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ABSTRACT

In fungi, conserved homeobox-domain (HD) proteins are transcriptional regulators governing
development. In Aspergillus species, several HD transcription factor genes have been identified,
among them, hbxA/hbx1. For instance, in the opportunistic human pathogen Aspergillus

fumigatus, hbxA isinvolved in conidial production and germination, aswell as virulence and


https://doi.org/10.1101/2023.03.30.533655

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.30.533655; this version posted April 2, 2023. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

secondary metabolism (SM), including production of fumigaclavines, fumiquinazolines, and
chaetominine. In the agriculturally important fungus Aspergillus flavus, disruption of hbx1
resultsin fluffy aconidial colonies unable to produce sclerotia. hbx1 also regulates production of
aflatoxins, cyclopiazonic acid and aflatrem. Furthermore, transcriptome studies revealed that
hbx1 has a broad effect on the A. flavus genome, including numerous genes involved in SM.
These studies underline the importance of the HbxA/Hbx1 regulator, not only in devel opmental
processes but also in the biosynthesis of a broad number of fungal natural products, including
potential medical drugs and mycotoxins. To gain further insight into the regulatory scope of
HbxA in Aspergilli, we studied its role in the model fungus Aspergillus nidulans. Our present
study of the A. nidulans hbxA-dependent transcriptome reveal ed that more than one thousand
genes are differentially expressed when this regulator was not transcribed at wild-type levels,
among them numerous transcription factors, including those involved in development as well as
in SM regulation. Furthermore, our metabolomics analyses revealed that production of several
secondary metabolites, some of them associated with A. nidulans hbxA-dependent gene clusters,
was also altered in deletion and overexpression hbxA strains compared to the wild type,
including synthesis of nidulanins A, B and D, versicolorin A, sterigmatocystin, austinol,

dehydroaustinol, and three unknown novel compounds.

INTRODUCTION

Developmental studies of the modd filamentous fungus Asper gillus nidulans have provided
broad valuable insight into the genetic regulatory mechanisms of morphogenesisin fungi (1-3).
A. nidulans efficiently disseminates by asexual reproduction, forming specialized structures
called conidiophores, which bares large numbers of air-borne conidia. Activation of

conidiogenesisis mediated by several transcription factor genes, including flb genes, such as

2
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flbB, flbC, flbD, and fIbE, which activate the central regulatory pathway comprised of brlA, abaA
and wetA (4). This model organism isalso able to reproduce sexually by producing cleistothecia,
fruiting bodies containing meiospores called ascospores. Cleistothecia form by aggregation of
vegetative mycelia, surrounded by nursing Huille cells. This resultsin the formation of
cleistothecial primordia, which later mature into melanized cleistothecia (5,6). Several genes are
involved in the regulation of these processes, including nsdD, medA, phoA, stuA, IsdA and tubB

(7-12).

Other developmental regulators include Homeobox-domain transcription factors (HD-TFs).
These are global regulators governing developmental processes in many eukaryotic organisms
(13-15). The HD contains approximately 66 conserved amino acid that bind to the promoter of
genes governing development and other cellular processes in fungi, plants, and animals. In
genera, fungi possess 6—12 HD-TF genesin their genome (13,14,16,17). Thefirst reported HD-
FT geneis pahl in Podospora anserina, where it controls microconidiation as well as mycelial
branching (18). Loss-of-function of seven HD-TF genesin this fungus revealed their rolein
sexual development (19). Another study showed that several HD-TFsin therice

pathogen Magnaporthe oryzae are necessary for proper hyphal growth, asexual development,
and appressorium formation (20,21). In three species of Fusarium, loss-of-function of

the htf1 homeobox gene leads to alteration of phialides during conidiophore formation,
accompanied by adrastic reduction in conidial production (22). In the fungus Botrytis cinerea,
the BcHOX8 gene has been shown to regulate growth, conidiation, and virulence in different
host plants (16). Also, lack of the GRF10 HD-TF gene in the human pathogen Candida albicans
resulted in adecrease in growth, defects in chlamydospore morphology, alterationsin biofilm

production, and a reduction of virulence (23).
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HD-TFs are also key regulators in species of the genus Aspergillus. In the agriculturally relevant
fungus Aspergillus flavus, deletion of eight HD-FT genes revealed that hbx1 in particular, was
required for normal vegetative growth and production of conidia and sclerotia. The regulation of
morphological development as well as regulation of SM, are often genetically linked (24-26).
Interestingly, in this case also, the production of secondary metabolites, including mycotoxins
(aflatoxins, cyclopiazonic acid and aflatrem), was under the regulation of hbx1 (17).
Furthermore, study of the hbx1-dependent transcriptome indicated itsimportance in
morphological development and in regulation of secondary metabolite production (27).
Remarkably, the gene category corresponding to SM was the most affected by hbx1.
Additionally, in our previous study of the hbx1 homolog in the opportunistic human pathogen
Aspergillus fumigatus, hbxA, showed that this gene is necessary for proper spore formation,
regulating expression of brlA, flbB, flbD and fluG (28). The hbxA gene also influenced
germination rate and virulence in a neutropenic mouse model. Interestingly, asin the case of A.
flavus, A. fumigatus hbxA affected production of various secondary metabolites, including
fumigaclavines, fumiquinazolines, compounds that accumulate in asexual structures, whose
production islinked to brl A expression (29-32), and chaetominine, an alkaloid compound that is
being tested to combat leukemia cells(20). Both A. flavus and A. fumigatus studies indicate that
HbxA/Hbx1 isaglobal regulator of SM in these fungi, in addition to its role in morphogenesis.
HbxA also affects A. nidulans conidiation (33,34) in asimilar manner asthat in A. flavus and A.
fumigatus(17,27,28). To gain further inside into the regulatory scope of hbxA in the genus
Aspergillus, in the present study, we characterized its role in the model fungus A. nidulans by
transcriptome and metabol omics approaches. Our findings indicate that more than one thousand

genes were differentially expressed in the absence of this regulator or when it was over-
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89  expressed, as compared to the wild type. These include several transcription factor genes,

90 including thoseinvolved in development and SM production. Our study revealed that numerous
91  secondary metabolites gene clusters are hbxA-dependent in A. nidulans. Furthermore, our

92  analysesalso indicated that A. nidulans metabolome is affected by hbxA, including production of

93  some unknown novel compounds.

94 MATERIALSand METHODS

95  Phylogenetic Analysis

96  Deduced amino acid sequences of HbxA homol ogs were obtained from FUNGIDB

97  (https.//fungidb.org/fungidb/ ) website. BLASTp was performed against the protein sequence

98  database (pdb). Percentage (%) similarity was found using Pairwise sequence alignment using
99 EMBOSS Needle (ebi.ac.uk/Tools/psalemboss_needle/). The phylogenetic tree was constructed using

100 MEGA v6.0 and the Maximum Likelihood model with bootstrap value of 1000.

101  Strainsused and culture conditions

102  TheA. nidulans strains used in this study are listed in Table 1. Strains were grown on glucose
103 minima medium (GMM) (35) with appropriate supplements for their respective auxotrophic
104  markers (35). For solid medium, agar (15 g/L) was added. Strains were stored as 30% glycerol

105  stocksat -80°C.

106  Tablel: Strainsused in this study

Strain Name Pertinent Genotype Source

RMJP1.49 pyrG89; argB2; Anku::argB; pyroAd (36)
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TSSP38.1 pyrG89; argB2; Anku::argB; pyroA4; AhbxA::pyrG;pyroA This Study

TSSP40.1 pyrG89; argB2; AnkuA::argB; pyroA4; AhbxA::pyrG, This Study
hbxA:: pyroA

TSSP34.1 pyrG89; argB2; AnkuA::argB; pyroA4; This Study

gpdA(p)::AhbxA::trpC(t):: pyrG; pyroA

TRV50.2 Wild type (37)

107

108  Generation of the hbxA deletion strain (AhbxA)

109 The DNA cassette employed to obtain the deletion hbxA strain (TSSP38.1) was generated by
110  fusion polymerase chain reaction (PCR) through a previously described method (38). All

111 primersused in thisstudy are listed in Table 2. The 1.5 kb 5" UTR region of the hbxA locus was
112 PCR amplified using P#2154/SD3 and P#2155 primers from genomic DNA of the A. nidulans
113  FGSCA4 wild-type strain. Similarly, the 1.1 kb 3" UTR of hbxA was amplified using P#2156 and
114  P#2157 primers also from genomic DNA. The 1.9 kb A. fumigatus pyrG selectable marker was
115  amplified from plasmid p1439 (39) using P#2158 and P#2159 primers. The5 and 3° UTR

116  fragments were fused to the selectable pyrG marker using P#2160/SD9 and P#2161 primers. The
117  resultant fusion product was transformed into RMJP1.49 strain using a polyethylene glycol

118  mediated protocol as described previoudly (38). Transformants were confirmed by diagnostic
119  PCRusing P#2154 and P#963 primers. The selected deletion hbxA strain was then transformed
120  with aDNA fragment containing the A. nidulans pyroA gene, PCR amplified with primers

121 P#1042 and P#1045 from genomic DNA, resulting in strain TSSP38.1.

122
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Table2: Primersused in thisstudy

Name Sequence (5 — 3')

P#2154/SD3 CCCGCTGATGTATGGTGAGGC

P#2155 TGGTGTAGGATGCGATGCGG

P#2156 CATCTCCTCCTTCAACACCAGGG

P#2157 GGTCTGAGGTCTTGCCGTTTCC

P#2158 CCGCATCGCATCCTACACCAACCGGTCGCCTCAAACAATGCTCT
P#2159 CCCTGGTGTTGAAGGAGGAGATGGTCTGAGAGGAGGCACTGATGCG
P#2160/SD9 CGCTCCCTTGAAACTCCGAGAG

P#2161 CACAGTAGGCACGAATGGCGTT

SD1 ACCGGTCGCCTCAAACAATGCTCT

SD2 GTCTGAGAGGAGGCACTGATGCG

SD4 GCGTTTTATTCTTGTTGACATGGGGTCCCTTAGCCGAAATTGGTGGG
SD5 CCCATGTCAACAAGAATAAAACGC

SD6 CCGAGTGGAGATGTGGAGT

SD7 ACTCCACATCTCCACTCGGGCCCATATCTTCCGTAGCAGTC

sSD8 AGAGCATTGTTTGAGGCGACCGGTGACGGAGAGCTGAGAGTCCTAG
SD10 CAGAGCACCGCCGTGGTATTG

P#2962 GTCTCGTAGGTCTCTTGACGACCG

P#2238 AAAAAAGGCGCGCCATGAATTATATCCATCATCCATACCCTTTCGCTG
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P#2239 AAAAAAAAAAGCGGCCGCTTAGCCGAAATTGGTGGGGGTC
P#1042 GCCGAAAAGGACCACGAATACCCGC
P#1045 CACCGCCAACGGAGACAATCAAGCC
P#963 GAGCAGCGTAGATGCCTCGAC
P#2093 GACCTAATACAGCCCCTACAACGACC
P#2218 GCGGCCGCTTAGCCGAAATTGGTGGGGGTC
124
125

126  Generation of the hbxA complementation strain (hbxA-com)

127  The complementation strain (TSSP40.1) was generated by re-introducing the wild-

128  type hbxA alee into the AhbxA strain at the same locus. The complementation cassette was

129  generated asfollows: first, a DNA fragment containing the hbxA coding region and a 3.7 kb

130 5’'UTR was PCR amplified using P#2154/SD3 and SD4, and the trpC terminator fragment was
131 amplified with primers SD5 and SD6 using A. nidulans genomic DNA as atemplate. The A.

132 fumigatus pyroA gene (Afub_055620) was amplified from genomic DNA using primers SD7 and
133  SD8. A. fumigatus pyrG was amplified from plasmid p1439 (38) using primers SD1 and SD2.
134  All four PCR fragments were fused together using primers P#2160/SD9 and SD10 in asingle
135  reaction using Prime Star DNA polymerase (Clonetech, USA). The resulting fusion product was
136  thentransformed into the hbxA deletion strain (TSSP38.1) using methods previously described
137 (38). Fungal transformants were confirmed using diagnostic PCR with primers P#2154 and

138  P#2962.

139  Generation of the hbxA overexpression strain (OEhbxA)
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140  To generate the over-expression hbx1 strain (TSSP34.1), the coding region of hbxA was first

141 amplified from A. nidulans genomic DNA using P#2238 and P#2239 primers. The resulting PCR
142 product was digested with Ascl and Notl and ligated to pTRS2 plasmid, previously digested with
143 the same enzymes. pTRS2 contains the gpdA promoter, gpdA ), and trpC terminator, trpCyy.

144  Theresulting plasmid, pSSP34.1, was transformed into the A. nidulans RIMP1.49 strain, and

145  transformants were screened by PCR using P#2093 and P#2218 primers. The selected

146  overexpression hbxA strain was then transformed with a DNA fragment containing the A.

147  nidulans pyroA gene, PCR amplified with primers P#1042 and P#1045 from genomic DNA,

148  resulting in strain TSSP34.1.
149  Transcriptome analysis
150 RNA purification and sequencing

151  Plates containing 25 mL of solid GMM with the appropriate supplements were top-agar

152 inoculated with 5 mL of medium containing ~5 x10° spores/mL of wild-type (WT) control,

153  AhbxA, hbxA-com or OEhbxA (Table 1). Cultures were incubated in the dark at 37°C. After 72 h
154  of incubation, mycelia were collected, frozen in liquid nitrogen, and lyophilized. Total RNA was
155  extracted from mycelia using an RNeasy Plant Mini Kit (Qiagen, Germantown, Maryland, USA)
156  following the manufacturer’s protocol. RNA was further purified using Dynabeads mRNA

157  Purification Kit (Thermo Fisher Scientific Inc., Massachusetts, USA). RNA quality was assessed
158  using an Agilent Bioanalyzer. Sequencing was performed as a HiSeq 2000 single read 1x100bp

159  lane. The experiment was carried out with 3 biological replicates.

160 Read mapping, decontamination and Read count
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161  The RNA reads were trimmed by trim_galore (40) with the default parameter. Kraken2 (41) was
162  runon trimmed reads to check the contamination. Then, reads were mapped to reference genome
163 downloaded from FungiDB (Aspergillus nidulans FGSC4)(42) . Unmapped reads were removed

164  to get clean reads. The clean reads were then repaired to pair-end reads with BBTools (43).

165 Thesefinal clean pair-end reads were remapped to reference genome again using hisat2 ((44).

166  Mapped readsin SAM format were sorted by coordinates with samtools (45) to obtain the BAM
167  format mapped reads. Then read count and TPM (Transcripts Per Kilobase Million) were
168  calculated by running StringTie (46) and python script. The parameters were set not to infer new

169  transcripts with the reference gene annotation file (also downloaded from FungiDB).

170 Differentially expressed coding genes (DEGS)

171 Theread countstable was used asinput for DEseg2 (47). This package was used to determine
172 DEGs by comparing read counts between two strains. Significant up regulated genes were

173 determined with -log10 g-value <= 2 and log2 fold change >= 2, while significant down

174  regulated genes were defined with -1og10 g-value <= 2 and log2 fold change <= -2. Control vs.
175  OEhbxA and Control vs. AhbxA. python script was developed to convert gene id between

176  FungiDB and FungiFun2 so that the webserver of FungiFun2 can be used to perform FunCat
177  term annotation and enrichment of DEGs for Control vs. OEhbxA and Control vs. AhbxA(48).
178  Heat maps of TPM (transcript per million) values of DEGs of secondary metabolism clusters

179  were calculated by averaging all TPM values of all replicates.

180  Evaluation of differentially expressed ortholog genesin A. nidulans and A. flavus was carried out
181 by using the MCL agorithm in combination with all-versus-all protein BLAST search, smilar to
182  amethod previously described (49). Proteins with BLAST hits were filtered with the following

10
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183  parameters: 1, query and subject coverageis greater than 60%. 2, e-valueislessthan 1°. 3, the
184  percent of identity is greater than 60%. And then, the filtered hits were fed into OrthoM CL with

185  aninflation parameter of 2 to generate orthogroups between these two species.

186  To analyze changesin the expression of genesin secondary metabolite biosynthetic gene clusters
187  (SMGs), 67 SMGs were extracted (50). SMGs expression related figures were plotted with

188  python seaborn package. In addition, expression of 521 transcript factors (TFs) was also

189  analyzed. Thelist of TFsand their function annotations were derived from a previous report

190 (51).

191 Metabolomics

192 Thin- Layer Chromatography

193  Wild-type control, AhbxA, hbxA-com, and OEhbxA were top-agar inoculated with 5 mL of

194  medium containing ~5 x10° spores/mL on solid GMM and grown at 37°C for 3 days. Three 16-
195  mm diameter cores per plate were collected and extracted with chloroform. Overnight dried

196  extracts were resuspended in 200 pL chloroform. Sample were separated using thin-layer

197  chromatography (TLC) as previously described (28,52) on silica gel plates using benzene and
198  glacia acetic acid [95:5(v/Vv)] as solvent system. Aluminum chloride (15% in ethanol) was then
199  sprayed, and plates were baked for 10 min at 80 °C. Bands were visualized under UV light (375

200 nm). Sterigmatocystin (ST) standard was purchased from Sigma-Aldrich (St. Louis, MO, USA).

201 Analysis of secondary metabolites by liquid chromatography combined with mass spectrometry

202 (LC-MS)

11
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203  Chloroform extracted samples were also analyzed by LC-MS. Samples were resuspended in 500
204  uL of acetonitrile/water (50:50, v/v), shaken vigorously for 30 s and then treated with a sonicator
205  (Bransonic 221 Ultrasonic bath, Roucaire, Les Ulis, France) for 2 h. A volume of 250 uL of pure
206 ACN was added to each sample, followed by vigorous shaking (30s) and centrifugation (pulse).
207  Secondary metabolites analysis was performed using Acquity ArcSystem HPLC (Waters, Saint-
208  Quentin-en-Yvelines, France) combined with an LTQ Orbitrap XL high-resolution mass

209  spectrometer (Thermo Fisher Scientific, Les Ulis, France). A volume of 10 uL of the suspension
210  wasinjected into a reversed-phase 150 mm x 2.0 mm, Luna® 5 pm C18 column (Phenomenex,
211 Torrance, CA, U.S.A.). Water acidified with 0.1% formic acid was used as phase A and 100%
212 acetonitrile was used as phase B with the following elution gradient: O min 20% B, 30 min 50%
213 B, from 35 to 45 min 90% B, from 50 to 60 min 20% B at 30 °C at a flow rate of 0.2 mL min™,
214  HRMS acquisitions were achieved with electrospray ionization (ESI) in positive and negative
215  modes, as previoudly reported (28). MS/M S spectra were obtained with CID mode at low

216  resolution and collision energy of 35%.

217  Statigtical analysis

218  Statistical analysis was applied to anayze al quantitative datain this study utilizing analysis of
219  variance (ANOVA) in conjunction with a Tukey multiple-comparison test using a p value of

220  <0.05 for samplesthat are determined to be significantly different.

221

222 RESULTS

223 HDbxA isconserved in numerous fungal species

12
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224 Our phylogenetic analysis confirmed that the hbxA deduced amino acid sequence corresponds to
225  atranscription factor containing a homeodomain. HbxA homologs are present in other

226 Aspergillus species, including A. flavus (17,27), A. fumigatus (28), Aspergillus niger and

227  Aspergillusterreus (Fig 1, Table 3), aswell asin species of other fungal genera, such as

228  Alternaria alternata, Arthrobotrys flagrans, Ascosphaera apis, Blastomyces dermatitidis,

229  Histoplasma capsulatum, Microsporum canis, Penicilliopsis zonata, Penicillium rubens,

230  Talaromyces marneffei and Trichophyton tonsurans (Fig 1, Table 3). Of the sequences analyzed,
231 A. niger HbxA was the closest homolog to A. nidulans HbxA, with 56.40% identity and 68.4%

232 sequence Smilarity.

233 Table 3: Phylogenetic analysis of A. nidulans HbxA and homologsin other fungal species. HbxA
234 homologoswereretrieved from FUNGIDB website and BL ASTp was perfor med against protein
235  sequence database. % similarity wasfound utilizing Pairwise sequence alignment using A. nidulans

236  HbxA assearch query against each protein of interest using EMBOSS Needle.

Species (sorted) Identity%  Similarity%
(Needle) global Pairwise alignment
Aspergillus niger 56.4 68.4
Aspergillus flavus 52.9 65.2
Penicilliopsis zonata 445 54.3
Penicillium rubens 43.7 56.9
Talaromyces mar neffei 37.1 49.3
Blastomyces dermatitidis  36.9 49.9
Histoplasma capsulatum  36.9 49.5
Aspergillusterreus 355 46.4
Microsporum canis 34.0 43.7

13
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Trichophyton tonsurans 32.3 449
Ascosphaera apis 30.3 41.8
Arthrobotrys flagrans 215 34.3
Alternaria alternata 20 315
237
238 Fig 1: Phylogenetic analysis of Aspergillus nidulans HbxA. The phylogenetic tree was
239 constructed using MEGA v6.0 and the Maximum Likelihood model with bootstrap value
240 of 1000 (http://megasoftware.net/).
241
242
243 Fig 2: Multiple sequence alignment of A. nidulans HbxA with other fungal
244 homologs.
245 The HbxA deduced amino acid sequences were aligned using
246 clustalOmega(https.//www.ebi.ac.uk/Tools/msal/clustalo/). Data was visualized with
247 boxshade using ENDscript server (https.//espript.ibep.fr/ESPript/cgi-bin/ESPript.cgi
248 )(53)https://doi.org/10.1093/nar/gku316
249

250  hbxAisrequired for normal development in A. nidulans

251  To determine the regulatory scope of hbxA in A. nidulans, three strains were generated, a
252  deletion strain, AhbxA, a complementation strain, hbxA-com, and an over-expression strain,
253  OEhbxA (Fig 3). Deletion, complementation and overexpression strains were confirmed by

254  diagnostic PCR, yielding the expected 3.01 kb PCR product for AhbxA, a3.96 kb DNA fragment
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for hbxA-com and a 3.16 kb DNA fragment for OEhbxA. Our results confirmed that absence of

hbxA results in a drastic reduction of conidiation (Fig 4), as previously shown(33,34).

Fig 3: Generation of A. nidulans hbxA deletion, complementation and
overexpression strains. Confirmation of the deletion (AhbxA), complementation (hbxA-
com) and overexpression (OEhbxA) by diagnostic PCR. (A) The diagram shows
replacement of hbxA with the marker gene pyrG by a double cross-over event. Primers
P#2154/SD3 and P#963 were used for the diagnostic PCR, obtaining the predicted 3.01
kb product. (B) Schematic representation showing reintroduction of the wild-type hbxA
allele at the hbxA locus in the deletion strain TSSP38.1. PCR with primers P#2154/SD3
and P#2962 confirmed the reintroduction of hbxA in the selected deletion strain; the
expected 3.96 kb product was obtained. (C) Linear diagram of hbxA overexpression
plasmid pSSP34.1. The overexpression transformant was confirmed by PCR with primers

2093 and 2218, which yielded the predicted 3.16 kb product.

Fig 4. hbxA isrequired for normal conidiation in A. nidulans. Cultures of wild type,
deletion, complementation and overexpression hbxA strains, top-agar inoculated on

GMM and incubated for 7 days in the dark at 37°C.

hbxA regulates secondary metabolism

Our TLC analysisindicated that deletion of hbxA reduces sterigmatocystin (ST) production in A.
nidulans by approximately 50 % when compared with levels in the wild-type strain (Fig 5).

Importantly, overexpression of hbxA completely blocked ST production. Additionally, synthesis
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277  of other metabolites was also affected by deletion or forced overexpression of hbxA compared to
278  the control strain. The absence of metabolites was particularly notable in the OEhbxA strain

279  extracts. These results suggested that the regulatory role of hbxA is broader than originally

280  expected, controlling not only developmental processes but also acting as a global regulator of

281  secondary metabolism.

282 Fig 5. Effect of hbxA on the production of ST and other secondary metabolitesin A.
283 nidulans. Wild type, deletion, complementation and overexpression hbxA strains were
284 top-agar inoculated on glucose minimum medium (GMM) and incubated for 3 daysin the
285 dark. (A) Extracts were analyzed by TLC. Black arrows indicate ST standard. The

286 experiment was carried out with three replicates. (B) Densitometry of TLC analysis of ST
287 levels. The desitometry was performed using the

288 http://biochemlabsol utions.com/Gel QuantNET .html website. Error bars represent the standard
289 error. Columns of different letters represent values that are statistically different p value
290 of <0.05

291

292  hbxA-dependent transcriptomein A. nidulans

293 More than one thousand genes are regulated by hbxA in A. nidulans

294  RNA-sequencing analysis revealed that of the predicted 11286 genes present in A. nidulans

295  genome (54), 552 were downregulated, and 195 were upregulated in the AhbxA strain compared
296  with the wild-type control strain (Table 4, Fig 6). Over-expression of hbxA resulted in an even
297  more pronounced effect on the A. nidulans transcriptome, where 1044 genes were

298  downregulated, and 424 genes were upregulated in the OEhbxA strain in comparison to the wild
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type. In strong contrast, the comparison of the complementation strain and wild type showed that
the two strains present very similar expression patterns. Expression of 618 genesin the A.
nidulans genome was altered by either deletion or overexpression of hbxA, many of them
presenting the same expression pattern of upregulation or downregulation when hbxA was either

deleted or overexpressed (Fig 6).

Fig 6. Number of DEGsin A. nidulans when expression of hbxA isaltered by hbxA
deletion or overexpression. (A) Number of significantly upregulated (purple) and
significantly downregulated (orange) DEGs estimated by DeSeqg2. (B) Volcano plot of
log2 fold change vs. -log10 g-value of all the genesin AhbxA, and OEhbxA vs. control.
Significantly upregulated genes are shown as red dots, significant down regulated genes
are shown as blue dot and other genes are shown as black. The x-axis represents the log2
of the fold change determined by DeSeq2. The y-axisisthe logl0 of the adjusted p-value
from DeSeg2. The cut offlogl10 fold change value to determine the upregul ated
expression is greater than 2 while -2 is for down regulated expression. The -log10 g-value
cutoff was set to 2 to determine the significant expression or not. (C-D) Venn Diagrams
showing the overlap of DEGs in AhbxA and OEhbxA (C), and the overlap of upregulated
(D) and downregulated DEGs (E) in AhbxA and OEhbxA. Venn Diagrams were

constructed using https:.//bioinformatics.psb.ugent.be/cgi-

bin/lise/VVenn/calculate venn.htpl website.

Comparison of hbxA/hbx1 DEGsin A. nidulans and A. flavus

The comparison of the current A. nidulans hbxA-dependent transcriptome study with the
previous A. flavus hbx1 results (27) is shown in Fig 7. Only a small percentage of homologs were

differentially expressed in the absence of hbxA and hbx1 in A. nidulans and A. flavus,
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322 respectively, with respect to the corresponding wild types. Mot of the DEGsin A. nidulans are

323  not DEGsin the A. flavus study.

324 Fig 7: Comparison of orthologous genes affected by deletion of hbxA in A. nidulans
325 and A. flavus. Both upregulated orthologous genes were colored in red. Both

326 downregulated orthologous genes were colored in blue. No expression changed

327 orthologous genes are colored in grey. Two orthologous genes having different regulation
328 status are colored in purple. The significantly regulated genes were defined as |log2 fold
329 change| <= 2 and g-value <= 0.05.

330

331  Expression of numerous TF genesis hbxA-dependent in A. nidulans

332 Based on our analysis, 74 out of 521 TFs genesin A. nidulans (51) were regulated by hbxA under
333  theculture conditions assayed (Table 5). Some of these differentially expressed TF genes also
334  presented the same expression pattern of upregulation or downregulation when hbxA was either

335  deleted or overexpressed (Fig 8).

336 Fig 8. Number of transcription factor (TF) genes controlled by hbxA in A. nidulans.
337 (A) Venn Diagram showing the overlap of differentially expressed TF genesin AhbxA
338 and OEhbxA. (B-C) Venn Diagrams showing the overlap of upregulated (B) or

339 downregulated (C) TF genesin AhbxA and OEhbxA. Venn Diagrams were constructed
340 using https://bioinformatics.psh.ugent.be/cgi-bin/liste/\Venn/calculate_venn.htpl website.
341
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342 Our resultsindicated that overexpression of hbxA caused upregulation of developmental

343  regulators, including genes of the central devel opmental pathway, brlA, abaA (55-58), fluffy
344  genesflbC and fIbD (59), and another HD-TF gene, hbxB, that regulates asexual and sexual

345  development in A. nidulans(34). In addition, the developmental regulatory gene zcfA (60) was
346  also upregulated by hbxA overexpression. Some of the upregulated TFs genes in OEhbxA are
347  involved in both governing development aswell as SM, such as the master transcription factor
348 mtfA (37,61,62), urdA, (63), sclB (64), osaA (65), and velB (66). Other upregulated hbxA-

349  dependent TF-DEGs annotated to be putatively involved in SM regulation include AN8391 and
350 ANG6788. Other upregulated TF genes have an important role in primary metabolism, such as
351  glcD, which has a putative role in protein dimerization and activation of areB, (67), galR, which
352 isknown to regulate the D-galactose catabolic pathway (68) and creA repressor of carbon

353  catabolite (69). Other upregulated TF genes were rfeC, whose ortholog in Saccharomyces

354  cerevisae promotes FLO11 expression (70), the menB fork-head like transcription factor (71), as

355  waell as expression of some other uncharacterized putative transcription factors genes (Table 5).

356  Overexpression of hbxA in A. nidulans caused downregulation of other developmental genes
357  such asfhpA, with arolein sexual development (72), matl, involved in activation of the alpha-
358  domain mating-type protein (73). Overexpression of hbxA also caused downregulation of metZ,
359  atranscription factor involved in the regulation of sulfur metabolism (74). TF genes AN8377,
360  ANB8645, AN3385 and AN8918 predicted to be involved in SM, are also downregulated in this

361 dtrain (Table S2).

362  Interestingly, deletion of hbxA also resulted in an increase in the expression of brlA, abaA, and
363  urdA, asin the case of OEhbxA. It also increased the expression of tah-3, whichisinvolved in

364  conidiophore development and tolerance for harsh plasma environment (75) (Table 5). Deletion
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365  of hbxA also upregulated veA (Table 4). The veA gene product, VeA, which contains a NF-x-B
366  like DNA-binding domain (76), iswell known asaglobal regular that interacts with at least nine
367  other proteins, LImF, VapA, VipA, VipC, VelB, MpkB, FphA, LreB and LaeA (77), governing
368  severa signaling pathways and consequently multiple cellular processes, including development

369 and SM (25).

370  Absence of hbxA in A. nidulans downregulated the expression of various transcription factors,
371 including the gene encoding the alpha-domain mating-type protein, mat1(73), asin

372 overexpression of hbxA. Deletion of hbxA also showed downregulation of metZ, involved in

373  methionine biosynthesis (78) the nitrogen-dependent mdpE, which regulates production of a

374  secondary metabolite called monodictyphenone (79). The putative SM TF gene AN4933 is

375  downregulated, and AN3385, AN8645 and AN8918 are also downregulated in deletion hbxA, as

376 in OEhbxA.

377

378 hbxA affects the expression of genesin SM gene clusters and biosynthesis of natural products

379 inA. nidulans

380 Our TLC analysisrevealed that both deletion and overexpression of hbxA negatively affect ST
381  production (Fig 5) aswell as the production of other secondary metabolites. Furthermore,

382  FunCat enrichment analysis revealed that differentially regulated genes in the AhbxA versus wild
383  typeand OEveA versus wild type comparisons have significant functional overlap (Fig 9). DEGs
384  genesaredramatically enriched for secondary metabolism-related processes for both; most of

385  those genes are downregulated when hbxA is either deleted or overexpressed, particularly in the
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386 latter. Other categories showing enrichment include disease, virulence, and defense; virulence

387  diseasefactors; C-compound and carbohydrate metabolism; and detoxification.

388 Fig 9. FunCat enrichment of significant DEGsfound in (A) AhbxA and (B) OEhbxA
389 vs. control. The -log10 of the g-value of DEGs in each term is proportional to the length
390 of the bars. FunCat annotations and g-value is determined by FungiFun2 webserver.

391 Downregulated genes are to the left of the origin and up regulated genes to the right.

392

393  Togain further understanding of the effect of hboxA on SM in A. nidulans, as part of our

394  transcriptome analysis, we identified DEGs in SM gene clusters and analyzed concomitant

395  production of secondary metabolites by a metabolomics approach. Our study revealed that

396  production of nidulaninA, nidulanin B and nidulanin D are hbxA- dependent (Fig 10A-C). Both,
397 deetion and overexpression of hbxA, completely inhibited the production of these compounds. In
398  addition, the Heatmap shown in Fig 10D indicates downregulation of some of the genesin the
399  nidulanin cluster (80), including the NRPS coding gene, nIsA, in both AhbxA and OEhbxA. This

400  reduction in nlsA expression was particularly notable in the latter.

401 Fig 10: hbxA regulatesthe production of nidulaninsin A. nidulans. Wild-type (WT),
402 deletion (AhbxA), complementation (hbxA-com) and overexpression (OEhbxA) strains
403 were top-agar inoculated on solid glucose minimum medium (GMM) at 37°C for 72 h,
404 when samples were collected, extracted with chloroform and analyzed by LC-HRMSin
405 positive mode (A-C) Quantification of nidulanin A (m/z 604.34943), B (m/z 620.34404) ,
406 D (m/z 536.28659) respectively. (D) Heat map of TPM values of nidulanin cluster

407 (DEGsS) expression in A. nidulans AhbxA and OEhbxA with respect to wild type strain on
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408 alog scalefound in Inglis et a.(50). The TPM value of each gene was calculated by
409 averaging all the TPM values of all replicates.
410

411 LC-MSanalysisof ST confirmed the TLC results, indicating that production of this mycotoxin
412 was reduced in AhbxA and absent in the overexpression strains (Fig 11). Unexpectedly, the
413  Heatmap in Fig 11B shows that most of the ST genes were not downregulated in the deletion
414  strain with respect to the wild type. However, most of the genesin this cluster were

415  downregulated in the overexpression strain, excluding the structural genes stcK, stcJ, stckF and

416  stcC, and the regulator, aflR.

417 Fig 11. hbxA regulates the production of ST in A. nidulans. Wild type (WT), deletion
418 (AhbxA), complementation (hbxA-com) and overexpression (OEhbxA) strains were top-
419 agar inoculated on solid glucose minimum medium (GMM) at 37°C for 72 h, when

420 samples were collected, extracted with chloroform and analyzed by LC-HRMSiin

421 positive mode. (A) Quantification of ST (m/z 325.07014). (B) Heat map of TPM values
422 of ST cluster (DEGS) expression in A. nidulans AhbxA and OEhbxA with respect to wild
423 type strain on alog scale found in Inglis et al. (50). The TPM value of each gene was
424 calculated by averaging all the TPM values of al replicates.

425

426  Inaddition, both AhbxA and OEhbXA strains were unable to synthesize the meroterpenoids
427  austinol and dehydroaustinol under conditions conducive to their production in the wild type (Fig
428  12). The genesinvolved in the synthesis of these two compounds are grouped in two clusters, A

429  and B (81). Our transcriptome analysis reveal ed that most of the genes in these two clusters are
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430  downregulated in the hbxA deletion and also in the overexpression strains compared to the
431 control (Fig 12C and D). For example, genes ausA-D are down regulated in both AhbxA and
432 OEhbxAin genecluster A. In cluster B, genes auskE-G and ausM are also downregulated in
433 AhbxA and OEhbxA. Additionally, expression of ausH. ausL and ausN is reduced in OEhbxA

434  with respect to the wild type.

435 Fig 12. hbxA regulates the production of austinol and dehydroaustinol in A.

436 nidulans. Wild type (WT), deletion (AhbxA), complementation (hbxA-com), and

437 overexpression (OEhbxA) strains were top-agar inoculated on solid glucose minimum
438 medium (GMM) at 37°C for 72 h, when samples were collected, extracted with

439 chloroform and analyzed by LC-HRM S in positive mode. Quantification of (A) austinol
440 (m/z 459.20059) and (B) dehydroaustinol (m/z 457.18524) compounds by full M S spectra
441 resolution of 60,000 with a range of mass-to-charge ratio (m/z) set to 50 1tol 1800. (C &
442 D) Heatmap of TPM values of austinol cluster (DEGs) expression in A. nidulans AhbxA
443 and OEhbxA with respect to wild type strain on alog scale found in Inglis et al. (50). The
444 TPM value of each gene was calculated by averaging all the TPM values of all replicates.
445

446  Our metabolomics study also indicated that the production of three novel, unknown secondary
447  metabolites was altered when hbxA was not expressed at wild-type levels. Two of these

448  compounds (m/z 423 and m/z 518 observed in negative mode) were absent in the hbxA deletion
449  strain and also in the overexpression strain (Fig 13). The third novel compound (m/z 489 in

450  negative mode) was produced at remarkably high levels in the hbxA deletion strain compared to

451  thoseinthewild type (Fig 13B).
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452 Fig 13: hbxA regulatesthe production of novel uncharacterized metabolitesin A.
453 nidulans. Wild type (WT), deletion (AhbxA), complementation (hbxA-com), and

454 overexpression (OEhbxA) strains were top-agar inoculated on solid glucose minimum
455 medium (GMM) at 37 °C for 72 h, when samples were collected, extracted with

456 chloroform and analyzed by LC-HRM S in negative mode. (A-C) Quantification of novel
457 uncharacterized metabolites with m/z of 423.18012, 489.18082, and 518.16482,

458 respectively.

459

460 DISCUSSION

461

462  HD-TFs have been shown to govern development in eukaryotes (13-15), including fungi

463  (13,14,16-21). Previous reports, together with the present study, indicate that these regulators are
464  conserved across different fungal genera. (Zheng et al., 2012; Ghosh et al., 2015). In A. flavus,
465  hbx1, an ortholog of hbxA, isalso required for developmental processes, regulating genesin the
466  conidiation central pathway, such as brlA and wetA (17,27) as well asflbA, fIbC, flbD, fIbE, fluG
467  and matl-1(27). In A. fumigatus, hbxA promotes brlA, abaA and wetA, aswell as flbB, flbD and
468  fluG expression(28). Similarly, hbxA regulates conidiation in A. nidulans(33,34); our

469  transcriptome study showed that hbxA not only regulates brlA, as shown in (34), but also abaA,
470  fIbC and flbD. These studies support that the hioxA-dependent regulatory mechanism of

471 conidiationisat least in part conserved in these three Aspergillus species and possibly in other

472 speciesof this genus.
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473  Interestingly, our results revealed a broader regulatory scope for hbxA in A. nidulans, with more
474  than one thousand DEGs when hbxA was deleted or overexpressed in this model organism,

475  including numerous transcription factor genes. This was also the case for A. flavus hbx1(27).

476  However, most of the DEGsin A. nidulans are not DEGsin A. flavus; only a small percentage of
477  homologs where DEGs in the hbxA and hbx1 mutants with respect to the controls. This suggests
478  that although the conservation of some of the regulatory mechanisms controlling conidiation

479  appears conserved, agreat part of its regulatory input is specialized in different fungal species.

480  Some of the TF genesinvolved in governing devel opment that were found hbxA-dependent also
481  control secondary metabolism in A. nidulans, for example, mtfA (37,61,62), urdA (63), sclB (64),
482  0saA (65) and velB (66). Furthermore, FunCat functional enrichment analysis showed that the
483  category of secondary metabolism-related processes was, by far, the most enriched in A.

484  nidulans. Our study showed that in A. nidulans, numerous genesin SM gene clusters were

485  regulated by hbxA. The secondary metabolism category was also enriched in A. flavus

486  (27)However, the wide variation of biosynthetic gene clusters across fungal species, evenin

487  those phylogenetically close (82) could explain that although the mgor functional category isthe
488  samein both species, namely SM, the percentage of differentially expressed homologsis low.
489  For example, A. flavus hbx1 regulates genes in the aflatoxin, cyclopiazonic acid, aflatrem,

490  asparasone, piperazine, and aflavarin gene clusters(27), whilein A. nidulans, our study shows
491  that hbxA controls genes in other gene clusters such as those responsible for the synthesis of

492  nidulanins A, B and D, austinol and dehydroaustinol. A. nidulans HbxA also control genesin the
493 ST gene cluster, which is partially conserved with that of aflatoxin in A. flavus. The regulatory
494  pattern was similar; absence of both hbxA and hbx1 resulted in areduction of toxin production

495  (17,27). In A. flavus deletion of hbx1 downregulated aflR and other genesin the aflatoxin gene
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496 cluster. However, thiswas not the casein A. nidulans, suggesting that the lower levelsof ST in
497 thedeetion strain, verified by both TLC and LC-MS, could be due to other factor(s). Our study
498  showed veA expression is hbxA-dependent. VeA isaglobal regulator that orchestrates numerous
499  biological processesin fungi (25,26), such as development and SM. VeA has been shown to

500 regulate the production of aflatoxisomesin A. parasiticus (83). It is possible that hbxA, in aveA-
501  dependent manner, could also influence compartmentalization of ST production in A. nidulans.
502  Thisreductionin ST in the deletion strain, contrast with a previous report (34) where an increase
503 in ST was described. It is possible that different experimental conditionsin both studies could
504 haveresulted in different outcomes. Nevertheless, the most striking result is the effect of hbxA
505 overexpression on ST biosynthesis aswell as on the production of other metabolites. The

506 complete elimination of ST production by hbxA overexpression was, in this case, accompanied
507 by the downregulation of genesin the ST gene cluster. However, this downregulation of ST

508 geneswas, asin the case of the deletion strain, not mediated by changes in afl R expression.

509  Our study revealed that hbxA regulates key genes in the nidulanin gene cluster and,

510  consequently, affects the production of the cyclic tetrapeptides nidulinins A, B and D. These

511  compound are found in Aspergillus and Penicillium species. The function of nidulaninsis not yet
512  known. Asin the case of ST, both deletion or overexpression of hbxA resulted in reduction or
513  eimination of nidulinins A, B and D production, suggesting that, asin the case of VeA, certain
514  balanced stoichiometry with respect to other regulatory factors could be needed for proper

515  function, perhaps also interacting with other regulatory proteins. One of the genes downregulated
516  inboth deletion hbxA and overexpression hbxA strainsis nlsA, encoding a non-ribosomal peptide

517  synthase necessary for the synthesis of nidulanin. This enzyme has been shown to also be
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518 involved in the synthesis of fungisporin (84), which presents antibacterial activity (85), however

519  fungisporin was not detected in our study under the conditions tested.

520 LC-MSindicated that hbxA also controls austinol and dehydroaustinol production. These are two
521  meroterpenoids produced from polyketide and terpenoid precursors. Both austinol and

522  dehydroaustinol have been shown to inhibit the neuraminidase enzyme, suggesting a potential
523  for the development of new antiviral drugs (86). Austinol also showed antibacterial activity (87).
524  Alteration of wild-type hbxA transcription by deletion or forced overexpression also resulted in a
525  lack of production of these compounds, further supporting the possibility of a necessary

526  stoichiometry with other regulatory partners. Two separate gene clusters, A and B (81,88), are
527  required for the synthesis of these compounds. Both deletion and overexpression of hbxA showed
528  profound changesin the expression profile of both gene clusters, with numerous downregulated
529  structural genes, including the polyketide synthase gene ausA. The prenyltransferase gene ausN

530  was also downregulated in the overexpression strain.

531 Inaddition, our metabolomics analysis indicated that A. nidulans hbxA also controls the

532  production of three unknown novel compounds. Synthesis of two of these metabolites (m/z & 423
533 and m/z 528) did not occur in the absence of hbxA or when this gene was overexpressed, while
534  thethird novel compound (m/z 489) was produced at strikingly high levelsin the hbxA deletion
535 strain. Theidentity, the association with MS gene clusters, or bioactive properties of these

536  compounds are still known and will be the subject of future studies.

537 Regarding additional roles of hbxA in A. nidulans, besides those in development and SM, our
538  FunCat functional enrichment analysis also indicated a possible rolein primary metabolism, with

539  enrichment in the carbon-compound and carbohydrate metabolism category, particularly in the
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hbxA overexpression strain. Upregulation of the carbon catabolite repressor TF gene creA (69)
was observed in this strain. creA is also under hbx1 regulation in A. flavus(27). Other A. nidulans
hbxA-dependent regulatory genes involved in primary metabolism were, for example, galR,
which regulates the D-galactose catabolic pathway (68), and glcD, which has a putative rolein
protein dimerization with and activation of areB, involved in nitrogen metabolism (67). Other
enriched categories were detoxification, virulence and disease factors and defense, suggesting its
possible involvement in pathogenesis. This agrees with the fact that the hbxA homolog in A.

fumigatus was shown to affect virulence in A. fumigatus (28)

In conclusion, we have shown that the regulatory TF gene hbxA governs the expression of
hundreds of genesin A. nidulans, modulating not only developmental genes, but also multiple
regulatory pathways. Consequently, hbxA governs different important aspects of this fungus
biology, including aremarkable rolein SM, regulating expression of several SM gene clusters
and natural product biosynthesis, including some novel compounds. Additionally, genes
associated with other cellular processes such as primary metabolisms, as well as defense and
virulence, are aso influenced by hbxA. Interestingly, afunctional conservation exists between

hbxA homologs in other Aspergillus species and possibly in other fungi.
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10 3

Aspergillus_nidulans MNY T HH[P].[Y[P[F[AGHP SVPME QH|. [[]A[Y| MvEP TMMHH. . . . . ... P MD|G[Y|Y
Aspergillus_niger MNY LHHP|.|[YAF|ITGHAAVPMEQP|. VAF MAHPSMM.H........ P MD|G|Y|L
Aspergillus_flavus MNY LHHP|.|[YAY|]AGHAAVPME QP|. |I|AlY] MAHPSMM.H........ P ME|G|Y|I
Aspergillus_oryzae MNY LHHP|.|[YAY|]AGHAAVPMEQP|. |I|AlY] MAHPSMM.H........ P ME|G|Y|I
Penicilliopsis_zonata MSYLHH[S|.[Y|P[Y|SSHPAVPLDQP|.|LVIF MAHSSMIPQ. ... .... P MD|G|Y|L
Penicillium_rubens MSYIHP|S|.WNY[QGHQGIPMDQH|. MAJY MVIPPPMM.H........ P I D|G|Y|M
Talaromyces_marneffei MNY LHHP|A[YPY|GVHAGIIHLDQP|.|GLV| e AIACN. ... IN I D|G[Y|V
Blastomyces_dermatitidis |MSYLHHP|.|F[P|F|GG.HAIPVDQP|.V|G|Y IRHPQLG.H. .. ... .. S VD|T|Y|L
Histoplasma_capsulatum MSYLHHP|.|[FPF|ISGHHA|IPVDOQP|.|FD|Y| IRHPQLIS .H. . v o v v o P VD|T|Y|L
Microsporum canis MNY LQAP|. |Y|Q[Y|. . S[VPMDOQP|.MGJ|Y| IISHHPYD.Q. . v v v v o P MD|Q|C|Y
Trichophyton_tonsurans MNYLQ|T[P|.|F|Q|Y|. . . . AMPMDQP|. MG|Y| VISHHPYE . Q. .. .. ... P MD|Q|C|Y
Ascosphaera_apis MNY LHN|P|.|Y|GY|GAPTG|LP IDQQQMPY I|HP|[HPHP . HPDYHHHVP|GMEP[E|Y
Arthrobotrys_flagrans MEV. .|[.|.|.|LS[YDNKGSMP SQNP|N[V|PV| PIQHILN|VPRHP . AANSGPHIE|T|F|I
Alternaria_alternata =  [..... S I S I O L)L 8 S I S I NN

59 69 7(? 89 99 10(?
Aspergillus_nidulans YAQP|PIFDMV[D|Y Y|H[Q|. . PMMDYEEYAENLSRPRLTKE[QJVE TIAAIQF QA HP 84S SN VIR Q LE\
Aspergillus_niger YPHP|PFDMV|DIFY|H|Q|. . PIIMDYEEYAENLSRPRLTKE[GJVE TIBHAQF QAHP94S SN VAR O Lk
Aspergillus_flavus YPHPPPFDMIDIFY|HIQ. .P|IIMDYEEYAENLSRPRLTKE[JVE TIBHAQF QAHPE4S SN VAR O LE
Aspergillus_oryzae YPHPPPFDMIDIFY|HIQ. .P|IIMDYEEYAENLSRPRLTKE[GJVE TIBHAQF QAHPIE4S SN VAR O LE
Penicilliopsis_zonata YPHP|PIFEMVDFYPP|. .PIIMDYDEYAENLSRPRLTKE[QVE TIATIQF QT HP 854S SN VIR Q L\
Penicillium_ rubens YPHPPMEMID|Y YHQ. . PIIMDYDEY|TENLSRPRLTKE[QVE TIAAIQF QA HP 84S SN VIR Q LE\
Talaromyces_marneffei LTRPAYELADY Y| THMPLMEDYEEY|SENLSRPRLTKE[QVD TpHAAIQF QA HP 84N SNKIMRE L\
Blastomyces_dermatitidis LPNAP/IDLADJYYHQAALLEDFEQYTENLSRPRLTKQ[OVD TPHAAQEF QAHPEEEN SN V)R O LI
Histoplasma_capsulatum LPNAPIIDLAE|Y Y|HQAAALEDFEEY|TENLSRPRLTKD[®JVD TIBHAIQF QA HP 93N SN VAR O LE\
Microsporum canis VP YHQND I HGEF Y|TT|. GA|IEEYEEYVENLSRPRLTKE[QVE TIBHSOF QAHPREAN SN TR O L\
Trichophyton_tonsurans IPYH|QN|D IHGEF Y|T|T|. GAIEEYEEY[VENLSRPRLTKE[VE IIBYSIOF QAHP3N SN T)R O LA
Ascosphaera_apis GHHV|P[VELANISF|YIQAVT|L|.|. . .EDTESLSRPRLTKE[QVD TIHAAIQF QA HP 94N S S VIR Q L\
Arthrobotrys_flagrans GNHF|P|V|. . I[PRF|TP|. PV|S|GPNEESVKEPRRFKCSRE[QTLAMARILY QQCPi83dN QA TIARD LE\
Alternaria_alternata [.MDS S|GGST|T|. . . APISAPKQPGSDVKPRLTKD[OJHD TIHOHEF LA QHNEYS TN VIUKE FI\

110 120 130 140 150
Aspergillus_nidulans QOTHLSLPRVANERHIPIALAKAIOOKROEE|. .[YERMOKAKAEAEE .AAKRKSESS.VPE. S
Aspergillus_niger AQTNLSLPRVANEANIPIAAKAMMOOKRQEE|. .[FEKMQKAKAEAEE . AARGKSEST.ESS.D
Aspergillus_flavus AQTNLSLPRVANEANIPIAAKAMMOOKRQEE|. .[FERMQKAKTEAEE . AARIKIENA.EKS.E
Aspergillus_oryzae AQTNLSLPRVANEANIPIAAKAPMOOKRQEE|. .[FERMQKAKTEAEE . AARIKIENA.EKS.E
Penicilliopsis_zonata AQTNLSLPRVANEZIEONIIAAKAIMOOKRQOEE|. .FERMQOKAKAQAEE . AARGKSDTA.DQP . E
Penicillium_rubens AQTNLSLPRVANRIEMPIAAKAIMOOKRQOEE|. .FEKMTKAKAEAEE . AARRKSETL.DQL.S
Talaromyces_marneffei VQTNLSLPRVANEINI AL KAJIOOKRQOEE|. .[FERMQREAKEKED . QSKSIKDEEQDYGLP
Blastomyces_dermatitidis AQTNLTLPRVANPZIMIWIAAKAIJOOKRQOEE|. .[FERMOASEKDEQW.QNNDAPQK. ... .. E
Histoplasma_capsulatum AQTNLTLPRVANEANIPIAA KAMMOOKROQEE|. .[FERMQASGNGEQW.KNNDTKQK. .. ... E
Microsporum canis LOTSLTLPRVANEEEINPIAAKAMMOOKRQEE|. .[FEKMQAKEKAMAAEGSENQQQQS. . ... E
Trichophyton_tonsurans LOTSLTLPRVANERENOIEIAAKAIMOQOKRQEE|. .[FEKMQAKEKAMAAEEAESKQ.SA. .. .. E
Ascosphaera_apis MQOTNLTLPRVANEENOIPIAA K APMOOKRQAE|. .[YEKKLAEEKAEKEQNGK. . . ... ..... E
Arthrobotrys_flagrans HAINLSPTRVNIERHOIPIANHRAIMKHKEIQE|. .AKMAQILETAGRERMAKIALGTPMAL. .S
Alternaria_alternata TRLGVPLDKINNUEIRORPIAAKVISODRKKLMNQYNMTMSLPFGHSHVPAM. . . . o v v v v v S
160 170 180 190
Aspergillus_nidulans SDSQRSAEAKDEKKQD. .DSKAPTPKP.S. ... .. KPASDDQ....... KQSEAPAESNH
Aspergillus_niger SK....EDAKDSKDET..DKD|ITPKQSV.E. ... .. NTAERTK...... TPA.PSSSRP|KH
Aspergillus_flavus SN. .P...DVKEET..DKETPKQSS.D...... QTMSDDR. . .... TKTPASNSRSKH
Aspergillus_oryzae SN....P...DVKEET..DKE[TPKQSS.D...... QTMSDDR. . .... TKTPASNSRSKH
Penicilliopsis_zonata SGSTVKAETPDESSNA..S.LAPIQKKSAE TTSSTASTSR..... SHVPATSAPRSRR|H
Penicillium_ rubens GSRKGSI...ANEESE..KSATPKQTP.T...... STS.SGH...... AKTDSTSSRS[KH
Talaromyces_marneffei GCDQKSPIHKDDNSHGTTKSPITPITQAS . . ... ... NYTKDRP ... .. QTSDSSSLSRP|KH
Blastomyces_dermatitidis GES....... KQQSELPESST|TPITQRPAS ISSC. v iiiii i ii SSPLSPAKQEEQ
Histoplasma_capsulatum GAS....... KEQSERLESSATPITQQPDP SSSS . i i LNPSE.VEKEK|Q
Microsporum canis SSDEQQKSEQDQKNSTI .. ..LTN. . TRGA . . . i i i vttt e e e et e et eeenn TSSQGE|H|G
Trichophyton_tonsurans SSDEQQRSEQDQKSSM. ... .S|ITPITDTRGA . . . . v v i vt i it e e e e SSSCSEQEDHG
Ascosphaera_apis GESKEKQESQPQESQTNE . . AEATQAA . & & i i i i it e et ettt et ettt et e e e e ..
Arthrobotrys_flagrans ES........... S.M.SDLETPITSATSA...QSSLPLLTTE...... FNPA....SS|TS
Alternaria_alternata NHY...A..HPQEQQHPHMLMOPDFYPNADISPASLPVQIGEGPSALDLGPQLSLQQHHH
200 210 220

Aspergillus_nidulans ElsNRVASLAS|. .LORAMDRAR]. . .. ... ... oYQ
Aspergillus_niger E|SAREATFAS|. .|LORALINAAV. « v v v v v v v i e v AAR
Aspergillus_flavus JESAREATFA|S|. .|JLORA[ILINJAAV|. v v v v v v v v v v o v AAR
Aspergillus_oryzae . E[SAREATFA|S|. .|[LORALNRAAV|. « v v v v v v v oo AAR
Penicilliopsis_zonata LESAREATFEFA|S|. .JLORAILNRAAN. « v v v v v v e o v v ot AAR
Penicillium_rubens LEISAREATFEA|IS|. .JLORAILNAAIC|. v v v v v v v v e e v ot AAR
Talaromyces_marneffei .DILAQEKTYA|S|. .|ILORA[L|SIAAV]. « v v v v v v v v v v v AAR
Blastomyces_dermatitidis FITTIKITGCPES|. .[POKAMNVISM. « v v v v v v v e e e et PSS
Histoplasma_capsulatum SIIS|IQPGLPEP|. .[POKAMKATM. « « v v v v v v v oo PVS
Microsporum canis .EEKPPIEPRED|Al. .JAGH[QISIKIVIQAl. v v v v v v e e e e e e e e et
Trichophyton_tonsurans .DEEPPEPKFEV|. .VGHT|TEAQV|. « v v v v v v v v vt v v
Ascosphaera_apis .DIKAKAAVPPQ. .[POQITVINAIQ|S|. « v v v v vt e e e et SSE
Arthrobotrys_flagrans P[SSIKIEAAAAIS|. .[LAR|S|I|TIIIAIS|. « v ¢ v v v v v v v v AYA
Alternaria_alternata QQOHQHQQOQOQQQFDMQHGLHSVPEPDRISASYR|SINDLMH|[S[IMAATNGAYMHNSGMSLNAQEP
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Aspergillus_nidulans [ T R o X

Aspergillus_niger DRIYIGODGENS Q .« v v i it e i i e e e e e e e et e e e e e e e e e e e e e e e e e
Aspergillus_flavus EHY[SPDEQGOP v i i i i it it e e e e e e e et e e e e e e e e e e e e e e e e e e
Aspergillus_oryzae EH[Y[SPDEQGOP & v v v i i it it i e e e e e e e e e e e e e e e e e e e e e e e e
Penicilliopsis_zonata DO GRS GV E GE AV A &t vt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e P
Penicillium_rubens DRIFIGRRINPRSKNE & & v v v it et e et e et e et e et e et et i ettt et et aee s S
Talaromyces_marneffei DO | TGP SDDHTI SV G e v v v e v e et e et e et e et e ot e et e ot oot oottt aeean P
Blastomyces_dermatitidis AQEFINQPVENNGPDR. . .« v vttt it ittt it ettt e e e ettt e e e e et e e e e H
Histoplasma_capsulatum AQEFISQPGEDNVP L Rttt ittt i ittt e e e e et e et e e e e e e e e e e e e H
Microsporum canis W EVPNPEP IKLI L ottt e i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e P
Trichophyton_tonsurans ] EIPSSEPAKMI L ittt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e P
Ascosphaera_apis TRISEQPVLPRPSNNAQONG . « & v v i i v e e et et e e e e e et e e e e sttt e e e e e n QR
Arthrobotrys_flagrans SSIYIEGEGVSOGYHP & v v v vt it i e e e e e e e e e e e e e e e e e e e e e e e e e e e e G
Alternaria_alternata EFYDTTGLSNAYSSDLSAFSVPAPMPNDLAPSHPEFDNFADFQLDYSALAATNTSNSASA
240 250
Aspergillus_nidulans = ............ SMGGS|G|. .|S[VSPTTSLPNDA. . . v v v v v v v v v e % P8 I O D
Aspergillus_niger = . ..., SPSMD|G|. .|SVSPTTTFSNNRCGSHDSSRHGQGDLS|S|SE|. .|.[. . . S.QON
Aspergillus_flavus . ........... ATIHE|G|. .|S(VSPTTTYSGMNN. .HGDSRAAQSSST[TPF|SEWENAK.ET
Aspergillus_oryzae = ... ... ATIHE|G|. .|S(VSPTTTYSGMNN..HGDSRAAQSSST[TPF|SEWENAK.ET
Penicilliopsis_zonata PPP......... ADALE|G|. .|SMPSSKMYSL........ DERSQTALNP|TIFIPEWETPAEST
Penicillium_rubens VPEED....EEEEAVSPG|. .[SMPPPKAVT...... PANDHGNLANIN|S|SIFISGWSGIK.EE
Talaromyces_marneffei TDR. ... v oo o« .]-]. - -AFDVRQTNIPVPSANNTPQTSAN|STILSEWGSSR.DS
Blastomyces_dermatitidis ................. El. .[S]SAITYHLSQ..... SPSGKNGGSTF T|S|S|L|SGWNGME . DN
Histoplasma_capsulatum  ................. G|. .[P[SDIKYHFPQ..... SSLGNDDCGTFP|SN[LICGWNGIE.DN
Microsporum_ canis SPPMK...... EDQEMS|G|. .[N[VVD. .MHN. ... .. TAQPPFSQPGVD[SHIFIQQWG. . . ...
Trichophyton_tonsurans SSPIK...... DSQEMS|G|. .|TMTT. .MHNN. . ... TAQPSFSRPETN|GHFQQWA . ... ..
Ascosphaera_apis SQPQSTGNVNQQONFEHHGAT|SVSPAISV. ... ... .... NVVPDQTIH|V|QYPEWGNAGYHQ
Arthrobotrys_flagrans = . ........... AAPYD|G|. .|LPPPNYSLD......... PYDPNFYPV|SIN|F|SDWGSSY .NS
Alternaria alternata EAQQSTGSISSDASPYNGTOQIS|SGTTQSP . ... ... NGPTPPSIASLN|SVY|[TGWTEDP. . .
260
Aspergillus_nidulans SAVWSSVNST . .NGE. . ... S =7 =
Aspergillus_niger ATISWTSQ.SS..QGALGYVTISIGESLTIPGMDGTQ. .. .. HDAGHD..SMQ..NV......
Aspergillus_flavus AMSWSASQSP..QEHLGYS .AAESLTVPELDGSH. .. .. QNVQHS....D..TL......
Aspergillus_oryzae AMSWSASQSP..QEHLGYS .AAESLTVPELDGSH. .. .. QNVQHS....D..TL......
Penicilliopsis_zonata SILITWTPSQSP . .EDTFSYGN|LNAATSFTSMVESLSVAEMETPQQS..FRR. ... ... ...
Penicillium_ rubens PAISWGSAE .H. .NDNVGYSTITEQTSYSTSCHQAM. .ADISNPSHS. .MQQ..NLDVYS. .
Talaromyces_marneffei S|II|AWTPSQSP . .EEGYEFGS[LINNVPFASEVA. ... .. QMDNSPNP..DVS..TSHGFG. .
Blastomyces_dermatitidis HAIWPSPQGA..EDSFDFGHLNRHHDNPLEIRV. ... ... ... ...... Q..GSPHFP..
Histoplasma_capsulatum HAIWSSSQDI..EDHIVFPHLNKPHGNPLEICV. .. ... ... .. ..... S..ESQQFP..
Microsporum canis o.|-]-]-PTPVP..QIEVRVGSADAHPVATSAP.IM...ELDSNGYWSPDSSGIVNQPFT. .
Trichophyton_tonsurans -|-|-|]-STGVP..QIGVNVGSADAHTVSTAAP .VM...EIDSNGYWSPDSSGLVSQPYT. .
Ascosphaera_apis DAIGIQ[. « « v v v v PT...... e
Arthrobotrys_flagrans S|VISYTPTPAGQREDPFEFDNMSALNS .+ . v v v v v v e e e e PYHNAPL.SG.VPPVFQDD
Alternaria_alternata SIOMAHPKQVEEPEDQFAPYSILIAQASA .« v v v v v v v v SEQTLPFW. ... ..o .. P..
270 280 290
Aspergillus_nidulans = ... ... ... .00 0000 LENSQSFSDY........ RSASDA. .. ........ GAS|Y|N
Aspergillus_niger = .. .... QF .HPSQNEDWSHPLQTSKSLSGY . ... .... RSASDA. . . v v oo u.. EVS|YIN
Aspergillus_flavus = . ..... QF .HSSQNEEWSGQVQGTKSFPGY........ HSSNDA........... EAS|Y|S
Aspergillus_oryzae = ...... QF .HSSQNEEWSGQVQGTKSFPGY........ HSSNDA........... EAS|Y|S
Penicilliopsis_zonata = ............ PSDGWSHHHHQHQHHNHHRHHHHMQEHVSKHHHP . ... ... SASAMEV
Penicillium rubens = ...... NH.LPPHTEEWSED. .. .. ... .. ........ RESRHD........... NLV|Y|S
Talaromyces_marneffei = ...... SI.TSRSQOMWNPQFQOGRAE ITHA . &« & v i i i e e e e e e e e e e e e e e e e SDPM|Y|G
Blastomyces_dermatitidis ...... SIQFSHEPDGWGYHSMP . .HLVG. ... .. EQRHNSQDS . ... .. .. ... GDGIF|Y
Histoplasma_capsulatum  ...... CIQFNHEPGEWECHSMP..HLMG. .. ... KQRNSSQDL. ... ....... GEG|FH
Microsporum canis = . .... DLLCNGSSPEELPCQVOPD T TP E S i v i i i e e e e e e e e et e et e e e e e e e e QSF|M
Trichophyton_tonsurans  ..... ELLCNNSSPEDLSCQVOPTTTAET .« ¢ v v vttt ettt it e e e eeaaees QSFM
Ascosphaera_apis = . ........ ELPFRDTWGTSFAGNGSTE . . o ot i it ittt it ittt e e e e as MV|S|G
Arthrobotrys_flagrans YSAFAAAVQMNSMPKAMNMNLKSRPVPS . . . . . ittt ittt e e e e GLV|LK
Alternaria_alternata =  .............. QODGSSQMYPQSNFY....... QQSNTSAHAILSTPEQARKLSAAPS
300 310
Aspergillus_nidulans SMOFALQ. . . ... ADAANARRA[SR LETGOTARP[Gl. « v v v v e e e e e
Aspergillus_niger GVIQYPILIQ. . . ... QDLSLPRR|G|S|S . ELADITLEGI|GIN. ..... THPSS
Aspergillus_flavus AAQYT|LH. .. ... PESSLSRR|G|S|S . DLADSLEGIGIH...... AA. . ...
Aspergillus_oryzae AAQYT|LH. .. ... PESSLSRR|G|S|S . DLAD|ISLEGI|GIH...... AA.. ...
Penicilliopsis_zonata SF|ITYP|S|. .. ... AASMEF TRR[G|S|S . DLAD|SLEEHIGID...... ATDSV
Penicillium_rubens NMQYPMPM. ..QAPDISVTRRIEIS|S . ALTS[SLEGIGIC...... TTGQS
Talaromyces_marneffei SILISYS|S|ILQ. . .PPSATSSR[RP|S]A[S . ELAD|ISI|SGIGIN. ... .. TAALA
Blastomyces_dermatitidis QIPFHALQ...SPLYPEEPRRD|S|Y. ELADITLEFHTEIN. ..... NVIELSP
Histoplasma_capsulatum PIIIPFHALQ...SPLYPDEHRRG|S|S . ELADTLFHTEIN...... SMIETSP
Microsporum canis QISIPMPILIYS . .. .SQNLVNQRHV|S|L . DI|..|.SPRS|GPN...... SDSELTH
Trichophyton_tonsurans PISELP|LIYS. .. .SQSIVNQRHV|S|L. DI|..|.S|PSSIGPN...... SDPESTH
Ascosphaera_apis VIIPMPICIT...... PLMEEHEH|.|.|. . ... ... ... DMVSPMVNTPIVSTMETPATSVQISP
Arthrobotrys_flagrans NISDRPAFSRVATCPDLSNV[ES|IIISMQQTHRPMHTSSET|SSPVILEN|GPKQL . . . .. ... ...
Alternaria_alternata DLDIPLHF..... REDAFARRNSIS. . . v v v v v SSINLIANNMDATIH. « v v v v v v v v v v v
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320 330 340 350

Aspergillus_nidulans ... ... KKPARSL[ISLPAETDR.GLPRVGISRSTSMLS.TS. .[IM

Aspergillus_niger ....QLVN....EGD..RSSWKEPSKE|LDLAARRKRPRPAAIGTSRSSSMLT.GSS.[TM
Aspergillus_flavus ....GLPI....RTD..RSSWKEAGKE[LDLAARRKRPRPAAIGTSRSSSMLA.GSAA|SM
Aspergillus_oryzae ....GLPI....RTD..RSSWKEAGKE|LDLAARRKRPRPAAIGTSRSSSMLA.GSAA|SM
Penicilliopsis_zonata ....HLNP..... QRVDPAAWKEPGKELDLAARRKRPRPAAIGTSASGRSSLAAGTV|SM
Penicillium_ rubens ....GLSQ....PVDRVEATWKEPGKELDLAARRKRPRPAAIGTSGTRPLANSTSMS|S L
Talaromyces_marneffei P SMDSSMWRRPEKELDIAARRKRPRPAAIGTAHHRLS...TNPSMV
Blastomyces_dermatitidis QONTPHLNLAQLHHQAEPSTNWRYPEKEVDIAGRRKRPRPAAIGTSSMSRS...YGPS|SM
Histoplasma_capsulatum RNTPHLNMAQLRHQVDPTTNWR[YPEKE[VDIAARRKRPRPAAIGTPAMSRS...YGPS|SV]
Microsporum canis SE..G........ ROLPRLH|ISTSDNAIGLAARRKRPRPAAIGTSGLSRAL. .GGPPISM
Trichophyton_tonsurans PE..G........ ROPPRLHISTSDNA[IGLAARRKRPRPAAIGTSGFGRTV. .GGPV|SG
Ascosphaera_apis MAP......... PTVDNMDTWRQFKKEVDIAARRKKPRPAAIGTATLGRSFE..TGPS|SV]

Arthrobotrys_flagrans .AAPGM........ ERSQSYTERPSLQQEIALRRLRPMPPSLGPNARTQRIFHG.KING
Alternaria_alternata = ............ IRNSTPDGEQPPDQQSSIAARRQK.RPVNLSSSAMRSASYSA..PMS

360 370 380 400
Aspergillus_nidulans PT|TRG|. .QNY . .GT. . .[VKIQSKSJAQNLG|. .. .|SRYAGVRKPS|.A S|T|F|AE A|G|V L
Aspergillus_niger PS|TRL|. .PSY..GNGHA|VRIQSKS|AQGLN|. . . .|SRYAGVRKASAA S|T|F|AE A|G|A L
Aspergillus_flavus PT|TRL|. .PSY..GSAPG[VRIQSKS|AQCILN|. . . .|SRYAGVRKASAA S|S|F|AE A|GIA L
Aspergillus_oryzae PT|TRL|. .PSY..GSAPG[VRIQSKS|AQCILN|. . . .|SRYAGVRKASAA S|S|F|AE A|GIA L
Penicilliopsis_zonata PTITRL|. .PSSLGATGHS|VRQTKSAQS|LN|. .. .[SRYAGVRKV S|VA] S|T|F'|A|E A|G|A L
Penicillium_rubens PTARM. .PSS..GAGNSMRIQSKS|ITQSILN|. .. .[SRYAGVRKASAA T|.|F|AD S|G|S T
Talaromyces_marneffei PNARM. .ATF..GAPHT|IRHAKS|SHTLG|. .. .|SRYAGVRKLSAT S|S|F|AE AJA|T A
Blastomyces_dermatitidis PT|TRI|. .HGM..GAGHVLRHAKSITQNLSPSHT|SRYP[IGIRKASAP T|S[F|AEA[S|ILF
Histoplasma_capsulatum PT|TIRI|. .QGM. .GAGHILRHAKSTONLSP .. .NRYP|GIRKAS|VA T|S|F|GE A|SRF
Microsporum canis PTRRV|. .SSA. . .AWGGVRKSISQLAELS|. .. .PRYASVRKLS|IGS S|LIE|GR QH|A L
Trichophyton_tonsurans PTRRV|. .SSA...AWSGVRKSISQLAE|LS|. .. .[PRFGGMRKIS|GS S|L|E|GR A|H|A L
Ascosphaera_apis PT|LIGVITRPGYGPGHCHT|LRIQTKS|TQSLGHSAR|SRLISGIRKTS|YN S|S|F|TE N|S|L L
Arthrobotrys_flagrans HS|. . o|. oot VHGTP|LPITPPSDADFG|. .. .|. .. .NATVQHKL S|K[E|H|S ..
Alternaria_alternata PG e GNGDKV[IRRIRSISGIPNA. .GGRV.QKSQPGSA [S|.[E[SIDAAA S|
410 420 430 440 450
Aspergillus_nidulans S.SAKT .ELSTMfQ?V.TTNSLZ—\PPTPLTPEDLHHLﬁTTPSTDGYCLSAQPTAHLF
Aspergillus_niger G.S.KA....DMSSM[LIQPAVTTGGLAPPTPLTPEDLHHLILP|TTP SD|GG[YCLSJAQPTSQLF
Aspergillus_flavus G.TSKP....EMSSMLISPAVTTGGLAPPTPLTPDDLHHF|IPINTPSD|GGYCLSAQPTSQLF
Aspergillus_oryzae G.TSKP .EMSSML|SPAVITGGLAPPTPLTPDDLHHF|IPNTPSDGG[YCLSAQPTSQLF
Penicilliopsis_zonata S.AAKA....... EM[LQPISVSANT|LAPPTPLTPEDFQHLLPPASPEGGYCLSAHPASQQL
Penicillium_ rubens K.o.o.oo.oo0.. KAEKMLRPISISTTS|LAPPTPLTPQDLIQHFMPASPTDSNYCLSAHSTAHFF
Talaromyces_marneffei A.AANASSESRQKHR|[LHTISASVGNLAPPTPLTPEDFQHMLLTPTTSDTIQMN .|.FSTPHLT
Blastomyces_dermatitidis N.CANAT....DMMS|TVPGLVTTTI|LAPPTPLTPEDLRTL|LPPTPND|SQYCVSPTDDM. ..
Histoplasma_capsulatum N.CANTA....DLMS[TLPGLVTTS|LAPPTPLTPEDLQTL|LPP|ITPND|SQYCVSPTDDM. . .
Microsporum canis S.NT......... DLAVIPISSTTSS|[IPPATPLTPDEMQYLILPPITPIDNQYCLSPQEEM. . .
Trichophyton_tonsurans S.NA......... DLAVPPSTTSS|IPPATPMIPDEMOQYL|ILPIPITPIDNQIYCLSPQEEM. . .
Ascosphaera_apis G .TISPLATPMTPDGARSLMPPTPNDAYA.YSMPECP. ..
Arthrobotrys_flagrans = . ....... .. ... old]e o e e na oo .PDIVPDILESD|GG|F . « +|. v v v v oo
Alternaria_alternata e T IGHGGSLAPPTPLTPOQODFEGNYWG|GAA. .|. .[.VIRPHSAMPDH
460 480 490
Aspergillus_nidulans = ...... P|TIT QP MQ I|N|I|A|S TP LIGMD|IIMS . . .SYP|YH[S[VAP A
Aspergillus_niger = .. .... P|ITITQPMQ I|N|I|A|S|. TPLA[VD[VILS . . .SYP[Y|QGVAP A
Aspergillus_flavus = . ..... P|TITQP MQ I|N|I|A[S|. TPMAMDMILS . . .TYQ|YH|S[VAP A
Aspergillus_oryzae = ...... PITITQPMQ IN|IA[S|. TPMAMDMILS . ..TYQ|Y|H|S[VAP A
Penicilliopsis_zonata FQTSTTRATITQPMQI|H|TA[S|. TPLITME|VILS . . . PFAYTTILAP A
Penicillium rubens = ...... P|T|SQP MQV|NMA|S TPL|.[.DII]YS...PFP|Y|QNVAP A
Talaromyces_marneffei DTQGNFPVITQSMQ INVIA|S| TPLTLDVIFS...AMQ|Y|QNMAP P
Blastomyces_dermatitidis GCARFF|P|I|SQPMQVH|IES|. TP LH|LIGVIPS . . . HLQ[Y|QISMGV S
Histoplasma_capsulatum GCARLF[PM[SQPVQVHIES TPLHL|GV|QS . . . HLQ|F|Q|SMGV S
Microsporum canis GYAHSF[P|T|SQSMNF|DEN|Q| PEFVMVIGMPH. . .AQS[Y|QIS|FTE P
Trichophyton_tonsurans GYSHSFPITISQSMTEFDE|C|Q|. PEVMVIGMPH. ..PQS[Y|QQFTE P
Ascosphaera_apis SYA..APPPTGMSLEPE|S TPFNFEYGMPRP S LHH|T|S[FVP P
Arthrobotrys_flagrans = .. ... TINJEDAP I KQNI|L|A|S TPE|TAGLAAVNGSFKEE[.|.[. . .|. Q
Alternaria alternata = ...... NSPESMHTINWS|SPQAGNVIAKTTS SSLD|LJQISIRFVND . . ALJYRDTP A
500 510 520 530
Aspergillus_nidulans NE CD.GSF[QGRNWE . ATSMP[S[PEVPFQ[S|[QCH. .. .Q. .M
Aspergillus_niger HIY' ..CE.APLITIGRSWTDATSMPISPEASFQ|SPCQ. .. .LPQA
Aspergillus_flavus H|Y' . .CEGAPL|TIGRS[WTGANSMPISPEAAFQNRVP ... .ITQA
Aspergillus_oryzae H[Y' . .CEGAPL|TIGRS[WTGANSMPISPEAAFQNRVP ... .ITQA
Penicilliopsis_zonata Oy . .SCEVPL[TARSWAEAVPMPISPEMNFA|VIGMP . . . .PSIA
Penicillium_rubens o[V ..CDSVPIPARSWADTGSISISPEYPAG|LQVP....HS.S
Talaromyces_marneffei QY .. ITSEPL|T|GVSWAVSTPDA|S|L...FPISISLQO. . ... SOR
Blastomyces_dermatitidis [QR .. VPTNPMNGGLWSDVSSMPISPETSHL|QQPT. .IHMPQP
Histoplasma_capsulatum O[H! .. IPTNPMSIGGHWPDASSMSISPETSHL|QQPT. .IHMPQP
Microsporum canis N|F .CGQQQQIQQQALTSSEADP|S|. . . ... JLNV..IHMPRP
Trichophyton_tonsurans N|F CGQQQOQ|.HHP|LISSSEAET|S|. « « . . . LNV ..IHMPRP
Ascosphaera_apis N|Q PDSNNF .MPIPGSAPGTAAGPHAMSDYAWSTGSS .LISPDTPHL|IQINSH. .FSHPHT
Arthrobotrys_flagrans QY TKMLEQSSPIVSTAAFDGHSDFQPNVEHWISGHPQPY(WTPHGQ|SDNHVNYDISQQ
Alternaria_alternata [TIO PRTSYMOQ. . oo v v v v v v v n QPOMRAA[|. « v v v .. l.J. .. .FHSTTDLTIQQPKP
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