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Summary

Dermatophytes are highly specialized filamentous pathogenic fungi that are able to
digest keratinized substrates. Pathogenic species are the most common agents of
superficial mycoses but their virulence mechanisms are poorly understood. Since
dermatophytes almost exclusively infect the stratum corneum, nails and hairs, research
into the mechanisms of invasion has primarily focused on secreted proteases. Nothing
was known about other secreted hydrolases (e.g. ceramidases and lipases) that are
possibly involved in the degradation of the cutaneous barrier, and possible transcription
factors specifically modulated during the infection process.

The aim of the present thesis was to identify the proteins (in particular proteases)
secreted by dermatophytes during infection that are putative virulence factors and
antigenic molecules. A complete gene expression profile of the dermatophyte
Arthroderma benhamiae was obtained during infection of its natural host (guinea pig)
using RNA-sequencing technology. This profile was compared to those of the fungus
cultivated in vitro in two media containing keratin and soy meal protein as the sole
source of nitrogen, and in Sabouraud medium. The expression profiles of genes
encoding secreted proteins in infected guinea pigs were found very different from that
during in vitro growth when using keratin as substrate. Especially, the sets of the 12
most highly expressed genes encoding proteases with a signal sequence during
infection and in keratin medium only had the putative vacuolar aspartic protease gene
PEP2 in common. The most upregulated gene encoding a secreted protease during
infection was that encoding subtilisin SUB6, which is a known major allergen in the

related dermatophyte Trichophyton rubrum.

Vi



Different tools were recently developed to improve genetic analyses of
dermatophytes. In our study, the Agrobacterium tumefaciens-mediated transformation
system was used to transform A. benhamiae in order to produce recombinant proteins
such as SUB6, SUB7 and SUB8 which are potentially involved in infection for further
characterization.

Comparing gene expression during infection on guinea pigs versus keratin
degradation in vitro, which is supposed to mimic the host environment, revealed the
critical importance of using real in vivo conditions for investigating virulence
mechanisms. The analysis of genes expressed in vivo, encoding cell surface and
secreted proteins, particularly proteases, led to the identification of new allergen and

virulence factor candidates.
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Résumé

Les dermatophytes sont des champignons filamenteux pathogénes capables de digérer
des substrats kératinisés. lls sont la cause du plus grand nombre de mycoses
cutanées. Comme les dermatophytes infectent la peau, les ongles et les cheveux, la
recherche sur les facteurs de virulence de ces champignons s’est concentrée sur leurs
protéases secrétées. Aucune donnée n’était disponible sur d’autres hydrolases
sécrétées (e.g. céramidases et lipases) certainement impliquées dans la dégradation
de la barriere cutanée. L’objectif de cette thése était d’identifier les protéines (en
particulier les protéases) qui sont sécrétées par les dermatophytes lors d’une infection.
Ces protéines seécrétées sont des facteurs de virulence potentiels et des molécules
impliquées dans des réactions immunologiques.

Un profil d’expression de tous les génes (transcriptome) du dermatophyte
Arthroderma benhamiae lors d’infections de cochons d'Inde a pu étre obtenu en
utilisant des techniques récentes de séquengage de 'ARN. Ce profil a été comparé
avec ceux du champignon cultivé in vitro dans différents milieux contenant de la
kératine ou des protéines de soja comme seule source d’azote, et dans du milieu de
Sabouraud. De fortes différences entre les transcriptomes ont été révélées. En
particulier, les sets des 12 génes les plus exprimés codant pour des protéases avec un
peptide signal in vitro et in vivo n'avaient en commun que la protéase aspartique PEP2
qui est en fait une protéase vacuolaire. Le géne codant pour une protéase sécrétée le
plus exprimé in vivo était celui d’'une subtilisine, SUB6. Cette protéase était connue

pour étre un antigene majeur de I'espece Trichophyton rubrum.



Nous avons pu transformer A. benhamiae avec des plasmides pour sur-exprimer
les génes codant pour SUB6 et SUB7 en utlisant la bactérie Agrobacterium
tumefaciens. Ces subtilisines qui sont potentiellement impliquées dans l'infection ont
été obtenues dans du surnageant de culture du champignon alors qu’il avait été
impossible de les obtenir avec d’autres systemes d’expression.

En conclusion, la comparaison des transcriptomes d’A. benhamiae pendant
l'infection et pendant sa croissance dans un milieu contenant de la kératine a démontré
'importance d’utiliser des vraies conditions in vivo pour investiguer les mécanismes de
virulence des dermatophytes. L’analyse des génes qui codent pour des protéines
sécrétées et qui sont exprimés in vivo a permis d’identifier des facteurs de virulence et

des allergénes potentiels des dermatophytes.



Abbreviations

Accession number (AC)

Agrobacterium tumefacens-mediated transformation (ATMT)
Caspase recruitment domain containing (CARD)
Common in fungal extracellular membrane domain (CFEM)
Delayed-type hypersensitivity (DTH)
Dimethsylsulfoxid (DMSO)
Dipeptidyl-peptidases (DPP)

False discovery rate (FDR)

From complementary DNA (XXXc)

From genomic DNA (XXXg)
Glycophosphatidyinositol (GPI)

Guinea pig (Gp)

Human immunodeficiency virus (HIV)

Immediate hypersensitivity (IH)

Interferon y (IFN-y)

Interleukin (IL)

Keratin (K)

Keratin liqguid medium (KSP)

Leucine aminopeptidases (LAP)

Lysogeny Broth (LB)

Mass spectronomy (MS)

Metalloprotease (MEP)

Xl



Open reading frame (ORF)
Phenol/guanidine isothiocyanate (TRIzol)
p-nitroanilide (p-NA)

Polymerase chain reaction (PCR)
Principal component analysis (PCA)
RNA integrity number (RIN)

RNA quality number (RQN)

Round per minute (RPE)

Sabouraud (Sa)

Signal peptid (SIG)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Soja (S)

Soy protein liquid medium (SP)

Subtilisn (SUB)

Swiss institute of bioinformatic (SIB)
Tandem mass spectronomy (MS/MS)
T-helper (Th)

Transcripts Per Kilobase Million (TPM)
Translation elongation factor 1 (TEF1)
Trichloroacetic acid (TCA)

Yeast extract beef (YEB)

Xl



1. Introduction

1.1. Fungi Overview

Fungi show a great diversity. Nowadays about 100’000 species have been described
but an estimated number of more than 1 million species are still to be characterized.
The kingdom of Fungi includes different species of mushrooms, yeasts, dermatophytes,
truffles, moulds, and more others. Fungi, due the lack of photosynthetic pigments, are
forced to follow a saprophytic or a parasitic existence. As saprophytic they are essential
to the process of decay of complex animal and plant remains in the soil needed to
renew the source of nutriments for further generation of plants and others organisms.
As parasitic they could lead to a broad spectrum of diseases on humans, animals and
plants causing important damages. Fungi are present almost everywhere in the air, on

the soil, and in/on plants and animals.

Fungi are eukaryotic and heterotrophic organisms (they do not posses
chlorophyll and use only organic carbon source as nutriment). They could be free-living
organisms but most of them establish a relationship with other organisms (plants,
insects, humans) in a parasitic or mutualistic way. Some fungi grow as a single cell
(yeasts) but the majority of them grow by making multicellular filaments (hyphae). The
network formed by different hyphae is called mycelium. The cell membrane is enclosed
in a cell wall composed principally by chitin and glucans (1-38 and 1-6B). It contains
ergosterol that differs from cholesterol present in the mammalian cell membrane. Each

fungal cell contains one or several haploid or diploid nuclei.



The reproduction of fungi depends on the species and on the environmental conditions.
They can reproduce both sexually and asexually often leading to the production of
spores which produced on hyphae or in micro or macro sporangia. The asexual and
sexual forms in the same species are morphologically very different. The asexual form
is called anamorph and the sexual form is called teleomorph. The two forms had
different names. However, according to the recent rules proposed by the Amsterdam
declaration on Fungal Nomenclature, only one name species should be retained for a
fungal species (one fungus=one name) (1). "Authors should choose the oldest generic
name, irrespective of whether it is typified by a species hame with a teleomorphic or an

anamorphic type, except where the younger generic name is far better known".

The sexual life cycle of fungi is different from other eukaryotic organisms because the
zygote is the only diploid cell and when two mating type fuse. If the conditions are not

optimal, the nuclei do not fuse until the conditions change.

1.2. Classification

The kingdom of Fungi was only created in 1969 by Whittaker (2). They were before
together with Plants. Then they were moved into the Protista kingdom composed
primarily by unicellular organisms (Figure 1). Nowadays, the classification of fungi is not
anymore based only on morphological characteristics but is also based on biochemical

and genetics features.

The fungi were divided in 5 major classes based on their reproduction and the
characteristics of their sporangia: the Chitridiomyces, the Zygomycetes, the

Ascomycetes and the Basidiomycetes and the Deuteromycetes. However, the



Chitridiomyces and the Zygomycetes were shown to be polyphyletic and new classes

were created (3)

Kickxellales

Dimargaritales
Harpellales Kickxellomycotina

Asellariales
oopagales 00| cotina
Entomophthorales  Entomophthoromycotina

Blastocladiales

= Mucorales
- Endogonales
Mortierellales

Neocallumasl:gales;NE .
Monoblepharidales Monoblophaﬂdomyoetos

Chytridiales CHYTRIDIOMYCOTA
Spizellomycetales

-EERhlzophydlales Chytridiomycete ) ",
Archaeosporales Y
Diversisporales GLOMEROMYCOTA
Glomerales Glomeromycetes

Paraglomerales

Figure 1 Phylogeny and classification of Fungi. Basal Fungi and Dikarya. Branches
lengths are not proportional to genetic distance. From Hibbett et al. (4).



1.2.1. The Ascomycetes

The majority of the ascomycetes reproduce sexually with spores borne internally in
specialized cells called asci. For some ascomycete species, only asexual reproduction
is known. The Ascomycetes is the largest group of fungi. Many of these fungi interact
with plant roots forming mycorrhizae. This symbiosis is so important due the fact that
almost every plant interacts with one or more fungi in a mutualistic way. Fungi such as

cup fungi, morels and truffles belong to the Ascomycetes.

1.2.2. The Basidiomycetes

Basidiomycetes reproduce sexually with spores borne externally on specialized cells
called basidia. However, some of the species in this class do not reproduce sexually.
Most of the fungi present in the Basidiomycetes are filamentous fungi. The majority of
comestible fungi (mushrooms) belong to this class. However, the species of some
genus such as Malasezzia and Cryptococcus are yeasts. Species of Malasezzia are

human skin commensals.

1.2.3. The Zygomycetes

The Fungi belonging to Zygomycetes are mainly terrestrial saprophytes, parasite or
predator of protozoa and nematodes. Approximately 1000 species have been identified.
All zygomycetes reproduce both sexually and asexually. The sexual spores are called
zygospores and are really resistant to harsh conditions thanks to a thick chitin wall. The

asexual spores are borne internally in a sporangium.



1.2.4. The Chitridiomycetes

They are considered to be the most primitive fungi. They differ from the species of the
other classes by the presence of flagellated spores and the chemical composition of the
cell wall with cellulose. Chitrides are microscopic and the flagellum of the spores
permits them to move toward nutriments or away from non-optimal environments. The
species of this phylum are found mostly in an aquatic environment but also in some

anaerobic conditions (e.g. digestive tract of ruminants).
1.2.5. The Deuteromycetes

Deuteromycetes, also named Fungi imperfecti, grouped species where only the asexual
reproduction was known. This taxon is not longer accepted nowadays but some of the
fungi that were present in this class could be included in the ascomycetes and

basididiomycetes using DNA sequence analysis.

1.3. Fungal secreted hydrolases

Only small molecules such as amino acids, short peptides or mono and di-glucosides
can be absorbed by fungi and used as nutrient. To digest macromolecules such as
proteins, starch and cellulose in smaller molecules outside of the fungal cell many fungi
secreted a large panel of hydrolases. These secreted enzymes require humid
environment for their diffusion to reach different macromolecules. Consequently

growing fungi are often restricted in moist environments.



1.4. Fungal secreted proteases

1.4.1. Classification of Proteases

The term protease is synonymous with peptidase, proteolytic enzyme and peptide
hydrolase. The proteases include all enzymes capable to cleave the peptide bonds
(CO-NH) of proteins. All the different proteases are classified and the nomenclature of
proteases can be found together with information about them in the Handbook of
proteolytic enzyme (5) and online in the MEROPS database accessible on the website

(http://merops.sanger.ac.uk/). The proteases are firstly classified following their mode of

action and their active site. Aspartatic, cystein, glutamic, metallo, serine, and threonine
proteases as well as proteases with unknown catalytic mechanism are recognized.

Then, each protease is assigned to a family that is a set of homologous enzymes.

The proteases are also divided into endoproteases (or endopeptidases) and
exoproteases (or exopeptidases). The endoproteases cleave peptide bonds internally
within a polypeptide chain. The exoproteases instead cleave peptide bonds only at the

N- or C- terminus of a polypeptide chain.

1.4.2. Secreted proteases

Like most secreted proteins, secreted proteases are synthesized as a precursor
containing a hydrophobic N-terminal extension of 15-30 amino acids, known as the
prepeptide or signal peptide (6). The signal peptide is needed to correctly enter the
secretory pathway by allowing the transport of the protease across the endoplasmic
reticulum membrane (7), where it is subsequently cleaved by a signal peptidase (8). Not

all the proteins with a secretion signal will be released in the environment. Some of
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these proteases are vacuolar and remain intracellular or bind to the membrane through

a transmembrane domain or a glycophosphatidyinositol (GPI)-anchor.

Several secreted proteases are synthesized as a precursor with a peptide (30 to
250 amino acids in length), which is located between the signal peptide and the N-
terminus of the mature enzyme (propeptide). It is known to be essential and specific for
the correct folding and the secretion of the enzyme (9-11). Upon copmpletion of folding,
the propeptide is removed by an auto- or exogenous proteolytic reaction to generate the

active enzyme (12-15).



1.4.3. Fungal endo and exopeptidases

Fungi secrete different sets of proteases (endo and exopetidases) suitable to digest
protein source present in a specific environment. The secreted fungal endo and
exopeptidases are found in 14 families (Table 1). The main fungal secreted
endoproteases are aspartic proteases of the Al family or pepsins (16),
metalloproteases of the M35 and M36 families (deuterolysins and fungalisins,
respectively), and serine proteases of the S8 family (subtilisins). Fungal secreted
exopeptidases are aminopeptidases and carboxypeptidases. The main
aminopeptidases are leucine aminopeptidases of the M28 family, tripeptidyl peptidases
of the S53 family and dipeptidyl peptidases of the S9 family. The main
carboxypeptidases are metalloproteases of the M14 family and serine proteases of the

S10 family (17).

Table 1 Fungal protease families with distribution among taxonomic kingdoms. Aspartatic (A); Glutamatic (G);
Metallo (M); Serine (S).

Protese
family Fungi Plants Animal | Bacteria | Protozoans | Archea
Al + + + - + .
Gl + - - + (few) - -
M12 + - + + + -
M20 + + + + - +
M28 + + + + _ +
M35 + - - + (few) - -
M36 + - - + (few) - -
M43 + - + + - +
S1 + + + + + (few) + (few)
S8A + + + + + +
S9 + + + + + +
S10 + + + + . _
S28 + + + - - -
S33 + + + + + +
S53 + - + + - +




1.5. Dermatophytes

1.5.1. General properties

Dermatophytes are highly specialized filamentous pathogenic fungi that are able to
digest and grow on keratinized substrates (18). Pathogenic species are the most
common agents of superficial mycoses infecting almost exclusively the stratum

corneum, nails and hairs.

Dermatophytes are ascomycete fungi, but only anamorphs (or asexual forms)
are isolated from infected patients, animals or soil. Mating studies in laboratory
conditions led to the discovery of the perfect states of dermatophyte species.
Dermatophyte anamorphs are classified in three genera, Trichophyton, Microsporum,
and Epidermophyton on the basis of macroscopic and microscopic characteristics of the
organism grown in culture. When sexual reproduction has been observed in the
dermatophytes, their teleomorph states have been classified in the genus Arthroderma

of the Ascomycetes.

Three broad ecological groups of dermatophyte species are recognized that are
anthropophilic, zoophilic and geophilic depending on their major reservoir in nature.
Anthropophilic species naturally colonize humans, while zoophilic species are found
predominantly in animals. Geophilic species of dermatophytes are simply saprophytes

existing in the soil without or sporadically causing disease.



1.5.2. Dermatophyte genomes

Genomes of seven dermatophyte species were sequenced and annotated (19-21). The
dermatophyte genomes are comprised between 22.5 and 24 Mb and are highly
collinear. They are smaller in size than those of Coccidioides spp., Histoplasma spp.
and Aspergillus spp. but are enriched for particular families of genes encoding secreted
proteases and fungal specific kinases. The dermatophytes also contain a large number
of genes coding for enzymes that synthesize secondary metabolites. Genes encoding
enzymes involved in sugar metabolism and plant cell wall breakdown are lacking. For
instance, there are no genes encoding glycoside hydrolases and alpha-amylases.
These deficiencies attest for high specialization of dermatophytes and adaptation to
particular substrates other than vegetal debris. The number of predicted protein-coding

genes was found to vary from 7,980 in A. benhamiae to 8,915 in M. canis. (20, 21)

Different tools were recently developed to improve genetic analyses of
dermatophytes, including efficient systems for targeted gene inactivation, gene

silencing and broad transcriptional profiling techniques.

1.5.3. Dermatophyte Infections

The ability to digest keratin allows the dermatophyte to invade the human keratinized
tissue. The diseases are described with the word "tinea" followed by a term for the
particular infected body site (22). In case of highly inflammatory tinea corpis, tinea faciei
and tinea capitis, it is essential to identify precisely the etiologic agent to choose the
best therapeutic approach and to consider pets as the possible source of infection in

order to avoid recurrence of new infections.
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Dermatophytes are the most common cause of fungal infections worldwide
affecting on millions of individuals annually. This led, in several countries, to an impact
on the health care system estimated around millions of dollars a year for the treatment
only. Nevertheless the research and the medical community still lack a sophisticated

biological knowledge and diagnostic methods to prevent and treat these infections.

1.5.4. Dermatophytosis Symptoms

Dermatophytoses vary depending on the causative agent and the body site affected.
Anthropophilic species (e.g. T. rubrum, T. interdigitale, and T. tonsurans), tend to be
associated with more chronic infections which are less inflammatory. In contrast,
zoophilic and geophilic species of dermatophytes (e.g. A. benhamiae, A.
vanbreuseghemii, Trichophyton erinacei, T. verrucosum, M. canis and M. gypseum)

often cause highly inflamed lesions in humans (Figure 2).

The classical ringworm lesions occur in tinea capitis, tinea corporis, and tinea
barbae, which are the most common sites for zoophilic dermatophyte infections. The
typical lesions are more or less circumscribed circular areas of variable erythema that
are centrifugally growing, with scaling and desquamation. Alopecia accompanies
infection due to the increased fragility of infected hairs. The lesions vary in size and
may be singular or multiple. In areas such as the foot and in body folds lesions with T.
rubrum or T. interdigitale may be more diffuse. Nail infections (tinea unguium) leads to

dystrophic nails.
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Figure 2 Examples of infections by dermatophyte (A. benhamiae). Tinea faciei (a);
Tinea capititis (b); direct mycological examination of a hair infected by A. benhamiae
(400x) (c)

1.6. Virulence factors

Since dermatophytes are almost exclusively localized in keratinized tissues, research
into the mechanisms of invasion has primarily focused on secreted proteases.
Dermatophytes grow well in a medium containing protein as sole nitrogen source and
secrete proteolytic activity. The major secreted endoproteases have been found to be
two subtilisins (SUB3 and SUB4) and two metalloproteases of the fungalisin family
(MEP3 and MEP4) (23, 24). In addition, dermatophytes secrete various
aminopeptidases that are leucine aminopeptidases (LAP1 and LAP2) and dipeptidyl-
peptidases (DPPIV and DPPV), for which an ortholog exists in Aspergillus spp., as well
as a major metallocarboxypeptidase homologous to the human pancreatic

carboxypeptidase A (25, 26).

Currently, knowledge regarding dermatophyte gene expression during infection
remains poor. The first transcriptome analyses of a dermatophyte during infection were
performed using a cDNA microarray based on transcripts of A. benhamiae grown in a
protein medium covering approximately 20-25% of its genome and on few selected
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protease-coding genes (27). As a striking result, most major proteases secreted by the
fungus during its growth in vitro in a protein medium (e.g., SUB3, SUB4, MEP3, MEP4,
LAP2, and DPPIV) were not detected and, therefore, appeared not to be involved
during the establishment of infection. In contrast, a gene encoding another subtilisin
(SUB6) was found to be highly expressed during skin infection, but not when the fungus
grew in any culture medium. As a general conclusion, most proteases secreted in vitro
in a keratin medium appeared to be not involved during the establishment of an
infection, at least in the tested model. In contrast, other secreted proteases not involved

in keratin degradation likely fulfill important functions in virulence.

Nothing is currently known about the other secreted hydrolases (e.g.
ceramidases and lipases), which are also certainly involved in the degradation of the

skin barrier.

Microarrays analysis revealed strong upregulation of key enzymes of the
glyoxylate cycle (e.g. isocitrate lyase and malate synthase). The glyoxylate cycle, which
is absent in mammals, was previously found to support the pathogenicity of other
microbial pathogens, e.g. Mycobacterium tuberculosis and the yeast Candida albicans
(28, 29). In dermatophytes, however, similar to A. fumigatus (30), the analyses of
knock-out mutants defective in key enzymes of this metabolic pathway have excluded
its contribution to fungal pathogenicity in vivo, at least in the analyzed animal infection

models (31).
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1.7. Host defense mechanisms

Zoophilic and geophilic species of dermatophytes (e.g. Arthroderma benhamiae,
Trichophyton erinacei, Trichophyton verrucosum, and Microsporum canis) cause highly
inflamed lesions in humans. A dermatophyte often provokes a more intense
inflammatory reaction on a host to which it is not adapted than to its natural host, but on
the other hand such lesions more rapidly lead to spontaneous clearance. Both innate
and adaptive immunity are involved in host defense mechanisms against

dermatophytes.

1.7.1. Innate immunity

Innate immunity in superficial dermatophytosis implies the action of keratinocytes and
neutrophils. A broad spectrum of cytokines is produced by keratinocytes upon exposure
to a dermatophyte (32), including IL-8, a potent chemo-attractant for neutrophils which
can kill dermatophytes, and the pro-inflammatory tumour-necrosis factor a (TNF-a) (33).
Production is higher in zoophilic than in anthropophilic dermatophytes (32, 34) which is
consistent with the clinical features by the respective dermatophyte groups.
Keratinocytes also secrete a wide variety of antimicrobial peptides (AMP) with
antifungal properties. Human B-defensin (35), cathelicidin LL-37 (36), psoriasin (37),
and disulphide-reduced psoriasin (38) were proven to be either fungistatic or fungicidal
in vitro against T. rubrum. Disulphide-reduced psoriasin was isolated from psoriasis

lesions and conveys resistance to fungal infections (38).

Rare cases of deep dermatophytosis have been described in HIV and

immunosuppressed patients (39, 40), but also in immunocompetent people, mainly from
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North Africa of families with consanguinity (41). These patients were found to bear
homozygous mutations in the gene coding for a caspase recruitment domain containing
protein (CARD9). A stop codon mutation (Q289*) was detected in 15 patients from
seven Algerian and Tunisian families (41). Two missense mutations, R101C and
R101L, were detected in two Moroccan siblings and a Brazilian patient, respectively
(42). The mutation Q289* was also detected in a patient of Egyptian origin with
extensive skin and nail dermatophytosis (43). CARD9 is an adaptator protein in the
signaling pathway downstream from lectin receptors, such as dectin 1 and dectin 2
involved in the recognition of pathogenic fungi. Mainly in myeloid cells and involved in
the stimulation of pro-inflammatory responses, CARD9 plays an important role in the
innate immune response against fungal pathogens. CARD9-deficient cells showed low

levels of IL6 production after stimulation with zymosan, an agonist of dectin 1 (41).

1.7.2. Adaptive immunity

Zoophilic and geophilic dermatophytes induce a delayed type hypersensitivity (DTH)
cell-mediated response, which usually results in recovery and subsequent protection
against re-infection. The response is characterized by elevated levels of the key
cytokines interleukin-12 (IL-12) and IFN-y, which trigger T-helper 1 (Th1) cells for the
activation of macrophages as effector cells. The overexpression of transforming growth
factor-b, interleukin (IL)-1b and IL-6 mRNA during infection of A. benhamiae in a mouse
model also suggests a role of the Th1l7 pathway in the establishment of immunity with
recruitment of polymorphonuclear neutrophils (44). In contrast, anthropophilic species
(e.g. T. rubrum, T. interdigitale, and T. tonsurans) tend to be associated with less

inflammatory, but more chronic and persistent infections. These infections are
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correlated with poor specific DTH, elevated specific IgE and 1gG4, and IgE-mediated
immediate hypersensitivity (IH), with the production of Th2 cytokines by mononuclear
leukocytes (45, 46). While cell-mediated Thl response to dermatophytes is effective in

eradicating the infection, Th2-mediated IH responses are not protective.

1.8. Important clinical manifestations distant from

dermatophyte infections: Asthma and skin dermatophytids

1.8.1. Dermatophytids

Kerions were recognized as the cause of generalized cutaneous eruption of the skin by
Jadassohn in 1918 (47). Allergic exzematous skin reactions to dermatophytosis at a
distant area of the body were the object of many papers in the first part of the twentieth
century. Since then, the literature on the subject is relatively scarce, but this topic was

recently reviewed by llkit (48).

In analogy to the name tuberculid, the suffix id was retained for the terminology
of any cutaneous allergic reaction caused by a microorganism at a distant area of the
body. The word dermatophytid was proposed to designate secondary allergic reactions
to infections caused by dermatophytes by Williams in 1926 (49). Dermatophytids
encompassed trichophytids as well as Microsporids, Epidermophytids used in the
ancient literature following the etiologic agent of the secondary allergic reaction (50).
Dermatophytids reactions have been described with many dermatophyte infections
including tinea pedis, tinea corporis, and tinea cruris (51). Vesicular eruptions on the
hands were experimentally induced by Peck in 1930 (52) by infecting the toes of a

previously unaffected person.

16



The clinical presentations are often characterized by symmetric widespread
eczematous eruptions in body sites (53). Dyshidrotic and vesicular eczema on the
hands (palms and/or fingers) associated with tinea pedis and/or tinea unguium in adults
(generally caused by T. rubrum and T. interdigitale) are common dermatophytids (53).
Eczema with grouped or scattered follicular papules on the chest, trunk and back
associated with scalp ringworm due to zoophilic and anthrophilic species are less
frequent but were the object of many reports. The dermatophytids go away once the

dermatophytes infection has been cured.

A set of diagnostic criteria were retained to identify a dermatophytid reaction (48,

51, 52):

() There is a proven dermatophytic infection in a body site other than the eczematous

skin reaction

(i) The eczema appeared after the dermatophytes infection. The fungus is not present
in the site of the cutaneous eruption that is it cannot be isolated in cultures or detected

by direct mycological examination.

(i) The dermatophytid symptoms only disappear after eradication of the primary focus

of fungal infection

(iv) The patients are sensitized to dermatophytes antigens and show a positive skin test
response to fungal extracts (termed Trichophytin). Positive delayed reaction is the more

often recorded but immediate reaction can occur (48, 51).
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1.8.2. Asthma

Allergic disease in the respiratory tract has been linked to chronic dermatophytosis with
anthropophilic Trichophyton species in individuals with immediate hypersensitivity (54)
although the fungus only colonizes the skin and the nails. There is a strong association
between sensitization to proteins from the fungus and the severity of asthma (55). Like
dermatophytids (of the skin), Trichophyton asthma can be controlled with systemic

antifungal therapy (45, 54, 56, 57)

The first described major allergens in T. rubrum that cause sensitization were
called Tri r2 and Tri r4. These antigens were found to induce dual immune responses
and elicit either immediate (IH) or delayed-type (DTH) hypersensitivity skin test
reactions in different individuals (45, 54, 58, 58). Tri r 2 and Tri r 4 were the two
proteases later called SUB6 and DPPV in the annotation of the dermatophyte secreted

proteases.

In contrast to dermatophytids Trichophyton asthma is not very common but is
possibly underestimated because the lack of fungal extracts for intradermal skin tests to

demonstrate sensitization.
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2. Thesis project

2.1. Statement of the problem and objectives of this work

Knowledge regarding dermatophyte gene expression during infection was poor. The
first transcriptome analyses of a dermatophyte during infection were performed using a
cDNA microarray based on transcripts of A. benhamiae grown in a protein medium
covering approximately 20-25% of its genome and on few selected protease-coding
genes (27). As a striking result, genes encoding major proteases secreted by the
fungus in vitro appeared not to be expressed during the establishment of infection. In
contrast, a gene encoding another subtilisin (SUB6) was found to be highly expressed
during skin infection. Of important note, SUB6 is the ortholog of the gene encoding the
major allergen Tri r2 in T. rubrum (59). In addition, nothing is known about other
secreted hydrolases (e.g. ceramidases and lipases) that are possibly involved in the
degradation of the cutaneous barrier, and possible transcription factors specifically

modulated during the infection process.

As numerous antigenic molecules eliciting the host immune responses still remain
to be discovered, and in view of the importance of secreted proteins, both as antigens
and as possible virulence factors, the goals of this work were the following: (i) to obtain
a complete gene expression profile of A. benhamiae during infection using state-of-the-
art RNA-seq technology, (ii) to compare it with the expression profiles of the fungus
grown in vitro in different media; (iii) to identify which proteins and in particular individual
proteases are secreted in vivo during infection as possible new virulence factors and

(iv) to produce and characterize the main proteases secreted during infection.
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We explored the complete transcriptome of A. benhamiae genes during experimental
infection in the guinea pig (animal model) using the state-of-the-art RNA-seq
technology. We compared it with the transcriptomes of the fungus growing in vitro in

Sabouraud, soja and keratin medium.

The results of the RNA-seq were used to identify putative virulence factors of
pathogenic dermatophytes. We focused on the A. benhamiae secretome with an
emphasis on proteases. A dermatophytes expression system was developed to

produce the main proteases secreted during infection.
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3. Material and Methods

3.1. Strains and growth media

A. benhamiae Lau2354-2 (CBS 112371) (60, 61) was used in this study. This strain,
deposited in the Belgian Coordinated Collections of Microorganisms (BCCM/IHEM)
under IHEM20161, is the reference strain that was chosen for A. benhamiae genome
sequencing (61). It was isolated from a patient suffering from a highly inflammatory
dermatophytosis in the Centre Hospitalier Universitaire Vaudois (CHUV). The A.

benhamiae strain was maintained at 28 °C on Sabouraud dextrose agar medium.

A. benhamiae was grown in vitro in Sabouraud liquid medium, soy protein liquid
medium (SP), and keratin liquid medium (KSP) as previously described (27). SP
medium was prepared by dissolving 2 g of soy protein (Supro 1711, Protein
Technologies International) in 1 L of distilled water. Aliquots of 100 mL of KSP were
prepared by adding 0.2 g of keratin (Merck, Darmstadt, Germany; keratin is derived
from animal hooves and horns) and 5 mL of SP medium to 95 mL of distilled water. A
low amount of SP in KSP medium was found to be necessary to initiate the growth of
dermatophytes with keratin as the sole substrate (27). A plug of fresh A. benhamiae
mycelia grown on Sabouraud agar was inoculated in 100 mL of liquid Sabouraud, SP,
and KSP medium and incubated for 5, 10 and 24 days, respectively, at 30 °C without
shaking. At the indicated time points, growth in protein media was accompanied by
substantial proteolytic activity along with clarification of the media and, in the case of

keratin—soy cultures, also by visible dissolution of the water-insoluble keratin granules.

21



3.2. Animal infection

All animal experiments were performed by Elana Batut under the guidance of Bernard
Mignon at the University of Liege. Animal experiments were approved by the local

ethics committee (University of Liege, ethics protocol no. 1052).

Specific pathogen-free, 3-month-old female guinea pigs (cross-bred white
albinos, Dunkin Hartley strain-Charles River Laboratories International, Wilmington,
USA) were infected with A. benhamiae Lau2354-2. A. benhamiae mycelia scraped from
freshly grown 18-day-old Sabouraud plates and suspended in 5% (w/w) poloxamer 407
(BASF, Germany) was applied to a 16-cm? back skin surface that had been clipped and
scarified previously. Each guinea pig was infected with 6x10°-2x10'® CFU. Non-
infected control guinea pigs were subjected to the same procedure, except that the
poloxamer 407 mixture did not contain any fungal elements. Three guinea pigs were
sacrificed after 8, 14, 27, 44 days and 14 days after reinfection once healed. The
infected skin from sacrificed animals was frozen at -80 °C for subsequent total RNA
isolation. Both the hair and stratum corneum were examined for the presence of fungal

elements by direct mycological examination.
3.3. RNA extraction

The extraction of RNA from infected guinea pig skin required a specific procedure to
yield sufficient amount of RNA with sufficient quality. The kits commercially available
provided low-quality and quantity RNA. These results were possibly due by the

presence of hairs in the samples that obstructed the column used for extraction. After
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different tests, we established the following optimized protocol. The fungal mycelia or
guinea pig skin infected by A. benhamiae was frozen in liquid nitrogen and then
crushed in a grinder in the presence of glass beads (200 — 300 pL) and
phenol/guanidine isothiocyanate (TRIzol, Life Technology, Carlsbad, USA) to avoid
RNA degradation. The resulting powder (250 pL) was placed in an Eppendorf tube with
approximately 700 pL of glass beads and 500 pyL of TRIzol. The fungal elements were
mechanically broken down further using a FastPrep®-24 homogenizer (MP
Biomedicals, LLC) for 15 s at a speed of 4 m/s, and then immediately put on ice. Next,
250 pL of phenol:chloroform:isomyl alcohol (24:24:1) (Life Technologies) were added to
the whole mixture. After vigorous mixing, a centrifugation step was performed for 6 min
at 13,000 rpm (19,000 g). Two hundred microlitres of the aqueous phase were
extracted and added to the same volume of 80% ethanol, mixed by pipetting, and then
added to a RNeasy Mini Spin Columns (QIAGEN®, Venlo, Netherlands). After 15 s of
centrifugation, the collector tube was removed (for the entire protocol after each
centrifugation, the collector tubes were replaced), and then 350 pL of wash buffer RW1
(QIAGEN®) was added and the column centrifuged for 15 s. Subsequently, one unit of
RNasin© Plus RNase inhibitor (Promega) in 20 uL of water was added, and the column
was left for 5 min at room temperature. The column was then washed again with 350 uL

of RW1 and centrifuged for 15 s.

In a next step, a solution of RNAfree DNase (QIAGEN®) (10 pL of DNase in 70 uL
of RNA-free water) was added to the column, and the column incubated for 15 min at
room temperature. The column was washed with 350 uL of RW1 and twice with 500 pL

of RPE buffer (QIAGEN®), according to the manufacturer's recommendations. The
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column was further centrifuged for 2 min at maximum speed (13000 rpm, 19000 g) to
eliminate traces of buffers. The total RNA was collected in an RNAse-free Eppendorf
tube after adding 25—-40 uL of RNA-free water to the column, a 5-min incubation, and a
centrifugation step for 1 min at 13000 rpm. Eluted RNA was stored at -80 °C with the

addition of 0.4 pL of RNasin® to increase stability.

The concentration and the quality of RNA samples were assessed using an ND-
1000 spectrophotometer (NanoDrop Technologies) and a Fragment Analyzer™
Automated CE System (Advanced Analytical), respectively. The quality of the RNA was
evaluated using RNA quality number (RQN). The RQN correspond to an integrity score
from 1 to 10 of the 18S and 28S peak and is equivalent to the broadly accepted RNA
integrity number (RIN). The final quality of the RNA was at least roughly 7 RQN to

ensure good cDNA library preparations and subsequent RNA-seq analysis.
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Figure 3 Schema of the lab RNA extraction protocol. We took care to increase the lysis of
fungal cells avoiding possible RNA degradation through the addition of Rnasin (RNase
inhibitor.)
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3.4. RNA sequencing

In close collaboration with the Lausanne Genomic Technologies Facility, and using the
lllumina technology (HiSeq 2000 sequencer), we performed a TruSeq stranded single
read total RNA analysis using one lane with a multiplex level of 15, acquiring
approximately 30 million ‘strand-specific’ reads with a length of 100 bp for each sample

(Table 4)

Reads were aligned against the A. benhamiae and guinea pig genomes using

tophat2 (version 2.0.9) (62).

3.5. Gene prediction and annotation

The bioinformatics work needed to achieve the new gene prediction and the re-
annotation of A. benhamiae was performed in collaboration with the Swiss Institute of

Bioinformatics (SIB), with the special help of Thuong Van Du Tran and Marco Pagni.

Gene prediction was made with augustus (version 3.0.2) (63) using a specific
gene model obtained as follows. Gene transcripts and intron locations were obtained
using cufflinks (version 2.2.1) (64). The transcripts were three-frame translated into
potential amino-acid sequences using transeq from EMBOSS (version 6.5.7) (65). The
complete proteomes of Saccharomyces cerevisiae and Aspergillus nidulans (reviewed
by Swiss-Prot) were mapped onto the potential amino acid sequences with glsearch36,
from the FASTA alignment tools (version 3.6) (66) to identify coding phase and CDS

location within transcripts. Based on the alignment quality and on the presence of start
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and stop codons near alignment extremities (+/- 10 amino acids), a set of confidently
predicted CDS was gathered and converted into gene annotations using intron
locations previously given by cufflinks. These annotations were used as a training set to

build a gene model with the scripts supplied in the augustus distribution.

3.6. In silico identification of putative cell surface and secreted

proteases

The identification of putative secreted proteases was performed in collaboration with the

SIB, with the special help of Marc Feuremann.

To identify putative secreted proteins, we checked for the presence of an N-
terminal signal sequence using both Phobius (version 1.01) (67) and SignalP (version
4.1) (68). Signal peptides have been confirmed by the prediction of N-terminal
transmembrane spans using TMHMM (version 2.0) (69, 70). The presence of a
potential glycosylphosphatidylinositol (GPI) anchor has been checked by using PredGPI
(version 1.0) (71). Using the transmembrane span predictors TMHMM (version 2.0),
ESKW (version 1.0) (72), and MEMSAT (version 1.8) (73), we refined the secretome
prediction by removing the proteins that contain one or more transmembrane spans in
addition to the signal peptide and that are probably targeted to membranes. All the
secreted proteins have been subjected to Blast analysis against the UniProtkKB
database (74) as well as to InterPro scanning (75, 76) to associate and reveal some

putative functions.
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3.7. Mass spectrometry and experimental validation of new

secreted proteins

Precipitation and separation of proteins from A. benhamiae cultures at pH 4 and pH 7
along with shotgun mass spectrometry (MS) experiments have been described by
Sriranganadane et al. (77). A new search of MS/MS spectra against the sequences of

our new predicted proteome was performed.
3.8. Transcriptome analysis

The number of reads mapped onto each newly predicted gene locus was obtained with
htseg-count (version 0.5.4p3) (78). Genes with counts fewer than one per million in all
samples were removed from the statistical analyses (e.g., 81 genes). Gene expression
was normalized using the TMM-normalized Voom transformation (79); hierarchical
clustering and principal component analysis was done using R (version 3.1.1).
Differential gene expression analysis was performed with the R Bioconductor package
limma (80). The cut-offs of 1e-3 for FDR (BY-adjusted p-value) (81) and 2 for fold
change were applied to identify genes relevant to each contrast. The R software
package WGCNA (82) was used for correlation network analysis, using the Pearson

correlation.

3.9. Plasmids construction for gene expression in A.

benhamiae

The plasmid pNDC10 (Table 3) was designed for the production of dermatophyte

secreted proteins. This plasmid was constructed by cloning in pAgl (83) an expression
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cassette with the hygromycin B phosphotransferase gene (hph) as a selection marker
and the A. benhamiae SUB3 encoding gene under the A. benhamiae Translation
elongation factor 1 (TEF1) promoter. The expression cassette was generated by gene
synthesis (Genecust, Dunedange, Luxembourg). An Xhol site was inserted in pNDC1
just downstream the sequence coding for the A. benhamiae SUB3 signal sequence. A
Bglll site and a Spel site were inserted just after the stop sequence TAG of the SUB3
ORF. The expression plasmids pNDC1, pNDC2 and pNDC3 (Table 3) to produce
SUB4, SUB6 and SUB7, respectively, were constructed as following: the A. benhamiae
SUB6 and SUB7 genes were amplified by polymer chain reaction (PCR) using the
primer pairs P3/P4, P5/P6 and P7/P8, respectively (Table 2). The PCR products were
digested with either Salll or Xhol and either BamHI or Spel for which a site was
previously designed at the 5' end of the primers, and fused to the large 7.5 kb fragment
of pNDC10 digested with Xhol and either Bglll or Spel to generate expression plasmids
pNDC1, pNDC2 and pNDC3.

The expression plasmid pNDC10_ G418 was generated by replacing in pNDC10 the
hph gene by the Escherichia coli neomycin phosphotransferase gene neo conferring
resistance to the gentamycin 418. To perform this construction, a neo gene cassette
was amplified with primers P1 and P2 (Table 2) for which a restriction site Pcil and Acil
site was designed at the 5' end, and the plasmid pDTV3 as a target (84). The PCR
product was digested with the restriction enzyme Pcil and Acll and inserted with the
large fragment of pPNDC10 cut with the same enzymes.

The expression plasmids pNDC5, pNDC6 and pNDC7 (Table 3) were constructed

as following: the A. benhamiae genes encoding SUB4, SUB6, SUB7 and SUBS8 were
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amplified by PCR using the primer pairs P3/P4 P5/P6 P7/P8 and P9/P10, respectively
(Table 2). SUB4, SUB6 and SUB7 and SUB8 genomic DNA (gDNA) was obtained
using A. benhamiae genomic DNA as a target. Deduced cDNA of SUB6 and SUBS8
corresponding to gDNA minus introns was synthesized by Genecust (Dunedange,
Luxembourg) and cloned in pUC57. The generated plasmids were used as targets for
producing cDNA fragments to be cloned in pNDC10_G418.

The PCR products were digested with either Salll or Xhol and either BamHI or Spel,
and fused to the large 7.5 kb fragment of pPNDCO_G418 digested with Xhol and either
Bglll or Spel to generate expression plasmids pNDC4 to pNDC7 (Table 3).

The sequence of pNDC10 was deposited in the NCBI database with the accession

number LN866853, the other expression plasmids will be deposited soon.
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Table 2 Primers used for the production of the expression plasmids pNDCs with hygromycin cassette.

the restriction enzyme sites.

Underlined are

Restriction
Name Sequence Function
enzyme
Pl | GTCACATGTAGAAGATGATATTGAAGGA Peil Insertion
of neo
P2 | GTCGGATCCAGATGATTCATGACGTATA BamHI cassette
P3 | CTTGTCGACTTGATGCCCGCGCAGTCTTCAAG sall SUB4
P4 | CTTGGATCCCTACTGGCCACTTCCGTTGTAGAG BamH| | SXPression
P5 | GTGCTCGAGATGGTGCTAGAATCCTTGAGGCCGGT Xhol SUBE
P6 | GTTACTAGTTTATTTGCCGCTGCCGTTGTA Spel expression
P7 | GTTGCTCGAGCTGAGATCATGGAGACTCGCGCTGGT Xhol SUB?
P8 GTTGGATCCTTACATGCCAGATCCGTTGTTGATGAGCTTGC BamHI expression
bg | GTCCTCGAGCCTCCCCCATGATCGTTGAC hol <UBS
b1 | GTTACTAGTTTATGCGACGACGGCGTCCT Spel expression
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Table 3 Plasmid nomenclature and their type of resistance cassette
and the target recombinant protein

Plasmid name

Resistance cassette

Protein expressed

pNDC10 hph SUB3
pNDC1 hph SUB4
pNDC2 hph SUB6
pNDC3 hph SUB7
pNDC10_G418 neo SUB3
pNDC4 neo SUB4
pNDC5 neo SUB6
pNDC6 neo SUB7
pNDC7 neo SUBS
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RB-T DNA
repeat 335-359 25| right delimitation insert
TEF1 promoter |436-1188 753 | TEF1 promoter
SUB3 1189-2382 1194 | gene of interest
TEF1 terminator | 2395-3094 700 | terminator
HygR 3774-4799 1026 | hygromycin resistance
M13 fwd 5668-5684 17| cloning site
LB T-DNA repeat | 5920-5944 25| left delimitation insert
trfA 6128-7279 1149 |replication in A. tumefaciens
KanR 7575-8369 795 [ kanamycin resistance
oriV 8651-196 632 | replication in E. coli
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Feature Location [Size (bp)|Description
RB-T DNA
repeat 335-359 25 | right delimitation insert
TEF1 promoter |436-1188 753 | TEF1 promoter
SUB3 1189-2382 1194 | gene of interest
TEF1 terminator |2395-3094 700 | terminator
NeoR/KanR 3494-4288 1026 | neomycin resistance
M13 fwd 4628-4644 17| cloning site
LB T-DNA repeat | 4880-4904 25| left delimitation insert
trfA 5088-6236 1149 |replication in A. tumefaciens
KanR 6535-7329 795 | kanamycin resistance
oriV 7611-196 632 | replication in E. coli

Figure 4 Map of the plasmid pNDCO harboring the hph cassette (a) and pNDCO_G418,
harboring the neo cassette (b). Under the map the respective features of the two plasmids.
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3.10. Agrobacterium tumefaciens-mediated transformation

(ATMT)

This technique is widely used in plant molecular biology, but recently it was introduced
also in the fungal molecular biology. In fact this technique allows to transform almost
every fungus avoiding difficult steps of the currently transformation techniques in
fungus. First of all, competent E. coli (DH5a strain) was transformed by heat shock with
our pNDC plasmid containing the gene of interest. To select E. coli DH5a harboring the
pNDC bacteria were grown on selective media (50 pg/ml kanamycin), PCR analysis
with primers within our gene of interest was performed as additional control. The
transformed E. coli DH5a were grown in Lysogeny Broth (LB) medium over night (ON)
to amplify the pNDC and a midi purification was performed (Qiagen). The midi was
used to transform Agrobacterium tumefaciens strain EHA105 by electroporation (2.5 V,
400 Q, 25 uF) and to select the strains harboring our pNDC the bacteria were grown in
a selective YEB media containing 50 pg/ml kanamycin, 50 pg/ml rifampicin and 25
pg/ml chloramphenicol; PCRs within our genes of interest were performed as additional
control. The A. tumefaciens strains harboring appropriate binary vector which had been
grown on soli YEB medium supplemented with appropriate antibiotics at 28°C for 2-3
days, were suspended in 10ml dH,O. The bacterial cells were collected and
resuspended in 1ml of AIM medium and let grown until an ODeggo Of ~0.7, at this point
the bacterial suspension was supplemented with 2mM of acetosyringone and cultured

on a shaker (160rpm) at 28°C for 6h.
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Figure 5 A schema of the Agrobacterium tumefaciens-mediated transformation (ATMT) showing the
binary vector harboring the gene of interest (green) and the Ti plasmid harboring all the genes
needed for the infection of the host in Agrobaterium tumefaciens (red). The membrane protein
allowing the entry of the T-DNA is not yet known. (http://www.rasmusfrandsen.dk/atmt.htm).

Meanwhile Arthroderma benhamiae strain LAU2354-2 was grown in a modified SDA
medium to induce the fungus to produce conidiae for 7-12 days. Conidiae were recolted
in a 100 pL volume of dH,O (1 x 10’ conidia) and mixed with the same volume of
Agrobacterium suspension. The mixture was spread onto sterilized nylon membrane
(GeneScreen Hybridization Transfer Membrane, PerkinElmer, Massachusetts, USA)
and placed on solid Agrobacterium induction medium to allow the attachment of the
bacterial cell to the surface of the fungal cell (Figure 5). Plates containing the
membranes were incubated for 48h at 28°C; subsequently the membranes were
transferred onto plates containing 200 pg/ml of cefotaxime sodium to Kkill the
Agrobacterium cells, and 300 pg/ml of hygromycin B to select for transformants. Plates
were overlaid with 10 ml of SDA complemented with the previous mentioned antibiotics

and incubated for 3-4 days and to increase the selection 10 ml of SDA containing 350-
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400 pg/ml of hygromycin B were re-overlaid each days of the incubation. Colonies
appearing on the plates were selected and analyzed by molecular biological methods

(e.g. PCR).

3.11. Proteolytic activity test

Exoproteolytic activities were tested with the synthetic substrate N-Suc-Ala-Ala-Pro-
Phe-p-nitroanilide supplied by Genecust (Dunedange, Luxembourg) and with the casein

resorufin-labeled universal protease substrate supplied by Rohe (Mannheim, Germany).

The N-Suc-Ala-Ala-Pro-Phe-p-nitroanilide stock solution was freshly prepared at
a concentration of 50 mM in DMSO and used immediately. The reaction mixture
contained a concentration of 6 mM substrate and the enzyme preparation in 50 pL of 50
mM citrate buffer (pH values from 2.0 to 7.0) or in 50 mM of Tris buffer (pH values from
7.0 to 9.0). After incubation at 37°C for 10-240 min (depending on the activity of the
enzyme preparation), the reaction was terminated by adding 5 pL of glacial acetic acid
and then 0.9 mL of water. The released pNA was measured by spectrophotometry at A=
405 nm. A control with substrate but without enzyme was carried out in parallel. SUB
activities are expressed as mU (umoles of released substrate/min) using -Suc-Ala-Ala-

Pro-Phe-p-nitroanilide as the substrate.

Casein resorufin-labeled universal protease substrate stock solution was
prepared at a concentration of 0.4% (w/v) in distilled water. 100 uL of substrate solution
and 10 pyL of 50 mM Tris-HCI at different pH (from 7 to 9) were added to 1 mL of
distilled water to produce the reaction mix. Subsequently 50 pL of 10 days old liquid

culture supernatant of the different transformants were added to 40 pL of reaction mix
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and incubated at 37° C for 20-100 min (depending on the activity). After incubation the
solution is precipitated by the addition of trichloroacetic acid (4% final concentration
(v/v)) and incubates on ice for 5 min. After centrifugation 40 pL of Tris-HCI (500mM; pH
9.4) were added to the collected supernatant (neutralizing step). The absorbance at 574
nm of mixture was measured by spectrophotometry. The wild type strain was used as
negative control and a Pichia pastoris modified strain producing SUB4 as positive

control.

One arbitrary unit (U) of proteolytic activity was defined as that producing an

absorbance of 0.01 per min.

3.12. Western blot analysis

SDS-PAGE of the different protein extracts was performed on a 10% separating gel.
The gels were stained with Coomassie brilliant blue R-250 (Bio-Rad, Hercules, CA,
USA). Western blots were revealed using available rabbit anti SUB6 and anti SUB7

antisera (85) and alkaline phosphatase conjugated goat anti-rabbit IgG (Bio-Rad).
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4. Results

4.1. Arthroderma benhamiae experimental infections in guinea
pigs

Skin samples from experimentally infected animals were used for transcriptomic
analysis of A. benhamiae during infection. As shown in Table 4, at day 8 after infection,
the animals showed no or minimal skin symptoms. The direct mycological examination
showed numerous filaments present on the hair and skin samples with the presence of
a low number of conidia (data not shown). At 14 days, the guinea pigs exhibited
macroscopic skin lesions, but direct mycological examination showed fewer fungal
filaments on the infected skin samples with thicker septa than at 8 days. We considered
day 8 as the time point for the peak of infection and day 14 as the time point for the
peak of inflammation. After 27 days, the skin lesions were still present but regressing,
while very few fungal elements were observed by direct mycological examination. At
day 44, the guinea pigs had fully recovered from infection, and no A. benhamiae
filaments were observable. At this time, three animals that had recovered from primary
infection were reinfected by A. benhamiae but did not develop a new infection. Three
guinea pigs were sacrificed for each time points for RNA extraction (three replicate

experiments).

4.2. RNA extraction

A large amount of high-quality RNA could be extracted from A. benhamiae mycelia
grown in liquid cultures by use of the QIAGEN® RNeasy Plant Mini Kit following the

instructions of the manufacturer. However, the QIAGEN® protocol of RNA extraction
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was not suitable for extracting total RNA from infected guinea pig skin. The quality of
the RNA extracted from infected guinea pig skin had an RQN of 2—4, which is sub-
optimal for cDNA library construction and subsequent RNA-seq analysis. Therefore, two
modifications were made to the extraction protocol, as described in the Materials and
Methods (M+M) section, to increase the RNA quality from the in vivo samples: (i) frozen
pieces of collected guinea pig skin scrapings were mechanically broken with glass
beads in TRIzol, and (ii) RNAsin was used in the first and final steps of extractions to
stabilize and increase the quality of extracted RNA (see M+M)). This protocol was also
used for RNA extraction from A. benhamiae mycelia grown in vitro and in average gave

a higher RQN compared to the kit protocol as shown in Figure 6.

a) Kit protocol b) New protocol
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Figure 6 Bioanalyser results showing the increase in RNA quality using the modified RNA extraction protocol.
Qiagen protocol (a) and modified protocol (b). Control peak (LM); Pink peak shows the 18S; Blue peak shows the
28S. A good profile should show only 3 distinct peaks (LM, 18S and 28S). Multiple peaks represent RNA

degradation or/and contamination.
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4.3. RNA sequencing

RNA was extracted in triplicate from the fungus grown in KSP medium, SP medium,
and Sabouraud’s medium and from each infected animal. Approximately 13 million
reads were obtained for each RNA sample extracted from the fungus growing in the
three tested culture media (Table 5). Approximately 30 million ‘strand-specific’ reads
were acquired from each RNA sample extracted from infected skin samples, consisting
of a mixture of reads from the fungus and from its mammalian host (Table 4). As a
result, roughly 1 million fungal reads (2.8%) were obtained with RNA extracted from
skin samples of guinea pigs at day 8 of infection, while 91.3% of the reads could be
aligned with the guinea pig genome. The number of fungal reads (about 50,000)
obtained with RNA extracted at day 14 of infection was not suitable to perform powerfull

statistical analysis of gene expression, but were still enough to be indicative.
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Table 4 RNA data summary Representation of the total reads obtained from the RNAseq (second column) of the different conditions (first column); the number of

reads aligning to A. benhamiae genome (third column); percentage of the aligned reads from the total reads obtained (fourth column); percentage of reads aligning

to the guinea pig (Cavia porcellus) genome (fifth column) and the representative percentage (sixth column). In green are represented the data which could be used

for the analysis; in yellow are data which still could be used for the analysis but were not as good as those in green; in red are data we could not use for our

analysis; NA stands for not applicable. All given read numbers are means obtained from three different guinea pigs. Below, images of guinea pig infected skins at

the different time points showing the degree of the lesion caused by the dermatophyte.

# reads
Total clean . #reads aligned
Days aligned to A. (%) (%)
reads to C. porcellus
benhamiae
8 30,733,918 858,530 28,082,022
14 31,271,442 40,153 29,451,220
27 34,539,337 577 32,338,000
44 30,960,429 708 28,733,038
WT 26,066,193 637 24,337,355
keratin 13,260,733 7,322,903 NA
soy 9,904,026 4,433,104 NA NA
Sabouraud 11,435,711 5,303,987 NA NA

Day : 0

14 27



Table 5 Designation of samples and growth conditions

RNA Growth condition
sample | Code Description
Cbi In vivo: Guinea pig 8 days post
Cb2 Gp8 | infection
Cb3
ggg Gpl4 In vivo: Guiqea pig 14 days post
Che infection
K1l
K2 K In vitro: Keratin medium
K3
S1
S2 S In vitro: Soy medium
S4
Sal
Sa2 Sa In vitro: Sabouraud medium
Sa3
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4.4, New gene annotation of the Arthroderma benhamiae

genome

The annotation work of the A. benhamiae genome was performed by the bioinformatic

collaborators Thuong Van Du Tran and Marco Pagni from the SIB.

A preliminary investigation of the RNA-seq reads mapped onto the A. benhamiae
genome revealed that many gene and intron locations from the original genome
annotations were not supported by our experimental data. Hence, re-annotating the
CDS of the genome appeared to be a prerequisite before further analyzing the
transcriptome expression. Particular attention was paid to the location of the start
codons because of our high interest in secreted proteins, which should be endowed with

a signal peptide at the N-terminus.

augustus (63), a program for gene prediction in eukaryotic organisms that relies on a
statistical model of an organism’'s gene structure was used. The correctness of
augustus predictions is, however, highly dependent on this model, and great care must
be used at the time of training this model (e.g., establishing the model using a training
dataset). Practically, we mapped all RNA-seq reads onto the genome, deduced full-
length gene transcripts, and retained only those with sufficient coverage. Then, we
translated the filtered transcripts into their three possible coding frames. Full-length
CDS were detected by aligning the transcripts against a set of high-quality protein
sequences, namely the protein sequences reviewed by Swiss-Prot of the model
organisms S. cerevisiae and A. nidulans. The CDS annotations were back-propagated

onto the genome, introducing intron descriptions, and supplied as a training set to
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augustus to generate a new gene model. With the latter, the A. benhamiae genome was

re-annotated and yielded 7387 protein-coding genes.

Table 6 compares our 7387 newly predicted genes with the original set of 7979 and
shows that about 65% of the genes have been affected one way or another, for
example the intron boundaries within 1242 genes were corrected and 383 new genes
were recorded. In addition, 39 genes in the existing annotation were split into two
genes, and, in contrast, 297 genes in the new annotation corresponded to fusions of

previously annotated genes.

Table 6 Comparison between the new gene set and the original one. Matched: identical old and new gene
annotations; Alternative: conserved start and stop codons but different splicing; Different: different start or stop
codons, possibly different splicing; Merged: more than one old gene merged into a single new one; Split: old gene
split into several new ones; New: genes only found in the new predictions (708 original genes were lost, see text).
Auto: gene annotations as produced by augustus; Manual: manual correction of the start codon. The number of
genes whose products were confirmed by mass spectrometry in culture supernatants is given between parentheses.
GPI: Glycosylphosphatidylinositol.

Gene Gene count in secretome only
Newvs | countin With GPI Without GPI
old gene complete
prediction | 9enome Auto Manual Auto Manual
Matched 2628 47 (13)| 1 (@) |[154 (55 | O
Alternative 1242 19 (6) 0 49 (19 0
Different 2761 31 (6) | 1 85 (19) | 9 (4
Merged 297 6 (3) 0 8 (2) 1
Split 76 1 @ o 5 (2 | o
New 383 6 0 3 (8 | 0
7387 110 (29)| 2 (1) [335 (105 | 10 (4
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4.5. In silico definition of the secretome

In collaboration with Marc Feuermann from the SIB, we decided to define the secretome
as the set of all secreted proteins, which is made of all proteins with a signal peptide,
excluding trans-membrane proteins. In practice, this set is not trivial to define. The
presence/absence of a signal peptide depends on the tools used to predict it, on the
strength of the signal itself, and on its presence at the N-terminus, which ultimately
relies on the correct detection of the start codon. Hence, all genes predicted by

augustus were further subjected to prediction refinements

A total of 634 proteins with a signal peptide, including 112 probable GPI-anchored
proteins, have been predicted. Using transmembrane predictors, we removed all
proteins that contained one or more transmembrane spans in addition to the signal
peptide and that were probably targeted to membranes. This refinement led to a final A.
benhamiae predicted secretome, made of 457 proteins that are listed and characterized

in Table S1.

MS data were previously published regarding proteins secreted by cells grown in soy
protein liquid medium (77). A new analysis of these data was conducted, using the new
secretome definition. The presence of 139 proteins in the supernatant at either pH 4 or
7 was confirmed (Table S1), including 8 of the newly predicted ones. Moreover, among
the 708 proteins from the original annotation that were lost in our new prediction, 31

were supposed to be secreted, but none of them could be detected in the MS data.

46



4.6. Arthroderma benhamiae gene expression in different

growth conditions

The nomenclature used for the samples and the corresponding growth conditions are
given in Table 5. Figure 7 presents an overview of the gene expression in the different
samples, considering either the complete genome or the secretome subset. Both
hierarchical clustering and principal component analysis indicate that the biological
replicates are closer to each other than to other conditions. The only exception is
possibly with the Gp samples, where the distinction between the conditions observed at
8 and 14 days post infection does not really exceed the inter-Gp variations (Figure 8).
The expression differences are strongly dominated by the contrast between in vivo
Gp8+Gpl4 and in vitro S+Sa+K conditions. This result confirms and generalizes the
observations made previously on a much smaller gene set (27). The analysis of the
expression data from the complete genome (including the secretome) and of the
secretome yielded the same strong contrast, possibly even slightly reinforced for the
secretome.

Among the in vitro conditions, the gene expressions in the soy and Sabouraud
media appeared closer to each other in the complete gene set, while soy and keratin
appeared closer in the secretome subset. None of the three in vitro conditions tested is
a good proxy for in vivo growth conditions, despite the keratin medium being supposed
to mimic the host environment. To address this question in more depth, we enumerated
all possible partitions of growth conditions into two subsets, to contrast a subset of
conditions versus the remaining ones. The list of all possible contrasts is given in Figure

7, with the corresponding amounts of differentially expressed genes. This confirms that
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the in vivo versus in vitro contrast is dominant and that not much information can be
expected to be gathered by separating Gp8 from Gpl4. Interestingly, two other
contrasts seem to carry additional signals: K:Gp8+Gpl4+Sa+S in the genome complete

gene set and Gp8+Gpl4+Sa:S+K in the secretome subset.
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Figure 7 Number of differentially expressed genes versus the enumeration of all possible contrasting conditions
in the genome and the secretome, using a cut-off of 1e-3 for FDR and 2 for the fold change.

48



Genome

A o
o | ==
O o
0 | <
- .guo)a K
g , Gp14 -
= S © !
o7 5 o
£ = o Gp8
o
2“ c PP
o ®
,:‘j Bo
mLD— ’
g_ [T = I S
IERRNROTYNERNGS °
SRS RS RS RSRS] hDhn O
= 50 0 50 100
Samples PC 1 (fraction of total variance: 0.4)
Secretome
c =
N o |
o o° :
o 2 K
o 82 g
.1 2 ,Gp14
=i o)
k= ol @ 5
0O | = Gp8 .
L el S
ITo) C
S Q2
(&)
OST WOV =-—ANDN=—ON—TFTO- N ~ o Sa
(a\} J
8388888840027 L% OF
L 20 -0 0 10 20
Samples PC 1 (fraction of total variance: 0.45)

Figure 8 Hierarchical clustering (A, C) and principal component analysis (B, D) of RNA sequencing
samples considering the genes from the complete genome (A, B) or only the secretome subset (C, D). The
sample names reflect the growth conditions: Cb, in vivo in guinea pig; S, in vitro in soy medium; Sa, in vitro
in Sabouraud medium; K, in vitro in keratin medium. The in vivo samples cluster together.
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4.7. Gene expression profile of Arthroderma benhamiae cell
surface/secreted proteins during inflammatory cutaneous

infection

Table 7A lists the 25 most highly expressed secretome-related genes in vivo (8 and 14
days after infection). Only a few gene products have been clearly identified: ARB_00653
encoding a putative NAD-dependent malate dehydrogenase, ARB_02206 for a putative
sialidase, two genes for putative 1,3-beta-glucanosyltransferases (ARB_07487 and
ARB_05253), and five for putative proteases including three subtilisins (SUB6 encoded
by ARB_05307, SUB8 by ARB_00777, and SUB10 by ARB_06467), ARB_04336 for a
neutral protease of the deuterolysin family (M35), and ARB_02919 for the aspartic

protease PEP2.

In silico analysis of the protein sequences led to the identification of some features
that might point to their putative roles (Figure 9A). The most highly expressed gene,
ARB 01183, encodes a protein which has not been characterized but which contains a
thaumatin domain. Three gene products are predicted to contain GPIl-anchors
(ARB_01627, ARB 2697, and ARB_7696), two contain a common in fungal
extracellular membrane (CFEM) domain (ARB_02741, ARB_01545), one with a
glycoside hydrolase domain (ARB_07954), and one with a carboxylesterase domain
(ARB_02369). Moreover, a sequence similarity search provided some additional clues
about the function or localization of a few more gene products: ARB_06538 might
encode a putative stress-responsive protein, ARB_06390 a cell wall protein and

ARB_06538 an extracellular matrix protein. ARB_06463 shows similarities to ribosomal
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proteins. Four genes encode proteins for which we did not find any functional data.
These include ARBNEW_231, a newly predicted gene and the third most highly
expressed gene in vivo. Table 7A also reveals that the expression pattern is not
significantly different between the two in vivo conditions, suggesting that no remarkable
metabolic changes occur between day 8 and day 14 of infection, at least at the

secretome level.

The secretome expression pattern was completely different during growth on keratin,
an in vitro condition supposed to mimic the host environment (Table 7B, Figure 9C). As
an example, even if about 20% of the 100 most expressed secreted proteins are
proteases in both in vivo and in keratin (Figure 9B), the batch of proteins expressed in
these different conditions is clearly different (Figure 9C). This is in accordance with our
above-mentioned WGCNA analysis in which relevant correlation groups were found
only when in vivo and Kkeratin conditions were contrasted (Gp8+Gpl4:Sa+S+K,
Gp8+Gpla+Sa:S+K, Gp8+Gpla+S:Sa+K, or Gp8+Gpla+Sa+S:K). Expression patterns
in soy and Sabouraud are closer to that in keratin, yet they are distinct from each other
(Figure 7), which explains their relatively neutral impact in the WGCNA contrasts.
Among the 25 most highly expressed secretome-related genes, only five were found to
be in common: two encoding putative GPl-anchored proteins (ARB_01627 and
ARB_07696), ARB_02741 encoding a CFEM domain protein, ARB_06390 for a putative
cell wall protein, and ARB_02369 for a carboxylesterase domain-containing protein.
Eight putative secreted proteases were found to be encoded among the 25 most highly
expressed genes on keratin; however, none is in common with those highly expressed

during infection.
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Table 8 lists the 12 most highly expressed genes encoding proteases during
infection and those expressed on keratin. The genes encoding SUB6 (ARB_05307),
SUB10 (ARB_06467), and the deuterolysin (ARB_04336) are highly and specifically
upregulated during the infection phase with fold changes of 2000x, 60x, and 100x,
respectively. The gene encoding SUB8 (ARB_00777) was relatively downregulated in
keratin. PEP2 (ARB_02919), which is a putative ortholog of the vacuolar aspartic
protease of S. cerevisiae PrA and has been subsequently identified in other filamentous

fungi, was found to be highly expressed under all the in vivo and in vitro conditions.

On the other hand, the protease genes upregulated in keratin include subtilisins
SUB3 (encoded by ARB_00701) and SUB4 (ARB_01032), the metallocarboxypeptidase
MCPA of the M14 family (ARB_07026_07027), the leucine aminopeptidases LAP1
(ARB_03568) and LAP2 (ARB_00494), the aspartic protease OPSB (ARB_04170), and

two extracellular metalloproteases (ARB_05085, ARB_05317).

Likewise, in the soy culture, only four protease genes were highly expressed: SUB4
(encoded by ARB_01032), LAP2 (ARB_00494), PEP2 (ARB_02919), and DPPV
(ARB_06651) (Table S6). With the Sabouraud culture, in addition to PEP2, SUBS8

(ARB_00777) and OPSB (ARB_04170) showed relatively high expression.
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Table 7 Twenty-five most highly expressed genes encoding secreted proteins during infection compared to in vitro expression; (B) Twenty-five most highly expressed genes
encoding secreted proteins in vitro (KPS medium) compared to in vivo expression. Expression levels are in transcripts per kilobase millions (TPM). Standard deviaton
average: £141 for Gp8; +401 for Gp14; £ 595 for K, + 172 for S and + 233 for Sa in (a). + 1806 for K; £+66 for Gp8; 97 for Gp14, + 425 for S and + 343 for Sa in (b)

Gps Gpl4 K s Sa

(a)

Antigenic thaumatin-like protein : ARB_01183 34.6
Subtilisin—like protease SUB6 (peptidase S8 family) : ARB_05307
Uncharacterized protein conserved in filamentous fungi : ARBNEW_231
Uncharacterized protein : ARB_03496
GPl-anchored CFEM domain protein : ARB_02741
Uncharacterized protein : ARB_05215 05217 41.92 107.17 215.76
Uncharacterized protein : ARB_02803
Glycoside hydrolase : ARB_07954
GPIl-anchored cell wall protein : ARB_01627
GPIl-anchored cell wall protein : ARB_02697 1052.9 1075.17 1072.41
Ribosomal protein-like : ARB_06463 827.51

GPI anchored serine-threonine rich protein : ARB_07696

1,3-beta—glucanosyltransferase (glycosyl hydrolase 72 family) : ARB_07487 1220.67 612.62 529.91
GPl-anchored CFEM domain protein : ARB_01545 1229.73 1192.05 41.93 331.29 352.46
Neutral protease 2 homolog (peptidase M35 family) : ARB_04336 1156.36 1120.08 12.73 13.09 -
1,3-beta—-glucanosyltransferase (glycosyl hydrolase 72 family) : ARB_05770 947.52 - 461.92 368.72 411.9 L35
Aspartic-type endopeptidase PEP2 (peptidase A1 family) : ARB_02919 843.45 970.31 691.09 1136.3 549.54
Secreted lipase (type-B carboxylesterase family) : ARB_02369 828.2 291.04 - 561.67 10.69
Subtilisin-like protease SUB10 (peptidase S8 family) : ARB_06467 791.13 789.18 11.62 13.26 12.92
PGA52-like protein (Asp f 4 homolog) : ARB_06390 759.55 749.58
Sialidase : ARB_02206 692.21 1026.03
Extracellular matrix protein : ARB_06538 669.18 911.13 193.05 281.04 699.93
Subtilisin-like protease SUB8 (peptidase S8 family) : ARB_00777 642.2 682.55 188.06 669.86 437.99
Putative stress—responsive protein : ARB_05496 640.41 945.37 16.64 111.83 47.77
NAD-dependent malate dehydrogenase : ARB_00653 615.04 591.45 499.85 820.57 1216.75
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(b)

Extracellular serine—threonine rich protein :
GPl-anchored CFEM domain-containing protein :

Subtilisin-like protease SUB3 (peptidase S8 family) :

ARB_04464
ARB_02741

ARB_00701

GPIl-anchored cupredoxin : ARB_05732-1

Subtilisin—like protease SUB4 (peptidase S8 family) :

Uncharacterized protein :

ARB_01032

ARB_02803

Uncharacterized protein also found in T. rubrum : ARBNEW_164

Uncharacterized protein :

Extracellular proline-rich protein :

GPI anchored serine-threonine rich protein :

Cell wall serine-threonine-rich galactomannoprotein :
Leucine aminopeptidase 1 LAP1 (peptidase M28 family) :
Probable extracellular glycosidase :

GPIl-anchored cell wall protein :

PGA52-like protein (Asp f 4 homolog) :

Uncharacterized protein :

Uncharacterized protein :

ARB_06477
ARB_00287
ARB_07696
ARB_04561
ARB_03568
ARB_05253
ARB_01627
ARB_06390
ARB_00449

ARB_06937

Metallocarboxypeptidase MCPA (peptidase M14 family) : ARB_07026_07027

Aspartic-type endopeptidase OPSB (peptidase A1 family) :
Exo-beta-1,3—glucanase (glycosyl hydrolase 5 family) :
Extracellular metalloprotease (peptidase M43B family) :
Leucine aminopeptidase 2 LAP2 (peptidase M28 family) :
Secreted lipase (type—B carboxylesterase family) :

GPI anchored serine-rich protein :

Extracellular metalloprotease/fungalysin MEP3 (peptidase M36 family) :

ARB_04170
ARB_04467
ARB_05317
ARB_00494
ARB_02369
ARB_05667

ARB_05085
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582.67
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Figure 9 Characterization of the secretome. (A) Pie chart showing the main functional groups identified within the 457 proteins of the secretome. See also detailed
description in supplementary material. (B) Pie charts showing the same functional groups as in (A), but within the most 100 expressed genes in vivo (8 days) (V),
on keratin, a condition supposed to mimic in vivo conditions (K), and on soy, a classical in vitro condition (S). (C) Venn diagram of proteases (below) and
carbohydrate/cell wall metabolim proteins (above) present in the 100 most expressed secreted proteins in the 3 conditions described in (B). Proteases represent

about 20% of the 100 most expressed proteins in the 3 conditions, however, the batch of proteins is clearly different in vivo when compared to keratin and soy.
This trend is not as significant when comparing carbohydrate/cell wall metabolim proteins.
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Table 8 Twelve most highly expressed genes encoding secreted proteases during infection (left table) and during in
vitro growing in keratin medium (right table). In bolt the only protease (PEP2) present in both conditions in the first 12

more expressed genes encoding for secreted proteases.

Subtilisin-like protease SUB6

Neutral protease 2 homolog

Aspartic-type endopeptidase PEP2 :

Subtilisin-like protease SUB10
Subtilisin-like protease SUB8
Carboxypeptidase Y homolog A CPYA
Probable serine carboxypeptidase
Subtilisin-like protease SUB1

Peptidase S41 family protein

Probable glutamate carboxypeptidase
Carboxypeptidase S1 homolog A SCPA
Putative metallocarboxypeptidase ECM14

: ARB_05307
: ARB_04336

ARB_02919

: ARB_06467
: ARB_00777
: ARB_01491
: ARB_06414
: ARB_04944
: ARB_02997
: ARB_02390
: ARB_04046
: ARB_04942

Gp8

1156.36

843.45
791.13
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3064.29
21331
211263
1796.25
1792.08

1370.48
792.98
760.65
691.09

ARB_00701 : Subtilisin-like protease SUB3
ARB_01032 : Subtilisin-like protease SUB4
ARB_02803 : Uncharacterized protein

ARB_03568 : Leucine aminopeptidase LAP1
ARB_07026_07027 : Metallocarboxypeptidase MCPA
ARB_04170 : Aspartic-type endopeptidase OPSB
ARB_05317 : Probable metaloproteinase
ARB_00494 : Leucine aminopeptidase LAP2
ARB_05085 : Extracellular metalloprotease MEP3 (fungalysin)
ARB_06110 : Dipeptidyl peptidase 4 DPPIV
ARB_06651 : Dipeptidyl peptidase 5 DPPV
ARB_02919 : Aspartic-type endopeptidase PEP2



4.8. Production of recombinant subtilisin proteases in A.

benhamiae

Several attempts to produce recombinant SUB4, SUB6 and SUB7 were performed
using Pichia pastoris as an expression system. SUB4 was produced as recombinant
protein, while no recombinant protein was detected for SUB6 and SUB7 in P. pastoris
culture supernatant (86). The failure to produce recombinant A. benhamiae subtilisins in
P. pastoris led us to establish a homologous expression system in A. benhamiae.
Arthroderma benhamiae SUB4, SUB6 and SUB7 were produced by overexpressing

their encoding gene in A. benhamiae strain LAU2354-2.

In a first step we constructed the plasmid pNDC1 with the gene SUB4 as
described in Material and Method section. This plasmid carried the HGH gene as a
selection marker. Then, SUB4 in pNDC1 was replaced by genomic DNA encoding
SUB6 and SUB7 to generate pNDC2 and pNDC3. However, we had difficulties to
distinguish Hygromycin resistant A. benhamiae transformants from a fungal background
in Petri dishes. In fact, hygromycin B selection was first used with Arthroderma
vanbreuseghemii by Yamada in 2009 (83) but we noticed that the MIC to hygromycin B
of A. benhamiae was higher than that of A. vanbreuseghemii. Therefore, another
selection marker was tested and we constructed another expression plasmid, pNDC4-7,
carrying the E. coli neomycin phosphotransferase gene conferring resistance to the
gentamycin 418. Hygromycin B and Gentamycin (G418) are aminoglycoside which
inhibit protein synthesis, but gentamycin revealed to be more efficient to select A.

benhamiae transformants from the background. A. benhamiae was unable to grow in
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the presence of more than 200 pg/mL of G418 (Figure 10), while it was still slowly

growing using hygromycin B at a concentration of 600 pg/mL.

More than 25-30 hygromycin resistant A. benhamiae transformants were
obtained with A. tumefaciens-mediated transformation using each constructed
expression plasmid. The transformants were purified by performing subcultures on
Sabouraud’s agar containing hygromycin at a concentration of 400 pug/ mL, and
subsequently grown in Sabouraud’s liquid medium for 9 days without hygromycin. The
transformants producing the maximum of SUB4, SUB6 or SUB7 activity (0.42 mU and
0.72 mU per mL, respectively) were called AbeSUB4, AbeSUB6 and AbeSUB?7,
respectively (Figure 12a). As a control, A. benhamiae LAU2354-2 and a transformant
obtained with a plasmid where the SUB4 gene was deleted did not produce
appreciable proteolytic activity. Western blot analyses revealed that SUB4, SUB6 and
SUB7 were secreted by the selected transformants as strong signals were obtained
using (specific) antibodies raised against orthologous subtilisins in T. rubrum (85)

(Figure 13).

A similar number of transformants (15-20) were obtained with ATMT using the
neomycin phosphotransferase cassette. They were isolated and cultured in Sabouraud
liquid medium for 9 days. The transformants with the maximum proteolytic activity (0.38
mU, 0.66 mU and 0.46 mU per mL) were selected for further characterization and
named AbeSUB6 G418, AbeSUB7_G418 and AbeSUB8 G418 respectevly (Figure

12b).
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A. ben Lau
(clinical)

A. ben 32
(G418res)

A. ven A.ven
290 32
(clinical) (clinical)

200 pg/mL

Sabouraud
medium

300 pg/mL 400 pg/mL 500 pg/mL

Figure 10 Minimum inhibitory concentration test with gentamycin 418. Our strain (A. benhamiae Lau2354-2), two
others clinical strains (A. vanbreuseghemii 290 and 32) and a modified A. benhamiae resaistant to G418 (A.
benhamiae 32). Different concentration of gentamycin 418 were used. Sabouraud media were use to perform the
MIC test.

Figure 11 As explain in MM; after the last coverage with 10mL of selective
Sabouraud medium containing 200 pg/mL G418, the transformants were incubated
at 30 °C for 3-4 days until the appearance of colonies..
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Figure 12 Activity tests, using casein resorufin-labeled, of A. benhamiae transformants a) with hph cassette and
b) with neo cassette. 80pL of supernatant from 9 days old liquid culture in Sabouraud were used. We measure
absorbance at 475 nm after 90min incubation at 37°C. The activity is given in Units (see MM). Genomic DNA is
represented with g and complementary DNA with a c. Positive control is a Pichia pastoris strain producing

recombinant SUB4.
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Figure 13 Western blot analysis of 5ul supernatant extracted from 2 weeks old liquid cultures of A.
Benhamiae using antibodies against SUB6 (a) and against SUB7 (b). The samples were treated as
fallow: (i) not treated as a control; (i) warmed up to 100°C for 2 minutes and (iii) 5mM of PMSF, a
specific subtilisin inhibitor, was added. The recombinants proteins SUB6 and SUB7were produced by
AbeSUBG6 and AbeSUB?7 strains respectively.

4.9. pH-dependance of different subtilisn activities

The A. benhamiae transformants with the highest activity, from both
transformations, were cultured in liquid Sabouraud for 9 days. Subsequently the

supernatant was collected and stored at -20°C.

The pH-dependant proteolytic activity of the recombinant SUBs was
determined in citrate buffer for pH range from pH 2 to pH 7 and in Tris HCI buffer
from pH 7 to pH 9 as explained in material and methods. The four enzymes were
active in Tris-HCI buffer between pH 7 and 9.5 on resorufin labeled Casein with a

broad peak of activity between 7.5 and 9.0 (Figure 14).
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Figure 14 Activity per minute of SUBs from 10 days old culture supernatant in Sabouraud. 50 pL of supernatant was used. Recombinant proteins from pNDC1-3 are labeled

with an H; Recombinant proteins from pNDC5-7 are labeled with a G. lower case g stand for genomic DNA and lower case ¢ stand for complementary DNA.
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5. Discussion

RNA-seq data obtained from A. benhamiae grown in various liquid culture conditions
and during infection in guinea pigs led to a new gene prediction and annotation of its
genome. A complete gene expression profile of A. benhamiae was obtained during
infection of its natural host. Most dermatophyte ORFs available to date were deduced by
cDNA analysis and by expressed sequence tag sequencing using RNA extracted from
dermatophytes grown in vitro together with automatic annotation and comparison with

other annotated genomes.

5.1. New Arthroderma benhamiae gene annotation

About 65% difference and, particularly, 383 new protein-coding genes were detected
compared to the existing gene prediction. We used previously acquired MS data to
validate a posteriori the presence of the predicted ORFs in culture supernatant. A
comparable approach with emphasis on proteogenomics has been recently used to
review the genome and proteome of T. rubrum (87). In this study, the identification of
323 new peptides by MS in culture supernatant led to the refinement of 161 genes and
the prediction of nine new genes. However, the RNA-seq analysis to validate the whole-
genome proteomics was only performed with RNA extracted from T. rubrum cultured in
vitro on potato glucose agar, but not during infection. This previous study and our results
have in common the combination of experimental data with bioinformatics software and
manual curation to generate an improved gene annotation. Our study is more focused

on the biology of infection.

63



In silico analysis of our predicted proteome led to the identification of 457 putative
cell surface and secreted proteins. Our list of probable secreted proteins is likely to also
contain proteins targeted to intracellular organelles, such as the endoplasmic reticulum
or vacuole, since the exploited prediction tools cannot distinguish between such proteins
and secreted ones. The Fungal Secretome and Subcellular Proteome KnowledgeBase
(http://proteomics.ysu.edu/secretomes/fungi2/index.php) tries to address this concern by
providing the prediction of secreted and organellar localization of proteins. It basically
utilizes the same tools as we used in our strategy and reveals the same functional
groups (88). In addition, they use WoLF PSORT (http://www.genscript.com/wolf-
psort.html) that converts protein sequences into numerical localization features, based
on sorting signals, amino acid composition and functional motifs. Nevertheless, this tool
can produce a high number of false positives. Moreover, homologs of well-known
intracellular proteins have been found in the secretome proteomic data. As an example,
ARB_ 02919 is the closest A. benhamiae homolog of the A. fumigatus vacuolar aspartic
peptidase (PEP2) and S. cerevisiae vacuolar proteinase A (PEP4). The latter is a
vacuolar enzyme required for the processing of vacuolar precursors (89), whereas the
former plays an additional role linked to the cell wall (90). ARB_02919 was found as a
secreted protein by MS (77), and is one of the most expressed proteins in all the five
studied conditions. Contaminations cannot be ruled out, but our strategy ensures the
best coverage of cell surface and secreted proteins, even if some false positives are

probably still present.
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5.2. Reprogramming of gene expression from a saprophyte to a

parasite lifestyle

Striking differences were revealed between transcriptomes of A. benhamiae during
growth under various conditions in vitro and during infection of its natural host. Such
differences emphasize the importance of performing transcriptional analysis directly
during infection, instead of using in vitro conditions that mimic the host environment. We
also identified several newly predicted genes, as well as genes with unknown functions,
that were differentially expressed in vivo versus in vitro, and, thus, might have a relevant
role in infection. To sum up, the ability of dermatophytes to switch from a saprophyte to

a parasite lifestyle is attested by an important reprogramming of gene expression.

Several comparative RNA-seq analyses were performed for other species of human
pathogenic fungi (91-94), but as these studies rely on infection-mimicking conditions
and not on the real in vivo situation, we think that they should be considered with
caution. Only few studies were performed in real infection conditions. Gene expression
profiles of C. albicans were obtained during infection in both the mouse kidney and the
insect Galleria mellonella (95). Interestingly, gene expressions in these very distinct
hosts were much closer to each other than in the in vitro liquid cultures used as controls.
More recently, transcriptional profiling of Blastomyces was performed in co-cultures with
human bone marrow-derived macrophages and during in vivo pulmonary infection in a
mouse model (96). They identified a number of functional categories upregulated
exclusively in vivo, including secreted proteins, zinc acquisition proteins, as well as
cysteine and tryptophan metabolism. Nine secreted protein were identified, including

products of five of the ten most upregulated genes during infection. One of these genes,
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BDFG_00717, encodes a CFEM-domain-containing protein, highlighting the importance

of those proteins in virulence.

5.3. Potential non-protease virulence factors of Arthroderma

benhamiae

Numerous genes that were highly expressed during infection encode uncharacterized
proteins. Highly expressed protein-coding genes with a putative function other than
proteolysis included ARB_01183, encoding a putative antigenic thaumatin domain
protein, and two genes encoding 1,3-beta-glucanosyltransferases (ARB_07487 and
ARB_05770). ARB_01183 was the most expressed secreted protein-coding gene in
vivo. Thaumatin-like proteins (TLPs) are found in many eukaryotes and have been
particularly studied in plants, in which they are involved in defense against fungal
pathogens. Plant TLPs also have been shown to act as important allergens (97). TLPs
are also found in fungi, such as Moniliophtora perniciosa, and may be involved in the
inhibition of growth of fungal competitors and pathogenicity (98). The 1,3-beta-
glucanosyltransferases play an important role in fungal cell wall morphology and
pathogenicity. Deletion of the gene GEL2 encoding a 1,3-beta-glucanosyltransferase in
A. fumigatus leads to altered cell wall composition as well as to reduced virulence in a
murine model of invasive aspergillosis (99). GAS1 of the entomopathogenic fungus

Beauveria bassiana contributes similarly to its mycoinsecticide activity (100).

ARB_02741, like Blastomyces BDFG_ 00717, encodes a GPIl-anchored CFEM
domain protein which is highly expressed in vivo and in vitro conditions. Its function has

not been characterized yet, but it is interesting to note that the closest homologs of
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ARB_02741 in the human fungal pathogen Coccidioides posadasii are the proline-rich
antigens Ag2/PRA and Prp2, which have been reported to be leading vaccine
candidates (101, 102). CFEM-domain proteins have been shown to be important for
haem uptake and virulence in C. albicans (103). The ability to acquire iron from host
tissues is a major virulence factor of pathogenic microorganisms. The three A. fumigatus
CFEM-domain proteins have been shown to be important for cell wall stability, not for
virulence (104). Other proteins may also be involved in immune escape, such as
ARB_06975, whose A. fumigatus hydrophobin homolog was shown to prevent immune

recognition by forming a hydrophobic layer on the cell surface (105).

5.4. Arthroderma benhamiae secreted proteases during

infection

SUB6 was the most highly expressed gene encoding a secreted protease during
infection in guinea pigs. In addition to SUB6, other A. benhamiae protease genes
encoding the subtilisins SUB7, SUB8, and SUB10 as well as a neutral protease of the
deuterolysin family (M35) were also specifically upregulated. RNA-seq analysis results
also confirmed that genes encoding major proteases secreted by the fungus during
growth in a protein medium (e.g., SUB3, SUB4, MEP3, MEP4, LAP1, and DPPIV) were
expressed at a basic level during infection like in Sabouraud medium and were not
upregulated. These results are in accordance with recent findings by proteomic analysis
(LC-MS/MS) in T. rubrum-infected nails that revealed SUB6 as the major protein
secreted by the fungus in onychomycosis (106). The closely related SUB7 (subtilisin-like
protease 7, Q8NID9) and DPPV (dipeptidyl-peptidase 5, QOQUW98) were also detected.

Likewise, most major proteases secreted by the fungus during its growth in vitro in a
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protein medium (26, 107) were not detected and, therefore, appeared not to be involved
during the establishment of onychomycosis. As a general conclusion, the proteases
secreted in vitro during protein degradation and in vivo during infection are different,
regardless of the dermatophyte species and the tinea. The view that the proteases
isolated from dermatophytes grown in vitro in a protein medium are virulence attributes
and exert a major role during infection appears to be too naive and can no longer be
accepted. Dermatophytes evolved from soil saprophytic fungi that are able to efficiently
degrade hard keratin into amino acids and into short peptides in the process of recycling
nitrogen, and the pathogenic phase of dermatophytes has to be dissociated from their
saprophytic phase. Some of the multiple members of protease gene families in
dermatophytes are dedicated exclusively to protein degradation while others, such as
SUBS, likely fulfill specific roles during infection. The notion that proteases secreted in
proteinaceous media correspond to virulence attributes has also been discarded for
other pathogenic fungi. Two different A. fumigatus mutants unable to secrete proteolytic
activity in a protein growth medium did not show attenuated virulence when tested in a
leukopenic mouse model. In the first mutant, the genes coding for the two major
secreted proteases ALP and MEP (108) were deleted. In the other mutant, the gene
coding for a transcriptional activator (PRTT) which regulates transcription of genes
encoding the major proteases secreted in a protein medium was deleted. Noteworthily,

no homolog of PRTT in Aspergillus spp. (109, 110) has been identified in A. benhamiae.

Genes encoding major proteases secreted by dermatophytes during in vitro growth in
a protein medium are tightly controlled by DNR1, the ortholog of AREA in Aspergillus

nidulans (111). In the absence of ammonium and glutamine, this transcription factor was
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found to be required for the expression of genes involved in nitrogen metabolism.
Although dermatophytes infect keratinized tissues, our results suggest that the panel of
proteases secreted during infection depends on other transcription factors that remain to

be discovered.

5.5. Arthroderma benhamiae secreted proteins as allergens and

their use in diagnostic

Secreted proteins are allergens that play a key role in the pathogenic process. SUBSG,
DPPV, and the beta-glucosidase ARB_05770 (encoded by three of the most expressed
genes of A. benhamiae during infection) are orthologs of the three known major
dermatophyte allergens Tri t1, Tri r2, and Tri r4, which are involved in bronchial
sensitization and symptomatic asthma (59, 112, 113). Dermatophyte antigens are also
involved in eczematous skin reactions at a location distant from the area of
dermatophyte infection (dermatophytids). The etiology of common dyshidrotic and
vesicular eczema on the hands (palms and fingers) is rarely investigated and may
remain elusive because no commercially standardized antigens are available to perform
routine skin tests and antibody detection. At a time when quality in laboratory techniques
is a key issue, it is not possible to use trichophytin, a fungal extract that greatly varies in
its preparation and composition (114). The secreted proteins encoded by genes highly
expressed during infection are the best candidates for the detection of dermatophyte
allergic diseases, and it would be relevant to perform skin test reactions using
standardized antigens in cases of eczematous skin reactions of unknown origin. A
positive reaction could be indicative of a non-detected dermatophyte infection and could

suggest possible antifungal treatment.
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5.6. Arthroderma benhamiae transformation

An improvement in the selection of transformants to allow further transformations with
non proteolytic activity inserts was required. We change the hygromycin B
phosphotransferase cassette to a neomycin phosphotransferase (G418) resistnace
cassette. Both antibiotics are aminoglycoside, inhibiting protein synthesis but
gentamycin was known to be more suitable for transformant selection. The resistance at
different level of gentamycin of different A. benhamiae and A. vanbreuseghemii strains
was tested on Sabouraud medium (Figure 10). Our strain Lau2354-2 was unable to
grow in the presence of more than 200 pg/mL of G418. In contrast the same strain was

able to grow in presence of hygromycin B at a concentration over 600 pg/mL.
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6. Conclusion

Comparing gene expression during infection phase versus keratin degradation in vitro
shows the importance of using real in vivo conditions to further investigate the virulence
mechanisms of dermatophytes, instead of using some in vitro conditions supposed to
mimic the host environment. Focusing our analysis on genes encoding cell-associated
and secreted proteins, in particular proteases, led to the identification of strong
candidates as allergens and putative virulence factors. The new genome annotation
provided in this study might serve as a reference for annotation or re-annotation of other
dermatophyte species and evolutionary related filamentous fungi. The established
dermatophytes expression system allowed the production of SUB6, SUB7 and SUBS for

the first time, and will be suitable to produce other antigens and proteins of interest.
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8. Ahnexes

8.1. Supplementary Tables

Table S1 the secretome: predicted cell surface/secreted proteins, putative functions, and

expression obtain through the great work of Marc Feuermann.

! Open reading frame (ORF) names in this study

% The status indicates the changes between previous proteome annotation and our
predictions

® ORF names in the previous genome annotation (Burmester et al. 2011)

* Names attributed to some proteases by Burmester et al. (2011) and Sriranganadane et
al. (2011)

> UniProt accession numbers corresponding to the previous predictions. When two
ORFs have been merged in the new prediction and both are present in UniProtKB, the
two corresponding ACs are indicated.

® The presence of a signal peptide is indicated by SIG. SIG + GPI indicates that the
gene product is predicted to have a GPI anchor.

" Mass spectrometry data were extracted from Sriranganadane et al. (2011). For each
identified gene product, we indicate the medium pH in which it was detected (either pH 4
or 7).

® Function has been assigned based on homology search in well-characterized fungi
and/or from InterPro scanning to identify specific domains and families. Green identifies
proteins with a potential role in proteolytic activity; red, proteins involved in carbohydrate

metabolism; and orange, proteins involved in lipid metabolism.
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® Homologous fungal allergens extracted from the Allergome database

(http://www.allergome.orq/)

19 Name of weighted gene correlation network analysis (WGCNA) gene co-expression
module

1 Summary of differential gene expressions in vivo versus in vitro. Cut-offs: FDR = 1e-3
and 2-fold change.

12 Significant expression trends from RNA sequencing data are indicated. The cut-off of -
1 for the z-score of transcripts per million was applied.

13 Mean expression values expressed in transcripts per million for every growth

condition.
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http://www.allergome.org/

. Name in . Sign Mass . Close Regulati .
New ORF" Status? Ocl;'rg":ngl literatur Urngot al/G | spectrome l]?redlt_:teg homolog onin Expressllzon TP'\{I3 TPM13 TPM TPl'\s/l TPM
S ot C pI¢ try pH’ unction allergens’ vivol trend Gp8™” | Gpl4 K S Sa
Mannosidase
SIG+ (glycoside
ARB_00035 | No changes ARB_00035 D4AV26 GPI pH4 & pH7 hydrolase,
family 47) 32 48 125 61 28
Alpha/Beta
SIG at N-terminus hydrolase fold-
ARB_00047 manually restored ARB_00047 D4AV38 | SIG pH4 & pH7 cgntaining
protein 22 22 27 39 23
ARB_00075 | No changes ARB_00075 D4AVE6 | SIG | pHa & pH7 | Cell wall Asp f 34 induced in
protein down vitro 6 0| 157 323 164
siG+ SUN QQmain-
ARB_00087 | No changes ARB_00087 D4AV78 GPI containing
protein down 24 15| 353 173 212
ARB_00107 | No changes ARB_00107 D4AV9S | SIG pH7 | DUF4360 induced in
family protein keratin 4 8| 1277 4 0
ARB_00120 | No changes ARB_00120 DAAVB | g6 Mannosyitrans
1 ferase 18 9 6 - 9
Aminoglycosid
ARB_00127 | No changes ARB_00127 D4AVEB | 516 es
8 phosphotransf
erase 13 24 21 16 9
Pheromone
ARB_00131 | No changes ARB 00131 |KexB | P*VC |sic processing
2 endoprotease
(KexB) 29 35 37 38 35
ARB_00147 | No changes ARB_00147 ?4AVD SIG Calnexin Pen ch 31
146 181 | 138 255 241
ARB_00163 C—tel_'r_ninus ARB_00163 D4AVF sie Carboxylester
modified 0 ase, type B o 0 . 6 3
Guanine-
ARB_00194 | No changes ARB_00194 D4AVIO | SIG | pH4 & pH7 | specific
ribonuclease 19 36 26 13 9
Internal Glycoside
ARB_00204 | intron/exon ARB_00204 D4AVJO | SIG | pH4 & pH7 | hydrolase, induced in
prediction changes family 18 up vivo 118 97 6 0 0
Glutamyl-
peptide
ARB_00230 | No changes ARB_00230 D4AVLS6 | SIG cyclotransfera
se (peptidase
M28 family) 59 43 33 44 53
Internal Alkaline
ARB_00233 | intron/exon ARB_00233 D4AVL9 | SIG phosphatase
prediction changes D-related 15 9 32 12 29
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protein

N-terminus D4AVR Uncharacteriz
ARB_00277 shortened ARB_00277 3 SIG ed protein , , . , .
Extracellular
ARB_00287 | No changes ARB_00287 24AVS SIG proline-rich
protein down 19 17 | 4152 2130 635
Glycoside
ARB_00311 | No changes ARB_00311 $4AVU SIG hydrolase,
family 76 47 35 54 54 24
ARB_00313 | No changes ARB_00313 o WU s Cutinase
85 50 20 6 3
ARB 00322 N-terminus ARB 00322 D4AVV sIG Unchara_ctenz
- shortened - 8 ed protein 73 a7 56 169 118
C-terminus LysM domain-
ARB_00327 | modified and ARB_00327 §4AVW SIG containing
extended protein 4 13 1 1 1
N-terminus Chitinase
ARB_00328 | modified and ARB_00328 DAAVW | g1 (glycoside
4 hydrolase,
extended )
family 18) 13 11 16 13 9
ARB_00449 | No changes ARB_00449 E“AWB 2'3* Ug‘:hat”"."te"z
ed protein down 113 71| 2360 1119 | 1029
ARB_00454 | No changes ARB_00454 DAAWS | g5 Uncharacteriz
9 ed protein 1 0 7 3 6
ARB_00481 | No changes ARB_00481 g“AWB SIG R'btos.oma'
protein 123 93| 196 102 233
DAAWC Aminopeptidas
ARB_00494 | No changes ARB_00494 | Lap2 9 SIG | pH4 & pH7 | e (peptidase
M28 family) 38 33| 1792 2388 36
ARB_00532 N':e”g'”d“s ARB_00532 $4AWG SIG pH7 | Tyrosinase induced in
extende Sabouraud 2 1 3 11 98
Beta-
ARB_00556 | ORF splitin 2 ARB 00556 D4AWJ sie Iactamase/tran
-2 ORFs - 1 speptidase-
like protein 0 1 4 2 6
ARB 00566 C—te_rr_nmus ARB 00566 D4AWK SIG UncharapterlZ
- modified - 0 ed protein 5 17 2 0 0
Leucine
ARB_00576 | No changes ARB_00576 DAAWL | SIG+ aminopeptidas
- - 0 GPI e (peptidase
M28 family) 19 15 9 15 10
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ARB 00582 N-terminus ARB 00582 D4AWL sIG Leg_ume-llke
- extended - 6 lectin o5 131 63 04 76
ARB_00595 | No changes ARB_00595 g“AWM SIG | pH4 & pHT Ugc?a{aﬁe”z
€d protel 34 28| 643 448 128
N-terminus D4AWN Uncharacteriz
ARB_00603 extended ARB_00603 7 SIG ed protein e e o o o
Histidine
ARB_00641 | No changes ARB_00641 ?4AWS SIG phosphatase
superfamily 187 120 | 305 119 258
ARB_00650 | No changes ARB_00650 JAAwT g'lfl* UgChatra.Cte”Z induced in
ed protein down vitro 6 o| 109 164 110
NAD-
. dependent
ARB_00653 | \-terminus ARB_00653 DAAWT | 56 malate
shortened 7
dehydrogenas
e 615 591 | 500 821 1217
Internal i
ARB_00691 | intron/exon ARB_00691 DAAWX | 516 Uncharacteriz
- - - 5 ed protein
prediction changes 9 4 14 15 10
Subtilisin-like
DAAWY protease induced in
ARB_00701 | No changes ARB_00701 | Sub3 5 SIG pH4 & pH7 (peptidase S8 keratin and
family) soy 3 1| 14611 481 7
Cbb3-type
ARB_00755 | C-terminus ARB_00755 D4AX28 | SIG cytochrome
shortened oxidase
component up 335 245 56 114 107
Extracellular
metalloproteas
ARB_00762 | No changes ARB_00762 | Mep4 D4AX35 | SIG pH7 e/fungalysin
(peptidase induced in
M36 family) vitro 5 9| 328 736 42
Endo-
Internal siG+ chitosanase
ARB_00766 | intron/exon ARB_00766 D4AX39 GPI (glycoside
prediction changes hydrolase
family 75) 55 23 372 163 80
Asp f
S 18/Asp n
Sruotzgl?;zlg—llke 18/Pen ¢
ARB_00777 | No changes ARB_00777 | Sub8 D4AX50 | SIG | pH4 & pH7 protez 2/Clah
(peptidase S8 o/Cur |
family) 4/Pen n
18/Rhom 1 642 683 188 670 438
ARB_00781 | No changes ARB_00781 D4AX54 | SIG Alpha/beta
hydrolase
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Alpha/Beta

hydrolase fold-
ARB_00790 | No changes ARB_00790 D4AX63 | SIG containing
lipase 2 2 2 2 1
ARB 00805 N-terminus ARB 00805 DAAXT8 SIG+ Unchara_ctenz
- shortened - GPI ed protein o o s o o
ARB_00806 | \-terminus ARB_00806 D4AX79 | SIG Uncharacteriz
extended ed protein o o 4 o o
ARB_00807 | No changes ARB_00807 D4AX80 | SIG Uncharacteriz
ed protein o o 3 o o
C-terminus SIG+ Uncharacteriz
ARB_00824 modified ARB_00824 D4AX97 GPI ed protein . . . ) b
ARB_00g42 | C-terminus ARB_00842 DIAXB | gi6 Acid
- modified - 4 phosphatase 8 61 53 101 a
; Metalloprotein
ARB_00849 | C-terminus ARB_00849 DAAXC | g6 ase (peptidase
modified 1 i
M35 family) 2 0 2 5 4
Internal Gamma-
ARB_00890 | intron/exon ARB_00890 DAAXG | SIG+ glutamyltransp
s 2 GPI .
prediction changes eptidase 3 1 3 5 6
ARB_00892 | No changes ARB_00892 DAAXG | g5 Uncharacteriz
4 ed protein o 0 0 0 o
ARB_00912 N-terminus ARB_00912 DAAXI3 SIG+ Uncharaptenz
shortened GPI ed protein down 21 218 735 714 695
Internal Glycosyl
ARB_00915 | intron/exon ARB_00915 D4AXJ6 | SIG transferase,
prediction changes family 20 88 95 66 148 64
. . induced in
ARB_00926 | C-terminus ARB_00926 DAAXK | si6 pH4 | Uncharacteriz soy and
shortened 7 ed protein
Sabouraud 2 4 79 922 863
ARB_00930 | No changes ARB_00930 D4AXL1 | SIG | pH4 & pH7 IBeta'
actamase 4 1 13 . 6
Internal
ARB_00933 | intron/exon ARB_00933 DaaxLa | SIG* Carboxylester
- GPI ase, type B
prediction changes 5 4 1 2 3
ARB_00998 | No changes ARB_00998 9D4AXS SIG Lipase
127 147 | 123 80 73
ARB_01017 | No changes ARB_01017 g“AXU é'fﬁ Cr';'tze'\i"ndoma'”
P 53 46| 253 307 92
Internal Subtilisin-like
ARB_01032 | intron/exon ARB_01032 | Sub4 DAAXW | g1 | pHa & pH7 | Protease . .
- 3 (peptidase S8 induced in
prediction changes : .
family) vitro 14 3| 8947 2203 49

96



D4AXX

Peptidase

ARB_01041 | No changes ARB_01041 2 SIG M20 family
protein 15 25 15 47 20
ARB_01050 | No changes ARB_01050 DAY Isi6 Ugc?a{aﬁe”z
ed protei 2 7 3 3 12
R i Peptidyl-prolyl
ARB_01071 | N-terminus ARB_01071 D4AY02 | SIG pH7 | cis-trans
shortened .
isomerase 459 483 | 507 871 617
Internal Carboxylester
ARB_01072 | intron/exon ARB_01072 D4AYO03 | SIG ot yeé
prediction changes P 12 14 8 13 16
Internal :lr[i);golysacch
ARB_01122 | intron/exon ARB_01122 D4AYS53 | SIG S
- - - modifying
prediction changes ;
protein 21 19 28 14 21
Internal i
ARB_01125 | intron/exon ARB_01125 D4AYs6 | SIC* Uncharacteriz
- o - GPI ed protein
prediction changes 150 114 | 183 158 177
Internal Cytochrome
ARB_01131 | intron/exon ARB_01131 D4AY62 | SIG P450 alkane
prediction changes hydroxylase down 27 22 178 230 115
1,3-beta-
internal sic+ orase
ARB_01140 | intron/exon ARB_01140 D4AY71 .
L GPI (glycoside
prediction changes
hydrolase
family 72) 9 6 1 2 1
ARB_01153 N"ET}[’“Q“S ARB_01153 D4AY84 | SIG Pr%”y'cysm'”e
modie oxidase 29 21| 25 48 37
ARB_01155 D4AY86 LysM domain-
Ag%ll?i_s%llss ORFs merged and /D4AY8 2|'(33|+ containing
- ARB_01156 7 protein 11 10 96 53 23
Antigenic
ARB_01183 | No changes ARB_01183 E4AYB SIG thaumatin
domain protein up 6131 7203 30 35 257
ARB_01187 N- and C-termini ARB_01187 D4AYB sie UncharapterlZ
extended 8 ed protein 2 1 16 9 5
ARB_01220 | NemIAUS ARB_01220 DAV Isie g(;‘c?s{eaiffe"z
P 8 13 18 33 32
Kelch repeat
ARB_01230 SIG at N-terminus ARB_01230 D4AYG SIG pH4 protel'n—'
manually restored 1 containing
protein 43 40 131 119 77
ARB_01233 | No changes ARB_01233 DAAYG | SIG+ Uncharacteriz
4 GPI ed protein
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MD-2-related

lipid-
ARB_01325 | No changes ARB_01325 DAAYQ | g | pHa & pH7 | "ecognition
6 domain-
containing
protein 232 276 | 316 440 251
C-terminus D4AYR Uncharacteriz
ARB_01333 modified ARB_01333 4 SIG ed protein \ , , ] ]
Thioredoxin
Internal ;
ARB_01338 | intron/exon ARB_01338 o R Isie Sg::;'gi'ng
prediction changes protein 109 99 95 100 131
. Serine
C-terminus A
ARB_01345 | modified and ARB 01345 |s28g | D4AYS [SIG+| ., |peptidase
6 GPI (peptidase
shortened >
S28 family) 34 31 240 214 82
Internal DAAYS
ARB_01347 | intron/exon ARB_01347 8 SIG | pH4 & pH7 | Ribonuclease
prediction changes 36 39 26 49 29
B-N-
acetylhexosa
ARB_01353 | No changes ARB_01353 DAAYT | 516 pH7 | Mminidase Pen ch 20
4 (glycoside
hydrolase,
family 20) 341 227 477 455 163
ARB_01369 C-terminus ARB_01369 D4AYV sic Uncharapteriz
shortened 0 ed protein ) 9 1 1 4
Extracellular
metalloproteas
ARB_01382 | No changes ARB_01382 | Mep2 54AYW 2|'(33|+ e/fungalysin
(peptidase
M36 family) 18 15 13 16 17
Internal Leucine
ARB_01443 | intron/exon ARB_01443 D4Az23 | SIG aminopeptidas
prediction changes e (family M28) 6 0 11 13 10
Endo-1,3(4)-
beta-
ARB_01444 | Cterminus ARB_01444 D4AZ24 | SIG | pH4 & pH7 | ducanase
modified (glycoside
hydrolase,
family 81) 142 103 69 30 23
Internal LysM domain-
ARB_01488 | intron/exon ARB_01488 D4AZ68 | SIG containing
prediction changes protein 5 2 1 1 2
Serine
ARB_01491 | No changes ARB_01491 D4AZ71 | SIG carboxypeptid
ase (peptidase
S10 family) 528 449 | 231 515 358
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Subtilisin-like

rotease Asp fl
ARB_01495 | No changes ARB_01495 | Sub2 D4AZ75 | SIG pH7 p . 13/Asp o
(peptidase S8
: 13/Asp v 13
family) 0 0 0 0 0
Internal
ARB_01498 | intron/exon ARB_01498 D4AZ78 | SIG pH4 gsaébfxyéegter
prediction changes P 7 4 20 14 16
CFEM-domain
. containing
ARB_01545 's\'t;f)erzg"r:’;‘és ARB_01545 E“AZC ggr pH4 | extracelular
proline-glycine
rich protein 1230 1192 42 331 352
Internal
ARB_01551 | intron/exon ARB_01551 DAAZD | g5 Glycosyltransf
L 1 erase, family 4
prediction changes 25 18 5 15 16
ARB_01584 | No changes ARB_01584 DG Isi6 U;cr:atr.’:li(.r‘,]tenz
ed prote 462 335 | 1112 775 1293
Serine
ARB_01587 | No changes ARB_01587 DAAZG | g5 carboxypeptid
- - 9 ase (peptidase
S10 family) 18 12 3 8 11
ARB_01595 | N-terminus ARB_01595 DAAZH | g6 Cupredoxin
extended 7 3 2 2 3 5
Aspartic-type
Internal :
ARB_01619 | intron/exon ARB 01619 |CtsD | D4AZK | SIG+ endopeptidase
_ 1 GPI (peptidase Al
prediction changes :
family) 23 17 36 49 46
GPl-anchored
ARB_01627 | No changes ARB_01627 9D4AZK 2|'(33|+ pH4 & pH7 | cell wall
protein 2664 2756 | 2549 1539 | 2112
Serine
ARB_01633 | No changes ARB_01633 D4AZL5 | SIG endopeptidase
(peptidase S1
family) 0 0 1 1 1
ARB_01650 N-terminus ARB_01650 D4AZN sIG UncharapterlZ
shortened 2 ed protein 6 4 20 270 2129
ARB_01687 | No changes ARB_01687 DAAZR | g6 Uncharacteriz
9 ed protein ) 0 4 . 2
ARB_01705 | N-terminus ARB_01705 D4AZTS | SIG Amine oxidase
modified 9 4 10 8 3
ARB_01712 C-terminus ARB_01712 D4AZU SIG UncharapterlZ
extended 2 ed protein 4 4 3 6 6
1,3-beta-
ARB 01713 N—tel_'r_nmus ARB 01713 D4AZU | SIG+ glucanosyltran
- modified - 3 GPI sferase
(glycoside 458 424 | 283 399 294
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hydrolase

family 72)
PLC-like
ARB_01728 | No changes ARB_01728 8D4AZV le<>3|+ phosphodieste
rase 0 0 0 0 0
Alpha/Beta
hydrolase fold-
ARB_01751 | No changes ARB_01751 ?4AZY SIG | pH4 & pH7 gi”éa'”'”g
acetylhydrolas
e 3 1] 10 9 8
ARB_01786 | No changes ARB_01786 D4B015 | SIG U;C':atra.‘;te”z
ed protel up 10 22 1 1 1
ARB_01793 | No changes ARB_01793 D4B022 E'SI* U(S‘Chatra.ae”z
ed protein 274 150 120 187 1515
ARB_01815 | No changes ARB_01815 D4B044 | SIG IfDU'.:I3455t. induced in
amily protein vitro 1 8 69 51 81
ARB_01832 | No changes ARB_01832 D4B061 | SIG Uncharacteriz
ed protein o o 18 20 3
ARB_01844 | No changes ARB_01844 D4B073 | SIG Heat shock
protein 70-like 3 3 %5 130 64
ARB_01845 | No changes ARB_01845 Dago74 | SIG* Uncharacteriz
GPI ed protein . 4 2 35 39
} . Autophagy
ARB_01857 | SIC al N-terminus | \pp 11857 D4B086 | SIG pH7 | protein Atg27-
manually restored : :
like protein 123 127 112 194 143
Ser/Thr
protein
ARB_01864 | No changes ARB_01864 D4B093 | SIG pH4 & pH7
phosphatase
family protein down 17 13 112 127 178
ARB_01872 | No changes ARB_01872 D4BOAO | SIG A";]hzcarbon'c
anhydrase 24 2| 37 13 13
. BYS1 domain-
N-terminus L . .
ARB_01932 ARB_01932 D4BOF8 | SIG pH4 & pH7 | containing induced in
extended ) .
protein vitro 7 5| 79| 1332|263
ARB_02001 | No changes ARB_02001 ?480'\" SIG pH7 ggos"ho"pase
9 0| 15 29 30
ARB_02015 | No changes ARB_02015 DABON | g5 pH4 Uncharacteriz
9 ed protein 6 8 1 16 16
Serine
ARB_02032 | N-terminus ARB_02032 |cpsa |D4BOQ Igg carboxypeptid
- extended - 6 ase (peptidase
S10 family) 11 6 4 9 4
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Exo-beta-1,3-

ARB_02077 | No changes ARB_02077 D4BOV1 | SIG | pH4 & pH7 glucanase
50 45 386 62 36
Internal polynucleotide
ARB_02081 | intron/exon ARB_02081 D4BOV4 | SIG adenylyltransf
prediction changes erase down 9 6 29 74 57
ARB_02084 | No changes ARB_02084 D4BOV6 2'§+ gg%?g{;ﬁe”z induced in
Vitro 1 0 96 123 1225
Alpha-1,2-
Internal DABOW mannosidase
ARB_02097 | intron/exon ARB_02097 9 SIG (glycoside
prediction changes hydrolase
family 92) 3 1 1 1 1
Aspartic-type
ARB_02099 | No changes ARB_02099 D4BOX1 | SIG endopeptidase
(peptidase Al
family) 16 9 6 8 9
Alpha-
Internal glucosidase
ARB_02101 | intron/exon ARB_02101 D4BOX3 | SIG | pH4 & pH7 | (glycoside
prediction changes hydrolase,
family 31) 34 26 15 21 8
ARB_02127 | No changes ARB_02127 D4B0Z9 | SIG I(\)/IXLiI(Ijt;:soepper
500 469 8 8 112
3-
Internal Isopropylmalat
ARB_02135 | intron/exon ARB_02135 D4B107 | SIG e
prediction changes dehydrogenas
e 453 357 22 133 254
ARB_02148 D4B119
AORZE;_Z%ZMES ORFs merged and /D4B12 | SIG Lesrtueli?aysle
- ARB_02149 0 3 3 3 4 4
Ribonuclease
ARB_02157 | Cterminus ARB_02157 D4B128 | SIG H-like domain-
modified containing
protein up 10 5 1 1 2
ARB_02186 | No changes ARB_02186 D4B157 | SIG Metallopeptida
se 1 2 0 1 2
. Chitinase
N-terminus Ivcoside
ARB_02187 | modified and ARB_02187 D4B158 | SIG f}gy
extended VdTO'ase'
family 18) 1 0 1 3 3
ARB_02189 %mgus ARB_02189 D4B160 | SIG gg;??{eaiffe"z
up 52 31 0 1 1
ARB_02206 'S\'hfr:;“r']re“és ARB_02206 D4B177 | SIG Sialidase
up 692 1026 10 5 5
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Bicupin,

Internal SIG+ oxalate
ARB_02208 m:g()ﬁnc/t?;(rc])r::han o ARB_02208 D4B179 GPI pH4 & pH7 decarboxylase induced in
p 9 /oxidase down vitro 13 3| 841 239 179
Internal .
ARB_02220 | intron/exon ARB_02220 D4B191 2'§+ pH4 & pH7 ;ﬁ,)it,'sasrgt:ﬁl
prediction changes yp 37 17 31 25 76
Subtilisin-like
protease induced in
ARB_02223 | No changes ARB_02223 | Sub5 D4B194 | SIG (peptidase S8 Keratin and
family) soy 5 3 38 134 10
ARB_02240 | No changes ARB_02240 D4B1B1 E'SI* pH4 & pH7 U;Chatra.ae”z
ed protein down 14 13 49 115 170
ARB_02251 | No changes ARB_02251 D4BIC | g6 pH4 | Uncharacteriz
- - 2 ed protein ) 5 3 6 4
Metalloproteas
ARB_02289 | N-terminus ARB_02289 |ADM-B |D4BIC | giG e ADAM-B
- extended - 0 (peptidase
M12B family) 57 56 131 80 83
Glucoamylase
ARB_02327 | ORF splitin 2 (glycoside
1 ORFs ARB_02327 D4B1J8 | SIG pH4 & pH7 hydrolase, Schc1l
family 15) 5 6 312 163 20
D4BIN PHP domain-
ARB_02359 | No changes ARB_02359 0 SIG containing
protein 0 0 3 1 1
ARB_02369 | No changes ARB_02369 DB 1516 pH7 Carbfxy'eéter
ase, type 828 291 | 1727 562 11
FAD-
ARB_02372 | No changes ARB_02372 D4B1P2 | SIG | pHa & pH7 | dEPendent
oxidoreductas
e 9 21 5 11 6
Glutamate
ARB_02390 | No changes ARB_02390 | Gltcp D4BIR | g6 pH7 carboxypeptid
0 ase (peptidase
M28 family) 151 139 83 88 29
ARB_02401 | No changes ARB_02401 D4B1S0 | SIG U(;“’hatra.“e"z
ed protein 11 21 2 5 6
Extracellular
metalloproteas
ARB_02406 | No changes ARB_02406 | Mepl D4B1SS5 | SIG pH4 e/fungalysin
(peptidase
M36 family) 16 14| 1172 27 14
Metallocarbox
ARB_02407 | Cterminus ARB_02407 |McpB | DAB1S6 | SIG | pH4 & pH7 | YPeptidase
modified (peptidase
M14 family) 26 20 173 201 14
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EGF-like

calcium-
ARB_02433 | No changes ARB_02433 D4B1V2 | SIG binding
- - domain-
containing
protein 12 0 34 788 310
. BIG/ATPase
ARB_02441 | N-terminus ARB_02441 DABIW | g5 V1 complex,
modified 0 i
subunit S1 178 184 128 273 270
SGNH
hydrolase-type
esterase
ARB_02457 | No changes ARB_02457 D4B1X6 | SIG domain-
containing
protein 0 0 10 17 7
N-terminus .
ARB_02458 | modified and ARB_02458 D4B1x7 | SIG* Uncharacteriz
- - GPI ed protein
shortened 11 26| 986 884 3935
ARB_02459 | No changes ARB_02459 D4B1X8 | SIG Uncharacteriz
- - ed protein 4
0 0 0 0
FAD-
ARB_02462 | No changes ARB_02462 D4B1Y1 | SIG dependent
monooxygena
se 15 14 26 25 9
UDP-N-
C-terminus acetylmuramat
ARB_02478 | modified and ARB_02478 D4B1Z7 | SIG | pH4 & pH7 | e
extended dehydrogenas
e 3 3 17 8 9
SGNH
ARB_024g7 | SIC atN-terminus | \pp 15457 D4B206 | SIG hydrolase-type
manually restored esterase
domain 0 0 1 1 0
ARB_02569 | No changes ARB_02569 D4B286 | SIG Uncharacteriz
ed protein 1 0 5 5 1
Protein
ARB_02626 | No changes ARB_02626 D4B2L8 | SIG disulfide- Alta4
isomerase 330 348 | 202 490 574
GPl-anchored
ARB_02697 | No changes ARB_02697 9D4BZG (SBIF(’5|+ cell wall
protein 2413 3205 | 1053 1075 | 1072
Internal
ARB_02701 | intron/exon ARB_02701 DaB2H | g6 Extracellular Aspf7
- 3 cellulase
prediction changes down 174 152 | 629 906 3424
ARB_02715 D4B2N
A(I)?zB‘?_l(E)SZHS ORFs merged and 1Dppl 2/D4B2 gIPGI+ pH7 Dipeptidase
- ARB_02716 N3 10 12 167 181 13
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Internal

Polysaccharid

ARB_02727 | intron/exon ARB_02727 D4B2P4 | SIG e deacetylase
prediction changes Y 24 14 14 25 15
CFEM
D4B2Q | SIG+ domain-
ARB_02741 | No changes ARB_02741 8 GPI pH4 & pH7 containing
protein 3503 3821 | 14805 8080 | 2149
ARB_02760 ARB_02760 DaB2S7 SIG+ Uncharacteriz
02761 ORFs merged and /D4B2S GPI ed protein
- ARB_02761 8 15 9 12 27 55
New exon near N- )
ARB_02787 | ter and C-ter ARB_02787 D4B2V4 | SIG eox'dored“aas
modified 49 35 110 38 47
1,3-beta-
glucanosyltran
ARB_02797 | No changes ARB_02797 DAB2W | 516 | pHa & pH7 | STEr3se Tritl
4 (glycoside
hydrolase
family 72) 457 477 | 246 317 490
ARB_02803 | No changes ARB_02803 D4B2X0 | S Ué‘Chat"".Cte”z
ed protein 3064 3093 | 7273 6072 | 10321
C-terminus SCP-like
ARB_02861 | modified and ARB_02861 D4B327 | SIG extracellular V5/Tpx-1
extended protein 246 218 97 149 356
R i R Glycosyl
ARB_02866 | N-terminus and C- | \pg gyg66 D4B332 | SIG transferase,
terminus extended ;
family 15 58 61 69 52 77
Aspartic-type
ARB_02919 | No changes ARB_02919 |Pep2 | D4B385 | SIG pH7 | Endopeptidase
(peptidase A1
family) 843 970 691 1136 550
Internal Gamma-
ARB_02921 | intron/exon ARB_02921 D4B387 | SIG pH4 & pH7 | glutamyltransp
prediction changes eptidase 136 165 844 250 38
siG+ FAS1 domain-
ARB_02922 | No changes ARB_02922 D4B388 GPI containing
protein up 14 10 2 3 2
ARB_02924 | No changes ARB_02924 DaB3go | SIG* Uncharacteriz
GPI ed protein 6 10 s 5 2
Internal . induced in
ARB_02965 | intron/exon ARB_02965 D4B3C | g1 | pHa & pH7 | Amidase keratin and
- 8 family protein
prediction changes soy 0 0 159 93 1
ARB_02997 | No changes ARB_02997 54536 é'ﬁ fe".tl'sasets.‘u induced in
amily protéin up Vivo 182 221 3 3 2
ARB_03024 | No changes ARB_03024 D4B3I5 éIPGI+ pH4 & pH7 | Cupredoxin
13 34| 115 48 37
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EF-hand

N-terminus D4B3R domain-
ARB_03104 shortened ARB_03104 5 SIG containing
protein 101 71 65 116 128
D4B3R O-glycosyl _ _
ARB_03106 | No changes ARB_03106 7 SIG pH4 compounds induced in
hydrolase down vitro 6 3| 1101 984 149
ARB_03160 | No changes ARB_03160 D4B3X1 | SIG Uncharacteriz
ed protein 4 o ) 3 3
ARB_03208 | No changes ARB_03208 D4B419 | SIG Uncharacteriz
ed protein 4 4 ) 1 3
N-terminus Chaperone
ARB_03220 | modified and ARB_03220 D4B431 | SIG DnaJ-like
extended protein 53 44| 218 57 108
ARB_03232 | No changes ARB_03232 D4B443 | SIG gg%?str;f‘te"z
148 117 | 208 168 160
Internal Glycoside
ARB_03253 | intron/exon ARB_03253 D4B464 | SIG hydrolase,
prediction changes family 47 up 152 132 16 27 37
ARB_03254 | No changes ARB_03254 D4B465 2I|§;|+ Lipase
up 49 15 1 1 1
ATPase
ARB_03267 | No changes ARB_03267 D4B478 | SIG synthesis
protein 25,
mitochondrial 35 25 98 32 65
N-terminus Lectin family
ARB_03272 | modified and ARB_03272 D4B483 | SIG A
protein
extended 60 36 25 71 74
Cell wall
C-terminus SIG+ glucana}se Asp f 9/As
ARB_03382 | o = I ARB_03382 D4B432 | 2o (glycoside pf 16 P
hydrolase,
family 16) 346 311 479 91 203
N-
Internal aqet)lllglucosa
ARB_03399 | intron/exon ARB_03399 D4B4K9 | SIG minyt -
prediction changes phpsphatldylm
ositol
deacetylase 26 21 32 39 25
UDP-
glucose:glycop
ARB_03420 | No changes ARB_03420 54B4N SIG rotein
glucosyltransf
erase 25 20 16 21 27
ARB_03431 | No changes ARB_03431 D4B4P1 | SIG pH4 Sialidase
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ARB 03436 N-terminus ARB 03436 D4B4P6 SIG+ Unchara_ctenz
- extended - GPI ed protein 30 37 86 61 63
. LysM domain-
ARB_0343g | Cterminus ARB_03438 D4B4PS | SIG containing
- modified - .
protein 0 0 0 0 0
LysM domain
C-terminus D4B40Q Elir:%;hmn'
ARB_03442 | modified and ARB_03442 SIG 9
- - 2 domain-
extended .
containg
protein 2 3 1 0 1
C-terminus Carbohydrate-
ARB_03471 i ARB_03471 D4B4T1 | SIG binding WSC
modified i i
domain protein 134 93 626 419 274
Histidine
ARB_03491 | SIC alN-terminus | \pp 13499 D4BAV1 | SIG | pHa & pH7 | Phosphatase
manually restored superfamily
protein 55 43 24 82 58
Leucine
ARB_03492 | No changes ARB_03492 Dagavz | SIG* aminopeptidas
GPI e (peptidase
M28 family) 34 24 14 9 11
ARB_03496 | No changes ARB_03496 D4B4V6 | SIG Ué“:hat”"."te"z
€d protein up 4021 3952 12 9 18
ARB_03504 | No changes ARB_03504 DWW s g(;‘crr‘str;ffe”z
P 181 175 | 119 116 123
Class Il
N-terminus chitinase
ARB_03514 | modified and ARB_03514 D4B4X4 | SIG pH4 & pH7 | (glycoside
extended hydrolase,
family 18) 56 44 20 3 4
ARB_03537 | N-terminus ARB_03537 D4B4Z7 | SIG Uncharacteriz
extended ed protein 1 0 29 1 8
Leucine
ARB_03568 | No changes ARB_03568 | Lapl D4B528 | SIG | pHa & pH7 | 2Minopeptidas
e (peptidase
M28 family) 21 35 | 3064 583 6
ARB_03594 | N-terminus ARB_03594 D4B568 | SIG Uncharacteriz
modified ed protein down 0 0 1 2 20
ARB_03645 | ORF split in 2 ARB_03645 D4B5AS | SIG UncharapterlZ
-1 ORFs ed protein ” 55 ” 13 9
Internal .
ARB_03673 | intron/exon ARB_03673 D4BSD | g5 pH4 Uncharacteriz
- 3 ed protein
prediction changes 15 6 40 44 165
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ARB_03674 Nr;ter;m'més ARB_03674 24B5D SIG pH7 S.”pertox'de
shortene Ismutase 295 199 94 352 630
ARB_03696 | No changes ARB_03696 D4B5F6 | S/ Uncharacteriz
GPI ed protein 14 1 3 23 61
N-terminus SIG+ Uncharacteriz
ARB_03697 extended by 1 Met ARB_03697 D4BSF7 GPI ed protein 36 o4 28 73 53
C-terminus .
ARB_03699 | modified and ARB_03699 D4B5F9 | SIC* | pHa & pH7 | POlysaccharid
GPI e deacetylase
extended 39 30| 622 188 176
Class |
- glutamine
ARB_03715 | ORF splitin 2 ARB_03715 DABSH SIG amidotransfer
-1 ORFs 5 .
ase-like
protein 2 0 0 0 1
D4B5H Glycoside
ARB_03719 | No changes ARB_03719 9 SIG pH4 hydrolase,
family 65 30 53 74 35 15
Alpha/Beta
ARB_03765 C-terminus ARB_03765 D4B5M sic hydro_la_se fold-
extended 5 containing
protease 2 2 9 16 6
ARB_03766 | No changes ARB_03766 6D4B5M SIG Amine oxidase
166 108 6 12 101
ARB_03767 | S'C aN-terminus | oy 3767 DABSM | g16 Amidase
manually restored 7 51 23 9 5 28
Metallocarbox
ARB_03788 D4B5M .
ARB_03788 ORFs merged and Mcpal 9/D4B5 SIG+ pH4 & pH7 ypeptidase A-
03789 GPI like (peptidase
ARB_03789 NO :
M14 family) 28 18 8 13 7
Subtilisin-like
D4B5N protease
ARB_03790 | No changes ARB_03790 | Sub9 1 SIG pH4 & pH7 (peptidase S8
family) 0 0 1 0 0
ARB_03792 | No changes ARB_03792 D4BSN | g6 Uncharacteriz
3 ed protein 1 1 6 8 18
ARB_03878 | No changes ARB_03878 D4B5X1 | SIG Ar']ka"”; .
phosphatase 39 49 | 433 121 142
. Deuterolysin
ARB_03949 | C-terminus ARB_03949 |NpllA | D4B639 | SIG* pH4 (peptidase
modified GPI .
M35 family) 13 16 178 7 7
N-terminus Cytochrome
ARB_04006 shortened ARB_04006 D4AIB2 | SIG P450
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ARB_04018

No changes

ARB_04018

D4AIC4

SIG

Aspartic-type
endopeptidase
(peptidase Al
family)

ARB_04046

No changes

ARB_04046

CpS1

D4AIF1

SIG+
GPI

pH4 & pH7

Serine
carboxypeptid
ase (peptidase
S10 family)

134

62

55

54

125

ARB_04074

No changes

ARB_04074

D4AIH9

SIG

Cysteine-rich
secreted
protein

20

ARB_04091

Internal
intron/exon
prediction changes

ARB_04091

D4AIJ6

SIG+
GPI

Glycoside
hydrolase,
family 18

78

30

1312

1038

175

ARB_04101

No changes

ARB_04101

SedD/Se
d4

D4AIK6

SIG+
GPI

pH4

Tripeptyl
peptidase/sed
olisin
(peptidase
S53 family)

14

12

17

103

ARB_04134

No changes

ARB_04134

D4AINS

SIG

DUF1183
domain-
containing
protein

34

26

83

140

40

ARB_04170

No changes

ARB_04170

OpsB

D4AIS3

SIG+
GPI

pH4

Aspartic-type
endopeptidase
(peptidase Al
family)

down

58

51

2113

579

889

ARB_04177

N-terminus
extended

ARB_04177

D4AIS9

SIG

pH7

Glycerophosp
horyl diester
phosphodieste
rase

10

54

22

21

ARB_04303
04304

ORFs merged

ARB_04303
and
ARB_04304

D4AJ54
/D4AJ5
5

SIG

Histidine acid
phosphatase

11

18

16

ARB_04318

SIG at N-terminus
manually restored

ARB_04318

D4AJ69

SIG

Alpha-
mannosyltrans
ferase

up

11

11

ARB_04336

C-terminus
modified

ARB_04336

NpliB

D4AJ87

SIG+
GPI

Neutral
protease 2
homolog
(peptidase
M35 family)

up

1156

1120

13

13

ARB_04380

No changes

ARB_04380

D4AJD1

SIG

Alpha-1,3-
mannosyltrans
ferase

61

76

44

41

79

ARB_04463

N-terminus
extended

ARB_04463

D4AJL3

SIG

Lipopolysacch
aride-
modifying
protein
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Extracellular

N-terminus SIG+ serine-
ARB_04464 shortened ARB_04464 DaAJL4 GPI threonine rich
protein down 257 202 | 18999 8714 | 4491
Exo-beta-1,3-
pH4 & pH glucana_tse
ARB_04467 | No changes ARB_04467 D4AJL7 | SIG - (glycoside
hydrolase,
family 5) 381 287 | 1818 428 87
Endo-1,3(4)-
beta-
glucanase
ARB_04519 | No changes ARB_04519 D4AJR9 | SIG pH4 (glycoside
hydrolase,
family 16) 11 8 41 40 13
Internal Disulfide
ARB_04522 | intron/exon ARB_04522 D4AJS2 | SIG .
— L - isomerase
prediction changes 93 98 42 94 87
Cell wall
serine-
ARB_04561 | No changes ARB_04561 ?4A‘]W glgr threonine-rich
galactomanno
protein down 94 31| 3214 1873 2728
ARB_04577 | N-terminus ARB_04577 DAAIXT | SIG Uncharacteriz
shortened ed protein o 0 0 0 o
PLC-like
ARB_04618 | No changes ARB_04618 D4AK17 | SIG pH7 phosphodieste
rase 27 18 41 8 3
ARB_04619 | N-terminus ARB_04619 D4AK18 | SIG | pH4 & pH7 | PUFL524
shortened family protein 25 0 0 13 8
ARB_04650 | N-terminis ARB_04650 DaAK4Q | S0F | pHT gg%??{;%te”z
63 7 21 24 681
Tripeptyl
ARB_04677 ARB_04677 peptidase/sed
_ARB_0467 gz’;seg"a”“a"y and dss?dC’Se D4AK75 | SIG olisin
8 ARB_04678 (peptidase
S53 family) 2 3 6 6 4
ARB_04696 %mgus ARB_04696 D4AK94 | SIG pH7 ?);gthe)fnase like
42 49 43 41 18
Internal TinC like
ARB_04700 | intron/exon ARB_04700 D4AK98 | SIG .
L protein
prediction changes 172 202 75 156 119
DAAMA Peptidase induced in
ARB_04732 | No changes ARB_04732 5 SIG M28 family keratin and
protein soy 12 5 74 38 3
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ARB_04735 | No changes ARB_04735 DaAM4 | 56 Uncharacteriz
- - 5 ed protein 1 3 1 ) o
N-terminus D4AM4 | SIG+ Uncharacteriz
ARB_04737 shortened ARB_04737 7 GPI ed protein o o o o o
DAAMS SUN domain-
ARB_04747 | No changes ARB_04747 7 SIG pH4 containing
protein 251 267 | 191 309 504
Aminoglycosid
D4AM7 e
ARB_04768 | No changes ARB_04768 8 SIG pH7 phosphotransf
erase 9 19 5 7 10
. Deuterolysin
ARB_04769 | C-terminus ARB_04769 DAAM7 | g1 (peptidase
modified 9 i
M35 family) 14 16 26 5 8
ARB_04773 | No changes ARB_04773 DIAME | g1 Uncharacteriz
- - 3 ed protein o o o o o
Serine
ARB 04807 N-terminus ARB 04807 D4AKG SIG carboxypt_aptld
- extended - 4 ase (peptidase
S10 family) 8 4 7 5 8
ARB_04818 | No changes ARB_04818 5D4AKH 2'3* Ué“:hat“"‘_"te“z induced in
ed protein Sabouraud 0 0 6 19 52
Internal Uncharacteriz
ARB_04825 | intron/exon ARB_04825 D4AKI2 | SIG -
L ed protein
prediction changes 7 3 11 14 10
ARB_04859 | No changes ARB_04859 D4AKL6 | SIG | pH4 & pHT doé‘c"";";‘éix lase
Y 19 10| 710 65 42
Carboxypeptid
ARB_04942 | No changes ARB_04942 DAAKU | 516 ase A
7 (peptidase
M14 family) 126 135 99 101 62
Subtilisin-like
N-terminus D4AKU | SIG+ protease
ARB_04944 | - = ARB_04944 | Subl 9 iy (peptidase S8
family) up 422 370 30 55 62
ARB_04986 | No changes ARB_04986 54AKZ e U(;‘Chat“i.“e"z
ed protein 6 0 12 24 10
Internal .
ARB_04988 | intron/exon ARB_04988 DAAKZ | 56 Uncharacteriz
- 2 ed protein
prediction changes 15 10 24 17 27
Internal
. Fucose-
ARB_05022 | intron/exon ARB_05022 D4AL26 | SIG pH4 o .
- specific lectin
prediction changes 0 0 2 3 2
ARB_05076 | No changes ARB_05076 D4AL79 | SIG Alkaline
phosphatase
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Alpha carbonic

ARB_05078 | No changes ARB_05078 D4AL81 | SIG
- - anhydrase 1 o o o 1
Extracellular
metalloproteas
ARB_05085 | No changes ARB_05085 | Mep3 D4AL88 | SIG | pH4 & pH7 | effungalysin Aspf5 induced in
(peptidase keratin and
M36 family) soy 2 1| 1370 35 7
ARB_05086 | No changes ARB_05086 D4AL89 | DIt Uncharacteriz induced in
GPI ed protein soy ) 4 . 67 13
ARB_05128 | No changes ARB_05128 DAALD | SIS UgChatra.Cte”Z
ed protein 176 125 | 402 319 346
ARB_05144 | No changes ARB_05144 D4ALE7 | SIG Lystoz.yme"'ke
protein 17 16 24 31 24
NIpC/P60-like
Internal cell-wall
ARB_05145 | intron/exon ARB_05145 D4ALES | SIG endopeptidase
prediction changes (peptidase
C40 family) 2 9 41 6 6
ARB_05152 ?T'gg‘;s;e
05153 05 | ORFs merged ARB_05154 D4ALF7 | SIG gy _ _
hydrolase, induced in
154 . h
family 18) down vitro 4 2 75 120 50
ARB_05155 N-terminus ARB_05155 D4ALES SIG+ Unchara_ctenz induced in
shortened GPI ed protein down vitro 0 o 350 226 65
Internal DAALG LysM domain-
ARB_05157 | intron/exon ARB_05157 0 SIG pH7 containing
prediction changes protein 0 0 33 25 5
ARB_05164 | No changes ARB_05164 7D4A"G SIG pH7 g(;‘crr‘?tr;%te”z
P 310 64 | 507 98 7
ARB_05178 | No changes ARB_05178 D4ALI1 é'gl* pH4 U(;“’hatra.“e"z induced in
ed protein vitro 5 4| 112 1100 | 2839
ARB_05215
and
ARB_05217 DA4ALL7 .
ARB_05215 = SIG+ Uncharacteriz
05217 ORFs merged .(ARB._05216 /D4AALL GPI ed protein
is antisens 9
and
disappears) up 3074 3500 42 107 216
ARB_05246 | No changes ARB_05246 D4ALPS8 | SIG DNtA J-like
protein 37 32 16 31 49
N-terminus Glycoside
ARB_05253 | modifies and ARB_05253 DAALQ | SIG+ pH4 hydrolase,
5 GPI -
extended family 16 down 241 262 | 2955 1051 1523
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N-terminus

D4ALR

Heat shock

ARB_05266 shortened ARB_05266 8 SIG protein 70
family protein 170 156 | 213 277 239
Isoamyl
N-terminus alcohol
ARB_05272 shortened ARB_05272 D4ALS4 | SIG oxidase,
putative 3 2 3 5 6
. Barwin-like
N-terminus Asp f
ARB_05304 shortened ARB_05304 D4ALV6 | SIG | pH4 & pH7 | endoglucanas 13/Asp f 15
e 41 38 50 92 131
Subtilisin-like
protease Trim 2/Tri
ARB_05307 | No changes ARB_05307 | Sub6 D4ALV9Y | SIG pH7 (peptidase S8 - induced in
family) up vivo 5037 2632 1 2 3
Probable
ARB_05317 | No changes ARB_05317 DAALW | 516 metaloproteina
- - 9 se (peptidase
M43 family) 80 60 | 1796 471 7
ARB_05361 SIG at N-terminus ARB_05361 D4AM1 sic Unchara_ctenz
manually restored 3 ed protein 3 1 3 3 )
ARB_05372 | No changes ARB_05372 9D4AMB SIG | pHa & pHy | Aldose 1-
épimerase 76 91 75 85 11
N-terminus .
ARB_05397 | modified and ARB_05397 DAAME | SIG+ Uncharacteriz
4 GPI ed protein
extended 1 0 0 1 0
ARB_05440 | No changes ARB_05440 D4AMI7 | SIG Uncharacteriz
ed protein 0 o ) ) 1
Alpha/Beta
ARB_05442 | No changes ARB_05442 DAAMIO | SIG hydrolase fold-
containing
protein 8 4 4 5 5
Putative
ARB_05496 | \-terminus ARB_05496 DAAMP | g1 stress-
- modified - 3 responsive
protein up 640 945 17 112 48
ARB_05502 N—:errgmdus ARB_05502 g)4AMP élF(;;l+ EAD plndln? .
extende omain protein 14 1 20 16 9
ARB_05535 DAAMT
A§5855%5535 ORFs merged and 2/D4AAM (S;F(fr pH4 & pH7 | Glutaminase
- ARB_05536 T3 20 15 39 61 12
ARB_05566 | No changes ARB_05566 g“AMW SIG pH4 U(?Chatra.“e"z
ed protein 12 6 8 10 13
N-terminus D4AN2 st
ARB_05631 | shortened and C- | ARB_05631 SIG S
- - 7 modifying
ter extended -
protein 78 59 | 186 70 109
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ARB 05642 SIG at N-terminus ARB 05642 D4AN3 sIG Cytochrome
- manually restored - 8 P450 1 o ) 5 .
Mannose-6-
Internal D4AN4 phosphate
ARB_05649 | intron/exon ARB_05649 5 SIG receptor
prediction changes binding
domain protein 56 57 63 60 34
beta-D-
. glucoside
C-terminus
ARB_05654 | modified and ARB_05654 54AN5 SIG | pH4 & pH7 2'2’;.‘;%2{355 Aspn 14
extended hydrolase
family 3) 286 281 149 204 112
GPI anchored
ARB_05667 | No changes ARB_05667 3'?4AN6 g'fl* serine-rich
protein down 576 480 | 1394 1935 3153
. Palmitoyl
ARB_05715 | N-terminus ARB_05715 DAANB | 56 protein
- shortened - 0 .
thioesterase 56 38 57 103 99
ARB_05717 | No changes ARB_05717 2D4ANB SIG Ué‘Chatre‘.Cte”z
ed protein 10 12 5 7 10
Serine
N-terminus D4ANB carboxypeptid
ARB_05721 shortened ARB_05721 | CpS6 6 SIG pH4 ase (peptidase induced in
S10 family) vitro 7 5 73 69 35
Aspartic-type
D4ANC endopeptidase
ARB_05728 | No changes ARB_05728 | Pepl 3 SIG pH4 & pH7 (peptidase A1 Asp f 10
family) 1 0 0 0 0
,_AlRB_05732 8EE splitin 2 ARB_05732 7D4ANC 2I|?|+ pH4 % pH7 Cupredoxin induced in
S ! down vitro 1 0| 10425 5772 7328
AZRB_05732 SEE splitin 2 ARB_05732 5)4ANC sIG pH4 % pH7 dCyst(;:‘fme
B S ) esuliurase 216 187 | 290 168 224
Internal .
ARB_05749 | intron/exon ARB_05749 DAANE | SIG+ Uncharacteriz
- 4 GPI ed protein
prediction changes 17 18 29 13 22
Tripeptyl
peptidase/sed
ARB_05765 | No changes ARB_05765 dSSdB’ Se g“ANG SIG pH4 | olisin
(peptidase
S53 family) 3 4 3 4 2
1,3-beta-
. glucanosyltran
N-terminus
ARB_05770 | modified and ARB_05770 DAANG | SIG+ sferase
- - 5 GPI (glycoside
extended
hydrolase
family 72) 948 1299 | 462 369 412
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Internal D4ANH Cellobiose
ARB_05784 | intron/exon ARB_05784 9 SIG dehydrogenas
prediction changes e 2 2 49 28 17
ARB_05809 N-terminus ARB_05809 D4ANK SIG Glucosldase
extended 4 subunit 116 9 15 67 79
. Deuterolysin
ARB_05817 %3;{;‘3“5 ARB_05817 g“ANL g'g (peptidase
M35 family) 18 12 8 16 6
Internal
ARB_05828 | intron/exon ARB_05828 3[,)4APX SIG pH4 Cupredoxin
prediction changes 2 5 1 2 6
Cell wall
glucanase
ARB_05864 | No changes ARB_05864 5)4ANP SIG (glycoside
hydrolase,
family 16) 294 320 | 356 745 967
Glycoside
ARB_05911 | No changes ARB_05911 E4ANU SIG pH4 hydrolase,
family 25 36 43 9 11 26
ARB_05919 | No changes ARB_05919 DAANY 2';3'* pHa | Lysophospholi
pase 85 85| 101 142 370
Internal s .
ARB_05933 | intron/exon ARB_05933 DAANW | g1 pHa | Histidineacid | o) o5
L 6 phosphatase
prediction changes 36 26 45 102 69
Pantetheine-
ARB_05938 | No changes ARB_05938 DAANX | g1 phosphate
1 adenylyltransf
erase 57 71 35 71 51
ARB_05947 | No changes ARB_05947 g“ANY SIG FA.S"'”ked
oxidase 4 6 21 5 34
Mannan endo-
1,6-alpha-
ARB_05994 | No changes ARB_05994 Daap27 | SIG* mannosidase
GPI (glycoside
hydrolase
family 76) 4 5 2 2 2
ARB_06014 | No changes ARB_06014 D4AP47 | SIG U(;‘Chat“i.“e"z
ed protein 125 135 118 162 152
Internal Serine
ARB_06019 | intron/exon ARB_06019 |CpS2 | DaApPs2 | SIG* pHa | Carboxypeptid
rediction changes GPI ase (pepndase
p S10 family) 4 9 124 248 33
ARB_06043 | No changes ARB_06043 D4AP76 | SIG g(;‘c?g{;ﬁe"z
P 57 56 69 81 64
ARB_06053 | !nternal ARB_06053 D4APS6 | SIG pH7 | Pyruvate
intron/exon dehydrogenas
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prediction changes e
ARB_06057 | No changes ARB_06057 D4AP90 | SIG Ug"hatra."te”z induced in
ed protein up vivo 62 80 0 3 2
Subtilisin-like
No changes,
ARB_06076 | manually ARB_06076 |Sub7 | DHAPA SIGH 1 s g pH7 | Protease
9 GPI (peptidase S8
corrected .
family) 505 47 25 21 24
Serine-
ARB_06107 | No changes ARB_06107 g)4APD SIG threonine rich
protein 17 26 7 25 14
D4APE | SIG+ Uncharacteriz
ARB_06108 | No changes ARB_06108 0 GPI pH4 ed protein . . . . .
Dipeptidyl
Internal i
ARB_06110 | intron/exon ARB_06110 |Dpplv | D*APE |siG | pHa & pH7 ?;g;'t?j‘;fe
prediction changes S9B family) down 42 22 793 825 219
Subtilisin-like
C-terminus D4APE protease
ARB_06111 modified ARB_06111 | Subll 3 SIG pH4 & pH7 (peptidase S8
family) 1 0 11 2 8
ARB_06168 | No changes ARB_06168 g“APK 2';3'* Ué“:hat”"_"te”z
ed protein 5 n 3 . 6
ARB_06191 | No changes ARB_06191 g“APM SIG U(;‘Chat”"."te"z
ed protein 3 4 . 13 3
Pyridine
nucleotide-
ARB_06224 | No changes ARB_06224 g“APQ SIG pHa | disulphide
oxidoreductas
e 573 683 8 26 587
Peptidyl-prolyl
ARB_06227 | No changes ARB_06227 54APQ SIG cis-trans
isomerase 530 357 | 130 553 691
Beta-
ARB_06229 | No changes ARB_06229 DAAPR | g6 lactamaseltran
1 speptidase-
like protein 2 2 5 5 4
Endo-1,3(4)-
ARB_06308 | No changes ARB_06308 ?4AQO (S;F(fr beta-
glucanase 3 2 4 5 2
D4AQ2 Zine
ARB_06334 | No changes ARB_06334 7 SIG pH7 metallopeptida
se 7 8 73 45 18
ARB 06357 N-terminus ARB 06357 D4AQ5 siG Carboxylester
- extended - 0 ase, type B
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D4AQ5

Glycosyl

ARB_06359 | No changes ARB_06359 5 SIG | pH4 & pH7 | hydrolase,
family 3 5 13 21 10 2
Serine
D4AQ5 pH4 & pH | carboxypeptid
ARB_06361 | No changes ARB_06361 | CpS3 4 SIG 7 ase (peptidase
S10 family) 98 116 25 15 9
ARB_06390 | No changes ARB_06390 g“AQS SiG Cre't' ".V:‘" Aspfa
protel 760 750 | 2381 1308 | 2003
Serine
Internal .
ARB_06414 | intron/exon ARB_06414 |Cpss | DQA Igic | pHa & pH7 | SArPoxypeptid
rediction changes 7 ase (pep_ﬂdase
p S10 family) 460 326 316 236 57
Internal Subtilisin-like
ARB_06416 | intron/exon ARB_06416 |Sub12 |DQA Igig protease
- 9 (peptidase S8
prediction changes -
family) 2 0 2 1 2
ARB_06439 | No changes ARB_06439 2D4AQD 2||§3|+ Aﬁ'd -
phosphatase 16 25 25 13 7
ARB_06463 | No changes ARB_06463 6D4AQF SiG R'bfs_or}“_lf'
protein-iike 2093 1674 | 828 2733 | 3797
Frameshift at Subtilisin-like
position 4 D4AQG | SIG+ protease
ARB_06467 manually ARB_06467 | Subl0 | o Pl (peptidase S8
corrected family) up 791 789 12 13 13
Extracellular
metalloproteas
ARB_06472 | No changes ARB_06472 | Mep5 D4AQG | SIG+ pH4 e/fungalysin
5 GPI : . .
(peptidase induced in
M36 family) keratin 6 3 50 5 4
ARB_06477 | No changes ARB_06477 84AQH é'F(:’I+ pH4 U(;mhatra.‘:te”z
ed protein 317 208 | 4858 1120 895
Glucosidase I
ARB_06493 | No changes ARB_06493 D4AQI6 | SIG beta subunit-
like protein 58 60 22 55 43
Internal Prolyl
ARB_06511 | intron/exon ARB_06511 DAAQK | g5 oligopeptidase
- 4 (Peptidase S9
prediction changes "
family) 73 30 16 89 59
C-terminus .
ARB_06528 | modified and ARB_06528 DAAQL | SIG+ Fungal lipase-
9 GPI like domain
shortened 61 44 54 83 36
Internal
ARB_06538 | intron/exon ARB_06538 DAAQM | SIG+ Extracellular
9 GPI matrix protein

prediction changes
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C-terminus

ARB_06539 | modified and ARB_06539 g“AQN Z'F(T ggc?g{;%ter'z
extended P 0 0 0 1 0
FAS1 domain-
ARB_06546 | No changes ARB_06546 6D4AQN SIG containing
protein 224 284 92 144 63
Serine/threoni
C-terminus D4AQP | SIG+ ne-specific
ARB_06559 extended ARB_06559 9 GPI protein
phosphatase 169 193 75 56 92
ARB_06576 | No changes ARB_06576 g“AQR z'lfl* U;C';atra.‘;te”z
ed protel down 14 6| 363 430 435
ARB_06588 D4AQS Phosphoinositi
ARB_06588 d d / de
06589 ORFs merge! an 8/D4AQ | SIG phospholipase
- ARB_06589 S9
C 34 24 12 29 28
Internal i
ARB_06629 | intron/exon ARB_06629 DAAQW | SIG+ Unchargctenz
- - - 9 GPI ed protein
prediction changes down 14 17| 549 294 447
N-terminus
ARB_06643 | shortened and C- | ARB_06643 DAARA 1 gi6 Glycosyl
o 3 transferase
ter modified up 322 394 13 18 19
D4ARB Delzpet}izt:sl{: Trim 4/Tri ¢
ARB_06651 | No changes ARB_06651 | DppV SIG | pH4 & pH7 | PEPUC 4/Tri s 4/Tri
1 (peptidase
: ta
S9B family) 90 62 761 1237 89
WSC domain-
ARB_06718 | No changes ARB_06718 E4ARH SIG containing
protein down 22 11 87 127 190
Uncharacteriz induced in
ARB_06732 | No changes ARB_06732 D4ARI9 | SIG ed protein keratin and
P soy 3 o| 11 531 13
FUN14-
ARB_06745 | No changes ARB_06745 DAARK | 56 domain
2 containing
protein 208 183 65 128 95
ARB_06753 | No changes ARB_06753 54ARL é'gl* :flfepzriftf;f‘tor'
P 5 5 14 11 6
ARB_06825 2‘);:::]’3;”(1“3 ARB_06825 6D4AQZ e g(;‘c?s{eaiffe"z
P 46 28 70 52 53
C-terminus D4ARO | SIG+ Uncharacteriz
ARB_06834 extended ARB_06834 5 GPI ed protein o 0 1 4 .
Endo-1,3(4)-
beta-
ARB_06838 | No changes ARB_06838 9D4ARO SIG glucanase
(glycosyl
hydrolase, 9 12 6 30 107
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family 16)

ARB_06893 | No changes ARB_06893 DAARE 1 si Ugc?a{aﬁe”z
ed protei 412 406 | 181 88 88
Prolyl
N-terminus D4AR7 oligopeptidase
ARB_06907 shortened ARB_06907 7 SIG | pH4 & pH7 (peptidase S9
family) 18 18 13 18 15
ARB._ 06937 Nr;terzmr:més ARB_ 06937 3[34ARS zlgl+ Ugct;atrq(;tenz
shortene €d protel down 16 38| 2280 1305 655
PAN-1
ARB_06955 | No changes ARB_06955 DAARU | g6 domain-
1 containing
protein 2 11 5 4 3
Internal PLC-like
ARB_06966 | intron/exon ARB_06966 2D4ARV SIG pH47& pH phosphodieste
prediction changes rase down 16 7 92 130 76
ARB_06975 | No changes ARB_06975 g“ARW e pH7 | Hydrophobin
7 26 | 162 9435 | 21445
Internal .
ARB_07000 | intron/exon ARB_07000 DAARY | 516 Uncharacteriz induced in
L 5 ed protein
prediction changes down Sabouraud 1 0 17 24 46
Metallocarbox
ARB_07026 .
ARB_07026 ORFs merged and McpA D4AS12 | SIG pH4 & pH7 ypepgdase
_07027 (peptidase
ARB_07027 .
M14 family) 45 35| 2133 282 5
ARB_07047 | No changes ARB_07047 D4AS3?2 | SIG U(?Chatra.‘:te"z induced in
ed protein up vivo 284 219 3 2 5
FAD/FMN-
N-terminus containing
ARB_07056 ARB_07056 D4AS41 | SIG | pH4 & pH7 | isoamyl
extended
alcohol
oxidase 64 36 561 213 22
Internal Ribonuclease/
ARB_07070 | intron/exon ARB_07070 D4AS55 | SIG ) ) Aspfl
- ribotoxin
prediction changes up 85 31 0 0 0
feruloyl
ARB_07085 | No changes ARB_07085 D4AS70 | SIG pH7
esterase
8 11 1 2 2
Nucleotide-
diphospho-
Internal sugar
ARB_07101 | intron/exon ARB_07101 D4AS86 | SIG transferase
prediction changes (glycosyl
transferase,
family 2) 83 77 17 43 39

118




Serine

N-terminus ARB_07 carboxypeptid
ARB_07161 shortened ARB_07161 | CpS7 161 SIG ase (peptidase
S10 family) 17 19 3 9 6
ARB_07185 D4ASH
AOR751§%7185 ORFs merged and 0/D4AS | SIG | pH4 & pH7 gsaébfxyéegter
- ARB_07186 H1 P 16 7 58 43 124
Internal .
ARB_07195 | intron/exon ARB_07195 D4ASIO | SIG Peptisase S41 induced in
- L - family protein .
prediction changes up vivo 99 59 0 0 2
ARB._07342 N-:ern;mdus ARB_07342 ;)4ASX SIG Ugchatra_ctenz
extende ed protein 47 36| 101 62 42
Chitinase
SIG+ (glycoside
ARB_07371 | No changes ARB_07371 D4ATO7 | 21 hydrolase. induced in
family 18) down vitro 7 10 | 1151 1300 607
ARB_07372 | No changes ARB_07372 D4ATO8 | SIG U(;“’hatra.ae”z
ed protein 35 44 26 13 22
Chitin binding
Internal domain-
ARB_07376 | intron/exon ARB_07376 D4AT12 | SIG )
- containg
prediction changes )
protein 15 23 17 16 10
ARB_07379 | No changes ARB_07379 D4AT15 | SIG P‘;'ysac‘t’hla"d
e deacetylase 15 10 ’ 3 1
ARB_07381 C'tsz’.mg“s ARB_07381 D4AT17 | SIG U(;‘Chatra.“e”z
modifie ed protein 2 52 93 97 2
ARB_07385 | No changes ARB_07385 D4AT21 | SIG Uncharacteriz
ed protein 0 o 1 1 1
Glycoside
ARB_07390 | No changes ARB_07390 D4AT26 | SIG hydrolase,
family 24 3 2 9 12 18
Aspartic-type
N-terminus endopeptidase
ARB_07403 shortened ARB_07403 D4AT39 | SIG (peptidase A1
family) 40 38 49 32 30
C-terminus Defense
ARB_07415 ARB_07415 D4ATS51 | SIG response
extended 8
protein 35 24 3 6 214
ARB_07416 | No changes ARB_07416 D4AT52 | SIG g(;‘c?s{eaiffe"z
P 59 58 9 34 28
. GPI anchored
ARB_07417 | C-terminus ARB_07417 DaaTs3 | SIG* cell wall
shortened GPI
protein 12 23| 121 479 59
Internal Aconitase/isop
ARB_07441 | intron/exon ARB_07441 D4AT77 | SIG pH7 ropylmalate
prediction changes dehydratase 323 253 | 856 714 449
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Uncharacteriz

ARB_07446 | No changes ARB_07446 D4AT82 | SIG -
- - ed protein ) o 1 4 4
C-terminus D4ATA Uncharacteriz
ARB_07466 shortened ARB_07466 5 SIG pH4 ed protein " w» o , ; ,
1,3-beta-
lucanosyltran
Internal g
ARB_07487 | intron/exon ARB_07487 g“ATC éfﬁ pH4 (Sffrsg; de
prediction changes gy
hydrolase
family 72) 1465 1221 | 613 530 440
Cell wall
. . glucanase
ARB_07491 | N-terminus ARB_07491 DAATC | 515 (glycoside
shortened 7
hydrolase
family 17) 2 3 1 1 2
Metalloprotein
ARB_07495 | No changes ARB_07495 D4ATD | SIG+ ase (peptidase
1 GPI .
M43 family) up 110 101 11 16 8
ARB_07525 D4ATG Nucleoside
A§785—2%7525 ORFs merged and 1/D4AT | SIG triphosphate
- ARB_07526 G2 hydrolase 68 59 37 38 56
Aspartic-type
DAATH endopeptidase
ARB_07536 | No changes ARB_07536 2 SIG pH4 (peptidase Al
family) 4 0 1 2 11
Internal siG+ Glycoside
ARB_07582 | intron/exon ARB_07582 D4ATL8 GPI hydrolase,
prediction changes family 63 36 48 17 49 31
ARB_07590 | No changes ARB_07590 DAATM | 516 | pHa & pH7 | DUF4360
6 family protein 1 13 8 8 4
Internal Amidophosph
ARB_07623 | intron/exon ARB_07623 7D 4ATQ éIF(:JI+ oribosyltransfe
prediction changes rase 64 59 | 1025 206 169
Alpha-1,2-
Internal DAATR mannosidase
ARB_07629 | intron/exon ARB_07629 3 SIG | pH4 & pH7 | (glycoside
prediction changes hydrolase,
family 92) 34 36 29 39 28
ARB_07637 | No changes ARB_07637 ?4’“5 SIG | pH4 & pH7 'gEt'b.'”d'”g
protein 136 171 37 222 52
Mannan endo-
1,6-alpha-
ARB_07653 | No changes ARB_07653 DaaTT7 | SIG* mannosidase
GPI (glycoside
hydrolase
family 76) 201 143 | 495 368 187
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(1->6)-beta-D-

C-terminus D4AU5 glucan
ARB_07683 | |, jified ARB_07683 3 SIG biosynthetic
process 103 86 54 114 89
GPI anchored
Internal .
ARB_07696 | intron/exon ARB_07696 D4AUG | SIG+ serine-
- L - 6 GPI threonine rich
prediction changes .
protein 1629 1425 | 3463 2766 7210
D4AU9 | SIG+ Uncharacteriz
ARB_07726 | No changes ARB_07726 6 GPI ed protein , ) ) , )
DAATY Cell wall
ARB_07794 | No changes ARB_07794 1 SIG mannoprotein induced in
1 Sabouraud 7 4 3 4 48
C-terminus D4AUl | SIG+ Uncharacteriz
ARB_07824 ARB_07824 X
- extended - 1 GPI ed protein 2 55 o1 o1 2
ARB_07852 | No changes ARB_07852 DAAUD | g5 Uncharacteriz
- - 6 ed protein 4 o 3 ) )
WSC domain-
Internal D4AUF contain
ARB_07867 | intron/exon ARB_07867 SIG pH4 & pH7 g . .
L 1 galactose induced in
prediction changes ) .
oxidase down vitro 1 0 133 214 247
Internal WSC domain -
ARB_07870 | intron/exon ARB_07870 DAAUF | SIG+ |, | containing . .
- 4 GPI haem induced in
prediction changes ) .
peroxidase down vitro 2 2 97 136 84
ARB_07879 C-te_rr_nlnus ARB_07879 D4AUG sic Uncharaptenz
modified 2 ed protein 3 1 1 ) 1
D4AUH Glycosyl
ARB_07888 | No changes ARB_07888 1 SIG pH4 hydrolase,
family 2 19 16 27 21 11
Beta-
DAAUH hexosaminida
ARB_07893 | No changes ARB_07893 6 SIG pH4 se (glycoside
hydrolase,
family 20) 24 19 12 29 14
ARB_07952 | No changes ARB_07952 ?4AUN e U(;‘Chat“i.“e"z
ed protein 13 20 0 2 7
ARB_07954 | No changes ARB_07954 7D4AUN SIG ﬁ'i;cols'de
yorolase 2746 4708 | 164 866 2986
ARB_07956 | No changes ARB_07956 9D4AUN SIG Actew' xylan induced in
esterase up vivo 273 240 0 0 0
. . induced in
ARB_07958 | \-terminus ARB_07958 DAAUP | 56 Uncharacteriz keratin and
- shortened - 1 ed protein
soy 0 o| 309 47 12
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N-terminus Multicopper
ARB_07990 | modified and ARB_07990 DAAUS | SIG+ oxidase, type
3 GPI
extended 2 1 3 2 2
Internal PLC-like
ARB_08043 | intron/exon ARB_08043 g“AUX 2'§+ pH4 | phosphodieste
prediction changes rase 55 38 19 39 50
ARB_08047 %3;{23“5 ARB_08047 g“AUY SIG Sg%?g;‘r’"ease/
295 206 79 62 32
Uncharacteriz
ARBNEW_1 ed protein
2 New ORF SiG conserved in
dermatophytes up 6 3 0 0 0
ARBNEW_1 |\ or SIG+ Pep2-like induced in
24 GPI protease vitro 2 9| 136 56 86
Uncharacteriz
ARBNEW_1 New ORE SIG ed protein )
37 conserved in
dermatophytes 20 0 0 1 3
Uncharacteriz
ARBNEW_1 New ORF SIG | pH4 & pHT ed protein
38 conserved in
dermatophytes 0 0 4 3 2
4A:EQBNEW_l New ORF sic U(;\Chatra_ctenz
ed protein 1 0 3 6 3
Uncharacteriz
ARBNEW_1 ed protein induced in
48 New ORF SiG pH7 conserved in keratin and
dermatophytes soy 3 0 372 37 6
Uncharacteriz
ARBNEW_1 New ORE SIG ed protein )
49 conserved in
dermatophytes 3 4 1 1 2
Uncharacteriz
ARBNEW_1 New ORF sie ed protein )
51 conserved in
dermatophytes 16 19 41 38 20
Uncharacteriz
ARBNEW_1 SIG+ ed protein
64 New ORF GPI found alsoin
T. rubrum down 31 21| 6855 2399 902
Uncharacteriz
ARBNEW_1 New ORF sie ed protein )
66 conserved in
dermatophytes 0 0 1 1 4
ARBNEW_1 New ORE SIG | pH4 & pHT7 UncharapterlZ
71 ed protein up 4 12 0 0 0
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Uncharacteriz

ARBNEW_1 ed protein
88 New ORF SIG pH7 conserved in
dermatophytes 47 37 9 15 13
Barwin-like
g\gBNEW_l New ORF SIG endoglucanas
e 6 0 26 2 25
Uncharacteriz
ed protein
S‘?BNEW—Z New ORF SIG pH4 & pH7 | conserved in
dermatophytes
and Aspergilli 1 0 4 7 13
Uncharacteriz
ARBNEW_2 New ORE SIG ed protein )
06 conserved in
dermatophytes 4 4 1 0 0
Uncharacteriz
ed protein
ARBNEW_2 New ORF SIG+ conserved in repressed in
31 GPI . A
filamentous keratin and
fungi soy 4219 1752 0 0 1376
ARBNEW_2 New ORE SIG PE-PGRS _
45 family protein 7 6 1 1 0
Uncharacteriz
ARBNEW_2 New ORF sic ed protein
46 conserved in
dermatophytes up 4 3 0 0 0
Uncharacteriz
ARBNEW_2 New ORF sic ed protein )
48 conserved in
dermatophytes 23 15 4 5 5
Uncharacteriz
ARBNEW_2 New ORF sie ed protein )
55 conserved in
dermatophytes 78 79 58 130 53
Uncharacteriz
ARBNEW_2 New ORF sie ed protein )
66 conserved in
dermatophytes 9 17 1 0 1
Uncharacteriz
ARBNEW_2 SIG+ ed protein
71 New ORF GPI conserved in induced in
dermatophytes vitro 3 8 159 147 265
LysM domain-
QJ;BNEW—:% New ORF SIG containing
protein 8 4 2 2 2
ARBNEW 3 Uncharacteriz
09 =~ | New ORF SIG | pH4 & pH7 | ed protein
conserved in 34 49 18 9 3
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dermatophytes

Gamma-
;\ORBNEW_3 New ORF SIG pH4 & pH7 | crystallin-
related protein 35 7 87 234 156
Q\EBNEW_3 New ORE SIG Endoglucanas
€ 3 2 0 1 0
S-phase
ARBNEW_3 kinase- induced in
35 New ORF Sié associated soy and
protein 1-like Sabouraud 4 13 1 134 37
Oxoglutarate/ir
ARBNEW 3| \ew ORF SIG+ on-dependent
46 GPI .
dioxygenase 3 3 2 4 2
Long
chronological
ARBNEW_3 New ORF SIG lifespan
48 . :
protein 2-like
protein up 92 79 5 7 6
Flap
Q‘SBNEW—?’ New ORF SIG endonuclease
1-like protein up 17 15 0 0 0
Uncharacteriz
ARBNEW _3 New ORF sic ed protein )
75 conserved in
dermatophytes up 15 11 0 0 0
Uncharacteriz
ARBNEW_4 New ORE SIG ed protein )
9 conserved in
dermatophytes up 10 30 0 0 0
LysM domain-
';RBNEW—S New ORF SIG containing
protein up 16 14 0 0 0
Uncharacteriz
ARBNEW_6 New ORF sie ed protein )
1 conserved in
dermatophytes 0 0 0 0 3
QRBNEW—G New ORF SIG Er’]‘.?o'
chitosanase up 25 17 1 1 1
ARBNEW_7 New ORF sie UncharapterlZ
7 ed protein 1 0 1 1 1
NIpC/P60-like
cell-wall
ﬁRBNEW—S New ORF SIG | pH4 & pH7 | endopeptidase
(peptidase induced in
C40 family) Sabouraud 4 0 13 21 68
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Uncharacteriz

ARBNEW_8 New ORE SIG+ ed protein induced in

6 GPI conserved in soy and
dermatophytes Sabouraud 108 119
Uncharacteriz

ARBNEW_9 ed protein

5 New ORF SIG conserved in
dermatophytes 0 11
Uncharacteriz

ARBNEW_9 ed protein

7 New ORF SIG conserved in
dermatophytes 0 0
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