least eight leaves,
each with three lesions from two biological repeats.

For analysis of gene expression, roots with adhering
Trichoderma were harvested from hydroponic cultures
grown in parallel to those used for the ISR assays. The roots
were washed gently with culture medium, frozen and
ground to a fine powder in liquid nitrogen. RNA was
extracted using Tri Reagent (MBC Molecular Research
Center, Cincinnati, OH, USA) following the manufacturer’s
protocol, and cDNA was synthesized as described above.

Supporting data
The data sets supporting the results of this article are

included within the article and its additional files.
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Cerato-platanin proteins (CPPs) and hydrophobins are two classes of small, secreted proteins that are
exclusively found in fungi. CPPs are known as chitin-binding proteins, and were recently also shown to
form protein layers at air/water interfaces, but the features of these layers were not investigated on the
molecular level yet. In this study, by means of atomic force microscopy (AFM), EPL1, a member of the
CPP family was shown to form highly ordered monolayers at a hydrophobic surface/liquid-interface.
Furthermore, two new hydrophobins were analysed, and the influence of EPL1 on hydrophobin layers
was studied in situ. Hydrophobins are amphiphilic proteins that are able to self-assemble at
hydrophobic/hydrophilic interfaces, thereby inverting the polarity of the surface. This renders fungal

growth structures such as spores water repellent. The combination of AFM data and wettability
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Accepted 2nd January 2015 experiments led to the conclusion that in presence of both, hydrophobins and EPL1, a previously

unknown hybrid layer is formed. This mixed protein layer is on one hand not inverting but enhancing the
hydrophobicity of HOPG (highly oriented pyrolytic graphite), typical for EPL1, and on the other hand, it is
stable and water insoluble, which is reminiscent of hydrophobin layers.
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Introduction

Self-assembly of molecules into ordered structures is one of the
most remarkable preconditions for life. One of the most prom-
inent three-dimensional examples for oriented molecular
assemblies are lipid monolayers in cell walls. Scientists of
multiple disciplines have investigated self-assembly phenomena
and even the fundamental studies of aliphatic self-assembled
monolayers (SAM), such as octadecylsilane (ODS) or octadecyl-
trichlorosilane (OTS)," which are meanwhile the most under-
stood systems, can be seen in this general context. While SAMs
are often covalently bound to the surface, as shown by reflection
infrared spectroscopy,> Langmuir Blodget (LB) films, which
grow at air-liquid interfaces prior to be deposited onto a
substrate, usually lack anchor groups. However, it has been
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shown by atomic force microscopy (AFM) that also ODS layers
first assemble in liquid and then attach to the surface as pre-
formed flakes.*

Another type of amphiphilic surface active molecules that
has already been studied in considerable detail is the hydro-
phobin protein family. Hydrophobins are small secreted fungal
proteins, which were also found to self-assemble at hydro-
phobic/hydrophilic interfaces.>® Due to hydrophobic and
hydrophilic amino-acid patches, creating an amphiphilic
protein surface, they are able to invert the polarity of surfaces on
which they self-assemble very effectively. Therefore, they are
handled as candidates for large scale applications, spanning
from non-wetting coatings to biocompatible surfactants. Bio-
logically their surface activity-altering properties are for
example relevant for fungal hyphae that emerge from an
aqueous growth environment to form aerial hyphae and
produce spores, which are then covered with a non-wettable
layer of hydrophobins. This facilitates the dispersal of fungal
conidia (spores). The common feature of all these layers is that
they consist of amphiphilic molecules which are uniformly
oriented at hydrophilic/hydrophobic interfaces; hence their
growth is self-terminating, generating monolayers.

Here, a member of the cerato-platanin protein family (CPP),
namely EPL1 from the fungus Trichoderma atroviride, was
studied in view of its ability to form ordered self-assembled
layers. CPPs are not related to hydrophobins with respect to
their protein sequences or structure, but we recently found that

Soft Matter, 2015, 11, 1723-1732 | 1723
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EPL1 is also able to form protein biofilms at air/water inter-
faces.” However, EPL1 rather enhances the polarity effects of
surfaces and solutions instead of inverting them, which is the
opposite of what has been described for hydrophobins.

Similar to hydrophobins, CPPs can only be found in fila-
mentous fungi (moulds), ie fungi that produce hyphae as
growth structures, or in fungi which have at least a pseudo-
hyphal growth stage.? They are small, secreted proteins that are
released into the culture filtrate, but they have also been found
within the cell wall of fungal hyphae and spores.®* CPPs are
important factors in fungal-plant interactions. In plant patho-
genic fungi they have been reported to act as phytotoxins and
were also shown to induce plant defence responses in plant-
beneficial fungi of the genus Trichoderma.”™* However, the
presence and abundant expression of CPPs in fungi with all
types of life-styles suggests that the main biological functions
are not solely related to fungal-plant interactions but to other,
more general aspects of fungal growth.”**"

Structural analyses revealed that CPPs have a protein fold
that is similar to expansins.'® Expansins are non-enzymatic
proteins that aid in plant cell wall extension and plant growth by
loosening up the cellulose scaffold of the cell wall.*

In analogy to that, CPPs can bind carbohydrates but are also
not enzymatically active. They were found to have an N-acetyl-
glucosamine binding pocket. Binding to chitin, which is a
biopolymer consisting of N-acetylglucosamine subunits, was
already shown for some CPPs including EPL1.7>*** Since chitin
is a structural component of the fungal cell wall, it was sug-
gested that CPPs might exhibit similar functions in the fungal
cell wall as expansins do in plants.”?*

In addition to these carbohydrate-binding properties, we
were recently able to show that EPL1 readily self-assembles at
air/water interfaces and is able to form protein layers on the
surface of aqueous liquids.”

In this study we investigated protein layers of EPL1 and two
new hydrophobins HFB9a and HFB9b with tapping mode
atomic force microscopy (TM-AFM). The results from this study
significantly increase our understanding of EPL1 protein layers
and reveal that upon self-assembly they indeed form a regularly
patterned protein biofilm surface. Furthermore, since both,
CPPs and hydrophobins, can be found on/in fungal cell walls,
we tested whether the formation and patterning of protein
layers of hydrophobins might be influenced or perturbed by
EPL1 and vice versa.

Results
Features of EPL1 protein layers on HOPG

In a previous study we showed that EPL1 forms irregular,
meshwork-like or large granular structures upon drying of a
droplet of protein solution (0.06 ug mL ') on a mica surface.’”
Following up on these results we investigated the topography of
EPL1 protein layers on HOPG (highly orientated pyrolytic
graphite) by preparation and imaging in air as well as in situ
preparation an imaging directly in liquid (PBS buffer). It turned
out that such irregular, meshwork-like protein patches can also

1724 | Soft Matter, 2015, 11, 17231732
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be observed on HOPG when imaging samples prepared by
drying a droplet in air (Fig. 1a).

In order to circumvent limitations in imaging quality on
such uneven surfaces (see also Fig. 1b), the following experi-
ment was performed: HOPG was first imaged with AFM under
PBS buffer, then a small amount of concentrated EPL1 solution
(120 nmol mL™") was added in situ to achieve a final concen-
tration of approximately 30 nmol mL ™" in the AFM liquid cell.
As shown in Fig. 2, the protein immediately formed highly
ordered, thin layers (most probably monolayers as indicated by

=
w0 o
[ —
S —

Height [nm]
o

0 100 200

Position [nm]

300

00 h

Fig. 1 (a) TM-AFM image of the dried liquid—air interface, taken after
total dehydration of an EPL1 droplet on HOPG and (b) cross sectional
profile along the line shown in (a). An irregular meshwork with a
strongly corrugated surface can be seen. Image taken in air, height
scale: 20 nm from dark to bright.

This journal is © The Royal Society of Chemistry 2015
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Fig.2 TM-AFM images of EPL1 on HOPG. (a) Topography image and (b) amplitude error image of the same area. The layers have been prepared
in situ in the AFM liquid cell and imaging was performed under PBS buffer. The height profile in the inset (zoom) is derived from the topographical
image. (c) Image across a margin of an ordered domain, suggesting that a monolayer is observed. (d) The periodicity of 5.5 nm and two main
orientation angles can be extracted from the Fourier transformation of (a). Data scale: (a) 1 nm (topography) and (b and c) 10 mV (amplitude error)

from dark to bright.

the image of an edge of such an ordered EPL1 domain in Fig. 2c)
on the hydrophobic HOPG surface. Fig. 2a shows a topograph-
ical image and Fig. 2b an amplitude error image of the same
area. It can clearly be seen that the recognisability of the
ordered domains is strongly increased in the amplitude error
image. This is particularly valid when e.g. steps on the substrate
surface are encountered in an image. As shown in the height
profile (inset in Fig. 2b) the grooves between protein rows have a
depth of only 0.2-0.3 nm.

This journal is © The Royal Society of Chemistry 2015

For that reason only amplitude error images are shown in the
following figures. In contrast to the experimental approach
shown in Fig. 1, where during drying of the droplet rather large
amounts of protein are deposited on the surface, the images
shown in Fig. 2 were recorded directly in liquid and here solely a
thin layer of EPL1 is deposited on an atomically flat surface.
This facilitates high-resolution imaging of the formed protein
layer. The Fourier transformation in Fig. 2d shows a periodicity
of ~5.5 nm and the height profile in Fig. 2b displays a groove

Soft Matter, 2015, 11, 1723-1732 | 1725
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depth of 0.2-0.3 nm. Previous works reported that hydrophobin
layers adhere much stronger to HOPG surfaces than to mica,*
indicating that the hydrophobic interactions are stronger than
their hydrophilic counterparts. This is in accordance with our
experiments insofar as no formation of EPL1 protein layers
could be observed on mica under liquid. Ex situ AFM
measurements performed on EPL1 layers on hydrophilic mica
and on a hydrophobic gold (111) surface in air yielded no
ordered structures.

Influence of EPL1 on hydrophobin protein layers

Some members of the classes I and II of the hydrophobin family
have been shown to form ordered monolayers,>**** but most
hydrophobins that were identified in fungal genomes in the last
years have not been characterized by high resolution imaging
methods. In this study, two hydrophobins, HFB9a and HFB9b
from Trichoderma virens, belonging to a phylogenetically new
section of class I hydrophobins in ascomycete fungi,*
analysed in this respect. Self-assembled layers of these two
hydrophobins were produced using the droplet method, which
is explained in the experimental section.

AFM images showed that both hydrophobins are able to form
highly ordered lattices on hydrophobic surfaces (Fig. 3a and b).
The surface pattern exhibits a riffled morphology, very similar to
the EPL1 layers described above, with a separation of 5.3 nm and
5.5 nm (extracted from the Fourier transformed images) between
the protein rows, which reflects the similar molecular mass of
the mature proteins (EPL1 11 kDa, HFB9a 13 kDa, HFB9b 11
kDa). Since both, EPL1 and HFBs, are present in/on fungal cell
walls, we were interested whether the formation and patterning
of protein layers of hydrophobins might be influenced or per-
turbed by EPL1. In order to elucidate this hypothesis, the effect
of EPL1 on HFB9a and HFB9b was observed in situ. First, the
effect of EPL1 on pre-formed hydrophobin layers was tested. As a
representative example of several independent replications of
these experiments, Fig. 3c and d show the samples already
shown in Fig. 3a and b, respectively, after addition of EPL1
solution to the AFM's liquid cell. Significant structural changes
could not be observed even after one hour of scanning. Thus, it
can be concluded that EPL1 neither destroys ordered HFB layers
nor sticks onto their surface to grow layers on top of them.
Evidently, already existing HFB layers are stable under this
treatment. Next, the effect of EPL1 on the growth of HFB9a/b
layers was studied. The respective hydrophobins were mixed
with EPL1 in a molar ratio of 1 : 1 and the droplet method (see
Experimental section) was applied. As shown in Fig. 4, periodic
structures were formed, which, at least by AFM, cannot be
distinguished from those of either pure HFB9a/b or EPL1 alone.
Image analysis by Fourier transformation (analogous to Fig. 2d)
revealed a periodicity of 6.2 nm and 5.3 nm and the height
profiles showed groove depths <1 nm.

Wettability experiments. Despite their topographical simi-
larity to pure hydrophobins, layers composed of HFB9a/EPL1 or
HFBOb/EPL1 mixtures, exhibited unprecedented macroscopic
properties: on one hand they were stable upon washing of the
surface with ultrapure water. This was also found to be the case

were
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for HFB9a/b layers, whereas EPL1 layers are readily re-solubi-
lized (this study and’). On the other hand the mixed layers were
interestingly not inverting the hydrophobicity of a HOPG
surface anymore (Fig. 5), which is reminiscent of EPL1 layers.
Fig. 5 shows different shapes of water drops deposited on pure
HOPG and HOPG substrates covered either with pure HFB9a/b
or with mixed HFB9a/EPL1 and HFB9b/EPL1 layers. It can be
seen that pure HFB9a/b significantly increased the wettability of
HOPG, while in case of layers mixed with EPL1 the substrate
remains hydrophobic. These observations were further verified
by contact angle measurements using 2 pL droplets of ultrapure
water. In agreement with the macroscopic observations, the
results (Table 1) showed that hydrophobin layers on HOPG
strongly reduced contact angles, whereas hybrid protein layers
were more water repellent and yielded larger contact angles
with similar values as HOPG without protein. These results
indicate that a new type of hybrid layer was formed. Due to the
solubility of EPL1 in water, measurements with EPL1 layers
could not be performed. Preliminary experiments with MALDI-
TOF-MS (matrix assisted laser desorption ionization - time of
flight - mass spectrometry in the positive linear ion mode)
confirmed the presence of two different proteins (hydrophobin
and EPL1) on the surface but were not conclusive in terms of a
further characterization of the layers (data not shown).

Discussion

In this study, we analysed the formation of EPL1 protein layers in
situ during their formation in buffer, i.e. at solid/liquid inter-
faces. Up to now it was only known that EPL1 self-assembles at
air/water interfaces’ but highly ordered structures on the
molecular level were not observed. We were able to show that
upon self-assembly of EPL1 indeed highly ordered layers, most
likely monolayers (see Fig. 2c) are formed. In the light of the
structural analysis of CPPs,'*** which did not reveal any signifi-
cant similarities to the amphiphilic surface architecture of
hydrophobins,™ it is a curiosity that EPL1 nevertheless shows
surface active properties. The coarse meshwork-like structure of
the EPL1 protein layer observed in Fig. 1 might result from
drying of the EPL1 protein droplet and could be caused by a
rather stiff protein film that is already formed on the surface of
the droplet (prior to adsorption on the substrate) which is
subsequently deformed by the shrinkage of the droplet during
drying and adsorption. The stiffness of this surface film is
indicative for a stable protein assembly at the air/water interface.

In this study also two new hydrophobins were analysed, and
the influence of EPL1 on hydrophobin layers was observed.
Both, EPL1 and HFBs used in this study, were derived from the
fungal genus Trichoderma. Hydrophobins are conventionally
grouped into two classes (class I and II) according to their
solubility in solvents, hydropathy profiles, and spacing between
their conserved cysteines. In general, protein aggregates of class
I hydrophobins are more stable and can only be dissolved in
strong acids such as TFA, while class II aggregates can be dis-
solved using aqueous dilutions of organic solvents.* Previously,
in ascomycete fungi only class II hydrophobins were detected,
but the wealth of fungal genomes that became available in the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 AFM amplitude error images of hydrophobin layers produced by the “"drop method” imaged under PBS buffer. (a) HFB9a and (b) HFBOb.
Height profiles in the insets (zooms) are derived from the corresponding topographical images. (c) HFB9a protein layer of (a) after in situ addition
of EPL1 and (d) HFB9b protein layer of (b) after in situ addition of EPL1. Morphological changes upon addition of EPL1 cannot be observed. The ~5
nm high steps running across the images are terraces of the underlying, cleaved HOPG substrate. Data scale: 10 mV from dark to bright.

past few years led to the discovery of large numbers of new
hydrophobins. This included the description of a novel sub-set
of class I hydrophobins in ascomycetes, such as Trichoderma®
and Aspergillus species.”® These hydrophobins show also the
typical eight cysteines which are characteristic for hydrophobin
sequences. Further, structural predictions revealed the typical
amphipathic surface that is responsible for the biochemical
properties of hydrophobins.* We found that, in analogy to what
has been shown for other hydrophobins before, also HFB9a and
HFB9b are able to form highly ordered (mono-)layers. These

This journal is © The R Society of Chemistry 2015

layers dramatically increase the wettability of HOPG surfaces, as
was shown by the strong alteration of droplet shapes (Fig. 5).
This can be explained much more straightforward than in the
case of EPL1, because these proteins indeed have hydrophilic
and hydrophobic surface patches and therefore behaved like
typical hydrophobins.

With respect to EPL1 layers, several aspects of our results
indicate that the formed protein layers have a monomolecular
thickness. At the margins of the highly ordered EPL1 layers (see
Fig. 2c¢) higher step heights which would be indicative for

Soft Matter, 2015, 11, 1723-1732 | 1727
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Fig. 4 AFM amplitude error images of hybrid layers of (a) EPL1/HFB9a and (b) EPL1/HFB9b. Ordered layers which cannot be distinguished from
pure EPL1 or HFB9 layers are observed. Height profiles in the insets (zooms) are derived from the corresponding topographical images. Data

scale: 10 mV from dark to bright.

thicker layers could not be observed. Moreover, the flat films
with an exceptional long distance order (up to micrometers)
suggest a self-terminating growth, most likely leading to
monolayers. Furthermore, in case of the amphiphilic hydro-
phobins the monolayer nature has already been shown.**
Nevertheless, for EPL1 layers a less probable alternative
assembly (e.g. double layers) cannot be fully excluded.

The addition of an EPL1 solution had no effect on pre-
formed hydrophobin layers, whereas when HFB9a/9b and EPL1
were present in the adsorption solution simultaneously, the
resulting layers showed interesting, mixed properties. We
suggest that an alternating pattern of single proteins, subunits
or protein rows is more likely than a sandwich stack of hydro-
phobins and EPL1, because sandwiches would probably also be
formed if EPL1 was added to an already formed hydrophobin
layer, which was not the case.

The distances of periodical rows of HFB9a- and HFB9b-surfaces
is 5.3 nm and 5.5 nm, and therefore slightly smaller than those of
previously published HFB I and II surfaces, which had lattice
parameters ranging from 5.9 nm to 6.1 nm.>>*® EPL1 structures
revealed a very similar periodicity of 5.5 nm. The HFB9a/EPL1
hybrid layers had a slightly increased distance between protein
rows (6.2 nm) in contrast to the HFB9b/EPL1 hybrids (5.3 nm).
However the differences are not significant enough to allow any
interpretations on the organization of these hybrid layers. This is
also the case for height differences, as profiles show similar sub-
nanometer grooves for both, pure-protein and hybrid-layers. The
organisation and distribution of the two protein species in those
hybrid layers will be an important and interesting aspect for
further investigations. The fact that the wettability of hybrid layers
was the opposite of what was observed for hydrophobin layers

1728 | Soft Matter, 2015, 11, 17231732

suggests the orientation of hydrophilic/hydrophobic patches of
the proteins was at least slightly altered. Protein-protein interac-
tions between EPL1 and the hydrophobins are the likely driving
force for that, but detailed investigations on the single-molecule
level will probably be necessary to elucidate that further.

The observation of hybrid layers has interesting implications
for potential biotechnological applications as well as for the
biological roles of EPL1 and CPPs in general. Hybrid layers,
which are not as water-soluble as pure EPL1 layers, could be
used to enhance the wettability-properties of surfaces in appli-
cations where a uniform moistening of a moderately hydro-
phobic surface is of interest, e.g. in cleaning agents or in
spraying applications of plant protection products.

Concerning the biological functions of CPPs it has previously
been suggested that they might play a role in fungal growth and
development due to their chitin-binding properties and abun-
dant expression during many different growth conditions.”***
Interestingly the epl1 gene in T. atroviride, as well as its ortho-
logues in other fungi, are abundantly expressed during hyphal
growth whereas expression of hydrophobins is usually rather
related to sporulation, but this has not been tested for the
specific case of Afb9a and hfb9b yet. However, since EPL1 is in
our experience relatively stable, also in fungal cultivations, and
in addition other CPPs such as epi2 are also expressed during
sporulation,” it is presumable that CPPs and hydrophobins also
interact in vivo. In this context it is interesting that EPL1 does
not affect existing hydrophobin layers, but modifies surface
properties in a more subtle way. The biological consequence of
mixed hydrophobin/CPP layers would be that fungal growth
structures could, under certain conditions, be covered with a
protein biofilm which does not invert the polarity of the surface.

This journal is © The Royal Society of Chemistry 2015
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HFB9b c HFB9a / EPL1 hybrid d

HFB9b / EPL1 hybrid e

Fig.5 Photographs of 50 uL and 2 pL water drops deposited on (a) pure HOPG, (b) a HFB9a layer, (c) a HFB9b layer, (d) a HFB9a/EPL1 hybrid layer,
and (e) a HFBOb/EPL1 hybrid layer. The hydrophobins clearly invert the hydrophobicity of HOPG, rendering the surface more hydrophilic, while in
case of the hybrid layers the surface remains hydrophobic. The insets show 2 plL droplets on the respective surfaces. The images were taken
during contact angle measurements with the camera integrated in the contact angle device.
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Table 1 Contact angles of 2 uL water droplets on HOPG coated with
hydrophobin or hybrid protein layers

Type of layer Contact angle [°]

HOPG surface (without protein) 59 £+ 10
HFB9a 22+9
HFB9b 27 £5
Hybrid layer EPL1/HFB9a 53+ 8
Hybrid layer EPL1/HFB9b 61+7

For polar or hydrophilic molecules, such as those found in the
fungal cell wall (carbohydrates and proteins), this would mean an
increase of the wettability and hydrophilicity. Most fungi prefer
moist growth conditions and therefore an enhancement of the
wettability of fungal hyphae might be advantageous for the
fungus. Such properties could also aid in the adherence of
hyphae to certain surfaces and thus in a better adaptation of the
fungus to a growth environment that has zones with varying water
content, as might be found in natural environments such as soil.
With respect to the potential roles of CPPs and/or mixed
hydrophobin/CPP layers in fungal growth it has to be
mentioned that, e.g. for epl1 gene knockout strains so far no
growth defects or phenotypes related to the formation of hyphae
or spores were detected, also not during stress growth condi-
tions such as osmotic stress.” This shows that epl7 is a non-
essential gene despite the abundant production of EPL1 during
fungal growth. In contrast to that, ep/1 knockout strains, as well
as knockout strains of its orthologue in T. virens, sm1, show a
reduced induction of plant defense responses.>””®* Whether this
is solely due to the fact that CPPs such as EPL1 or SM1 effec-
tively signal the presence of a fungus for plants or whether CPPs
are directly involved in the physical interaction of fungal hyphae
with plant roots remains to be investigated. While Trichoderma
species are not pathogenic for plants but rather plant-beneficial
fungi, in plant pathogens it was already reported that knockout
strains of CP-genes showed reduced virulence and necrosis of
plant tissue.”'* The attachment and interaction of fungal
hyphae with plants, e.g. during the infection process of plant
leaves or roots by plant pathogenic fungi could be influenced by
either mixed layers of hydrophobins and CPPs, as shown in this
paper, which would have a direct effect on the attachment-
abilities of hyphae, or possibly also by the interaction of CPPs
with plant surface proteins, which could alter the surface
properties of the plant leave, thereby aiding in the pathogenic
attack of the fungus. The findings of this study provide a
possible starting point towards understanding the mechanistic
effects of CPPs in fungal-plant interactions in more detail.

Experimental
Production and purification of EPL1

The protein EPL1 was purified from culture supernatants of
Trichoderma atroviride P1 as described in ref. 9. Briefly, culture
supernatants were concentrated via ultrafiltration using a
membrane with 10 kDa cut-off and subsequently purified via

cation-exchange chromatography. Purification steps were
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checked with SDS-PAGE.** The protein was stored at 4 °C in
sodium acetate buffer, pH 4.5. This pH is close to that of T.
atroviride cultivations from which EPL1 is purified and the
protein was found to be very stable under these conditions.

Overexpression and purification of hydrophobins

The hydrophobins that were used in this study are Trichoderma
virens HFB9a and HFB9b. The respective NCBI/EMBL/DDB]J
accession number, derived from the genome sequencing
project of T. virens Gv29-8 v2.0 (http://genome.jgi-psf.org/
TriviGv29_8_2/TriviGv29_8_2.home.html) are EHK16816 for
HFB9a and EHK25899 for HFB9Db. In order to amplify cDNA
fragments of T. virens hfb9a and hfb9b the primers hfb9a-fw
(CAACAAGGGCAAAGGTGGCAA), hfb9a-rv (TCGTAGATGTTGAT
GGTGATGGG) and hfb9b-fw (CAACAACAACTGGCAGAGCAAC)
and hfb9b-rv (GTAAACGACCTTGGACTGTCCG) were used. The
hydrophobin genes were fused between an N-terminal pelB
leader directing the proteins to the bacterial periplasm and a C-
terminal 6xHis-Tag for rapid purification by affinity chroma-
tography. Overexpression of hydrophobins was carried out in
Escherichia coli BL21 DE3 strain (GE Healthcare, Amersham,
England). Bacterial strains were cultivated in LB broth con-
taining 40 pg mL ™" kanamycin at 37 °C and 170 RPM, expres-
sion was induced by the addition of isothiopropyl-B-p-
galactoside at a final concentration of 0.05 mM. The culture was
incubated for 5 hours and the cells were harvested by centri-
fugation (5000g, 4 °C, 10 min). Cell pellets were resuspended in
5 mL buffer and purified using the HisTALON™ Gravity
Column Purification Kit (Takara Bio Company, Mountain View,
CA, USA). Purification was carried out according to the manu-
facturer's instructions. Sonification was used to lyse the cells (10
cycles; 30 s pulse with 1 min on ice between pulses) and the
supernatant separated by centrifugation at 5000g for 30 min at
4 °C. The pellet was washed twice with the equilibration buffer
containing 2 M urea. After the final centrifugation (5000g,
10 min at 4 °C) inclusion bodies were solubilised in the equil-
ibration buffer containing 8 M urea and refolded while bound
to the column. The proteins were loaded onto 2 mL of Co**-
charged affinity resin (TALON® Metal Affinity Resin, Takara Bio
Company, Mountain View, CA, USA) and subsequently washed
with 10 column volumes of equilibration buffer containing 8 M
urea. An on-column refolding was performed using a step-wise
gradient from 8 M to 0 M urea using a refolding buffer that
contained 1 mM reduced glutathione and 0.1 mM oxidized
glutathione. For each step 2 column volumes were used until
the buffer was free of urea. The beads were then washed with 10
column volumes of equilibration buffer containing 20 mM
imidazole to remove histidine-rich impurities. The elution was
performed using 300 mM imidazole elution buffer. PD-10
desalting columns (GE Healthcare, Amersham, England) were
used to exchange the buffer to 100 mM K,HPO,/KH,PO, buffer
at pH 7. Protein concentration was determined using the Bio-
Rad Protein Assay (Biorad, Hercules, CA, USA) and bovine
serum albumin as standard. The purified proteins were ana-
lysed with SDS-PAGE and staining was performed with Coo-
massie Brilliant Blue R-250.*

This journal is © The Royal Society of Chemistry 2015
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AFM sample preparation and imaging

Samples were prepared by 3 different methods: (i) completely
drying a drop of protein solution on the HOPG substrate, (ii)
droplet method: ordered hydrophobin layers were obtained by
the following procedure: a 50 uL drop of 1 nmol mL ™" solution
was first pipetted onto a freshly cleaved HOPG surface. After 2 h
of incubation in humid environment the hydrophobin layer,
which had self-assembled on the drop surface, was transferred
and thereby inversed, by gently touching the drop with another
freshly cleaved HOPG substrate. Before imaging, the samples
were extensively washed with buffer. (iii) In situ preparation:
ordered layers of EPL1 were generated in situ adding a small
amount of concentrated EPL1 solution (120 nmol mL™") to the
liquid cell to achieve a final concentration of approximately 30
nmol mL~". For this purpose scanning was interrupted for
approximately 30 seconds at a tip-sample separation of 300 nm.

AFM images where recorded in tapping mode with a Nano-
Scope V (Bruker, Santa Barbara, CA, USA) either in air or under
PBS (phosphate buffered saline) buffer. In both cases the same
type of cantilevers was used in order to increase comparability:
etched single crystal silicon probes (NCH from Nanoworld,
Neuchatel, Switzerland) with a spring constant of 42 N m™'. A
free oscillating amplitude of approximately 50-100 mV and a
drive frequency of either ~180 kHz (liquid) or 298 kHz (air) were
chosen. Images were taken with set-points corresponding to a
damping of approximately 90% of the free amplitude. The pixel
size of 500 nm x 500 nm images was set to 512 x 512. In order
to enhance the contrast and to increase the visibility of the
ordering in the domains, instead of topography images ampli-
tude error images have been chosen for presentation in this
paper. The scanner was frequently calibrated and confirmed to
have a tolerance of less than 5%. When periodical surface
structures were imaged, artefacts due to oscillation were
excluded by controlling the correct size scaling and by changing
the scanning angle. AFM experiments described in this study
were repeated at least two times on independent samples and
representative images are shown.

Surface contact angle measurements

Contact angle measurements were performed on a contact
angle device DSA 100 (KRUSS, Hamburg, Germany) using the
sessile drop method. For the analysis of the surface properties
of protein layers, 2 uL drops of ultrapure water were set down on
a HOPG substrate which was either freshly cleaved or coated
with hydrophobins or hybrid layers. Drop shapes were modelled
with the software program DSA1 (KRUSS) using a polynomial
function. From each surface at least 2 independent samples
were prepared, the formation of layers was checked by AFM and
7-15 drops were analysed.

Conclusions

In this study we showed with AFM that the CPP EPL1 readily
forms highly ordered (mono)layers at liquid/solid interfaces
which is remarkable, considering that this molecule has no
evidently amphiphilic structural features. This is a clear

This journal is © The Royal Society of Chemistry 2015
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indication for fast and efficient self-assembly of EPLI.
Furthermore, from a phenomenological point of view it was
observed that hybrid layers with mixed properties are formed
upon simultaneous presence of both, hydrophobins and EPL1,
in solution, whereas pre-formed hydrophobin layers are not
perturbed by subsequent addition of EPL1. This unprecedented
mixture of properties provides a promising starting point for
future investigations of their detailed structure and organisa-
tion as well as for potential biotechnological applications of
CPPs. Furthermore, CPPs might act as antagonists for hydro-
phobins by subtly modifying their surface activity-altering
properties.
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Concluding remarks

This doctoral thesis focused on the GIcNAc-catabolism in ascomycete filamentous fungi,
especially Trichoderma spp. and Neurospora crassa. We found out that the respective genes,
encoding the enzymes essential for GlcNAc-catabolism, are clustered in these fungi, as
already described for Candida albicans (Konopka, 2012). Furthermore filamentous fungi
possess an Ndt80-like transcription factor, designated RON1, which is responsible for
regulation of this cluster. Additional a gene encoding a GH family 3 protein, which we have
annotated as nag3, can often be found in the GIcNAc gene cluster. NAG3 exhibits similarities
to bacterial GH3 B-N-acetylhexosaminidases ((Cheng and Li, 2000; Li et al., 2002; Litzinger et
al., 2010; Mayer et al., 2006; Tsujibo et al., 1994) and http://www.cazy.org/GH3.html)) (chapter

1.1and 1.2).

Another insight into the GIcNAc-catabolism is that the filamentous fungus N. crassa in
contrast to Trichoderma spp. is not able to grow on medium containing GIcNAc, although N.
crassa possesses all genes of the GIcNAc-catabolism cluster. One hypothesis for this
phenomenon is that there is a defect in the GIcNAc-catabolism itself. This is corroborated by
findings in C. albicans where deletion strains of dacl and nagl (N. crassa dam-1) were not
able to grow on medium containing GIcNAc, even in the presence of an additional carbon
source (Naseem et al., 2011), which is a hint that GIcNAc-6-phosphate deacetylase and GIcN-
6-phosphate deaminase are bottlenecks in this pathway. Interestingly, N. crassa was readily
able to utilize the polymer chitin. An explanation could be that instead of chitinases, non-
hydrolytic enzymes, e.g. lytic polysaccharide monooxygenases are mainly responsible for
chitin degradation in N. crassa, leading to chitin-degradation products other than GIcNAc,
which would not be catabolised via the GIcNAc pathway and therefore not lead to
accumulation of the growth-inhibitory intermediates. This is supported by our findings that,
although, N. crassa is able to utilize chitin as carbon source, expression of the GIcNAc-cluster
is absent (chapter 1.3).

In contrast, transcription of the GIcNAc gene cluster was highly inducible by GIcNAc, similar

to T. reesei, which very efficiently uses GIcNAc as carbon source (Kappel et al., 2015).
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The results from these studies contribute to new important insights in GIcNAc-catabolism.
However, further investigations will be necessary to get a better understanding of the
function and action of chitin metabolizing enzymes which will also help to increase their
productivity and specificity via directed genetic engineering. This in turn furthers the
production of chitinolytic enzymes and hence reduces their costs, which can help to develop
a cheaper alternative to chemical processing of chitin for industrial applications.

Current applications of chitin comprise wound dressings, separation membranes,
antibacterial coatings for stents and tissue engineering scaffolds (Bhattarai et al., 2010;
Crompton et al., 2007; Noel et al., 2010). Due to the high antibacterial properties of chitin
and chitooligomers, they can assist regeneration of human tissue after injury. GIcNAc itself
was discovered to be a valuable pharmacological agent in the treatment of a wide variety of
maladies in the past decade such as treatment in joint damage including arthritic diseases,
cartilage- or joint injury and degenerative joint diseases (Burtan, 1998; Burton, 1990; Burton
and Freeman, 1993; Karzel and Domenjoz, 1971; Mdnnikes et al., 2006). Another field of
application is cosmetics for example hyaluronic acid is widely used to treat skin and mucosal

damages despite inefficient absorption (Chen et al., 2008; Sayo et al., 2004).

The second focus of this doctoral study was laid on the chitin-binding protein family
denominated cerato-platanins. In addition to their established characteristics we have
discovered new, intriguing properties of the CPPs from T. atroviride and T. virens, EPLs and
SMs respectively. CPPs are associated with the induction of defense responses in plants,
especially CPPs from the genus Trichoderma are key factors in the fungus-plant interaction.
In the maize — Cochliobolus heterostrophus assay used in this study knock-outs of sm1
reduced the plant protection potential of T. virens, but in this pathosystem the lack of sm2
had an even greater effect and lesion size of maize leaves was statistically not different from
the control (without addition of Trichoderma). The results showed that although the CP gene
sm1 is more abundantly expressed than sm2 during fungal growth, Sm2 is, interestingly,
more important than Sm1 for the promotion of plant protection. Additional analyses showed

that T. virens was in general a more effective plant protectant compared to T. atroviride
(chapter 2.2). These findings advance our understanding of the diversified functions of CPPs

in fungi and of the pool of molecules that are involved in the beneficial interaction of

Trichoderma with plants.
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Further it is known that CPPs, in contrast to hydrophobins, enhance the polarity of solutions
and surfaces and self-assemble at air/water interfaces. We detected that EPL1 forms highly
ordered monolayers at surface/liquid-interface and furthermore a combination of EPL1 and
hydrophobins resulted in a new unknown layer which comprise features of both, EPL1 and
hydrophobins (chapter 2.1 and 2.3).

One possible biotechnological application for CPPs could be to enhance the wettability
properties of solutions, which can be of interest for applications where a uniform moistening
of a moderately hydrophobic surface is of interest, e.g. spraying of plant protection products

or in cleaning agents.

With an increasing understanding of the mode of action of CPPs, their possible use as
additives for the induction of plant resistance and defence mechanisms in fertilizers would
also be an interesting possibility.

Biochemical analysis of more CPPs will be necessary to elucidate the application potential of
CPPs further and to reveal which properties are specific for individual CPPs and which

properties can be generally found in all members of the CPP family.
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