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Table 3. Exometabolites found in Aspergillus candidus and A. dobrogensis
Species, isolate numbers
A. candidus A. dobrogensis
Exometabolite™ 9 © 2 N e e o 5o o o S 2
e g3 ® g hHIdk 8338 IJ 88
O F ® 4 < O < 16 ¥ § ¥«  © © d
17 S S I E o < O I IO T I T L~ w w O O wu
m O O £ O O O O O 7 O O kE £ o
O O O zZ O O O O O =2 O O o o O
Aspergilazine A + + o+ +
Barceloneic acid C + + +
Brevianamide F + + o+ o+ + + o+ o+ + + O+ + + o+
Candidusin A +
Candidusin B + o+
Chlorflavonin + + o+ o+ + + o+ o+ + + + + o+ 4+ o+
Sphaeropsidin A + + + 4+
Terphenyllin + + o+
3-Hydroxyterphenyllin + o+ o+
12,13-DDB E* + o+ + o+ + o+ + o+ o+
12,13-DDB E* derivative 1 + o+ + o+ o+
12,13-DDB E! derivative 2 + o+ + o+ o+
12,13-DDB E! derivative 3 + o+ + o+ o+
12,13-DDB E* derivative 4 + o+
“ALKO” + o+ + 4+
“AQRED 178 + + o+ o+
“AQ RED 2”8 + o+
“Aspergiloid1” + + 0+
“Aspergiloid2” + + 0+
“Aspergiloid3” + + 4+ +
“Aspergiloid3a” + o+
“Aspergiloid4” + o+ +
“Aspergiloid5” + + + + 4+ + + o+
“EMI” + o+ o+
“MOYN” + o+ +
“MYO” + + + +
“Paspal” + + + + + 4+
“Paspa2” + + + + + + + + 4+
“Paspa3” + + o+
“Paspa4” + o+
“TAROT” + o+
“TAROT2” +
“TUT” + + 4+ +
“VERN2” +
“Indole alkaloid 1” + +
“An extrolite with a +
benzomalvin chromophore”
* The metabolite names in quotes are characterized by a characteristic UV spectrum, but their structure has not
been elucidated
 Absorption maxima and alkylphenone retention indexes of all detected exometabolites are listed in Table S1
112,13-dehydrodesoxybrevianamide E
§ A red anthraquinone-like extrolite
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Table 4. Antifungal susceptibility profiles of Aspergillus section Candidi members determined by EUCAST 9.3 reference method.

MICs (mg L'Y)"

Species (No. of tested

isolates) Terbinafine Posaconazole Isavuconazole Voriconazole Itraconazole Amphotericin B
Range GM” Range GM Range GM Range GM Range GM Range GM
A. campestris (1) 0.125 - <0.03 - 2 - 1 - <0.125 - 1 -
A. candidus (14) <0.03-4 0.26 <0.03-0.5 0.09 <0.125-2 0.48 <0.125-1 0.61 <0.125-0.5 0.26 0.06-1 0.21
A. dobrogensis (13) <0.03-0.25 0.12 <0.03-0.5 0.16 0.125-2 0.45 0.5-1 0.81 <0.125-0.5 0.21 0.125-1 0.20
A. pragensis (5) 0.06-0.25 - <0.03-0.5 - <0.125-2 - <0.125-1 - <0.125-0.25 - 0.06-0.5 -
A. subalbidus (3) 0.064 - 0.06 - 2 - 1-2 - 0.25-0.5 - 0.25-1 -
A. taichungensis (1) 0.5 - <0.03 - 2 - 2 - <0.125 - 1 -
A. tritici (7) 0.125-0.5 - <0.016-0.125 - <0.03-2 - <0.06-1 - <0.016-0.25 - 0.06-1 -
All isolates (44) <0.03-4 0.19 <0.03-0.125 0.09 <0.125-2 0.45 <0.125-2 0.56 <0.125-0.5 0.19 0.06-1 0.22

*In order to calculate the GM (geometric mean) and MIC (minimum inhibitory concentration), off-scale MICs (< 0.03 and < 0.125 mg/L) were translated to 0.03 and 0.125, although recognising that this
may lead to a slight overestimation of the actual values. GM was calculated for >10 isolates tested per species.

*
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Table S1. Retention indices and UV absorption maxima for extrolites detected in Aspergillus candidus and A. dobrogensis
Exometabolite” Alkylphenone retention index? UV absorption maxima (nm)*
Aspergilazine A 767 200, 216, 275sh, 282, 293sh
Barceloneic acid C 781 193, 225, 244, 275
Brevianamide F 720 220, 275sh, 282, 293sh
Candidusins (B, A) 990, 1083 213, 238sh, 280, 295, 334
Chlorflavonin 1053 204, 265, 313sh, 352
Sphaeropsidin A 1078 244
Terphenyllin 869 207, 225sh, 273
3-Hydroxyterphenyllin 819 207, 225sh, 273
12,13-DDB E*} 697 217,268
12,13-DDB E? derivative 1 766 201, 219, 272
12,13-DDB E¥ derivative 2 777 204, 219sh, 269
12,13-DDB E* derivative 3 783 202, 219sh, 265
12,13-DDB E? derivative 4 814 193, 218, 281
“ALKO” 924 192,217,272
“AQRED 17 827 211,251, 327, 446
“AQRED 2” 825 223,278, 365, 432
“Aspergiloid1” 852 298
“Aspergiloid2” 885 204, 245, 320
“Aspergiloid3” 982 204, 220sh, 298
“Aspergiloid3a” 866 200, 300sh, 339
“Aspergiloid4” 994 225,326
“Aspergiloid5” 1003 230, 253sh, 325
“FMI” 1066 202, 226sh, 299
“MOYN” 787 204,298
“MYO” 801 202,242,297
“Paspal” 1344 232,277
“Paspa2” 1355 235,278
“Paspa3” 1133 218,270,310
“Paspa4” 1123 235,278
“TAROT” 740 215, 250, 302
“TAROT2” 746 215,250, 302
“TuT” 613 204,271,377
“VERN2” 686 208, 291
“Indole alkaloid 1” 677 220, 275sh, 282, 293sh
Anextrolitewitha 1049 203, 225, 269sh, 276sh, 300sh, 314sh
benzomalvin chromophore
* The metabolites named in quotes have characteristic UV spectra, but none of their structures have been elucidated yet
T Determined according to Frisvad & Thrane (1987, 1993)
t sh, shoulder peak
$12,13-dehydrodesoxybrevianamide E

*


http://www.editorialmanager.com/ijsem/download.aspx?id=246661&guid=c139c28e-0870-44b8-89ab-c069acd41eb1&scheme=1
http://www.editorialmanager.com/ijsem/download.aspx?id=246661&guid=c139c28e-0870-44b8-89ab-c069acd41eb1&scheme=1

Supplementary Material Files Click here to download Supplementary Material Files Hubka et =
al. marked up version.docx

Polyphasic data support the splitting of Aspergillus candidus into two species; proposal

of A. dobrogensis sp. nov.

Running title: Splitting of Aspergillus candidus

Vit Hubka?*, Alena Novéakovéa?, Zeljko Jurjevic®, Frantisek Sklenai*?, Jens C. Frisvad*, Jos
Houbraken®, Maiken C. Arendrup®, Karin M. Jargensen®, Jodo P. Z. Siqueira’®, Josepa Gené®

and Miroslav Kolafik!?

! Department of Botany, Faculty of Science, Charles University, Prague, Czech Republic

2 Laboratory of Fungal Genetics and Metabolism, Institute of Microbiology of the Czech
Academy of Sciences, Prague, Czech Republic

3 EMSL Analytical, Inc., Cinnaminson, New Jersey, USA

4 Department of Biotechnology and Biomedicine, Technical University of Denmark, Kongens
Lyngby, Denmark

® Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands

® Unit of Mycology, Department of Microbiology & Infection Control, Statens Serum Institut,
Artillerivej 5, DK-2300, Copenhagen, Denmark

"Laboratdrio de Microbiologia, Faculdade de Medicina de S&o José do Rio Preto, 5416
Brigadeiro Faria Lima Ave., 15090-000, S&o José do Rio Preto, Brazil

8Unitat de Micologia, Facultat de Medicina i Ciéncies de la Salut, ISPV, Universitat Rovira i

Virgili, Reus, Spain

*corresponding authors e-mail: hubka@biomed.cas.cz; phone: +420 739663218

Key words: antifungal susceptibility testing, antioxidant compounds, bioprospecting, cave
mycobiota, indoor fungi, multispecies coalescence model

contents category: new taxa (Eukaryotic micro-organisms)

The GenBank/ENA/DDBJ accession numbers for the ITS rDNA, B-tubulin, calmodulin and
DNA-dependent RNA polymerase Il, second largest subunit sequences of the ex-type strain
CCF 46517 of Aspergillus dobrogensis are LT626959, LT627027, LT558722 and LT627028,

respectively.


mailto:hubka@biomed.cas.cz
http://www.editorialmanager.com/ijsem/download.aspx?id=246666&guid=51ee6efc-8684-454e-9da6-b73bf2fe301e&scheme=1
http://www.editorialmanager.com/ijsem/download.aspx?id=246666&guid=51ee6efc-8684-454e-9da6-b73bf2fe301e&scheme=1

The MycoBank (http://www.mycobank.org) accession number for Aspergillus dobrogensis is
MB821313.

Abbreviations: benA, fragment of the B-tubulin gene; Bl, Bayesian Inference; CaM, fragment
of the calmodulin gene; EUCAST, European Committee on Antimicrobial Susceptibility
testing; GM, geometric mean; ITS, fragment containing ITS1, 5.8S rDNA and ITS2 region of
rDNA; MIC, minimum inhibitory concentration; ML, Maximum Likelihood; MSC,
multispecies coalescent model; RPB2, fragment of the DNA-dependent RNA polymerase I,
second largest subunit.



Abstract

Aspergillus candidus is a species frequently isolated from stored grain, food, indoor
environment, soil and occasionally also from clinical material. Recent bioprospecting studies
highlighted the potential of using A. candidus and its relatives in various industrial sectors as a
result of their significant production of enzymes and bioactive compounds. A high genetic
variability was observed among A. candidus isolates originating from various European
countries and the USA, that were mostly isolated from indoor environments, caves and clinical
material. The A. candidus sensu lato isolates were characterized by DNA sequencing of four
genetic loci, and agreement between molecular species delimitation results, morphological
characters and exometabolite spectra were studied. Classical phylogenetic methods (Maximum
likelihood, Bayesian inference) and species delimitation methods based on the multispecies
coalescent model supported recognition of up to three species in A. candidus sensu lato. After
evaluation of phenotypic data, a broader species concept was adopted, and only one new
species, A. dobrogensis, was proposed. This species is represented by 22 strains originating
from seven countries (ex-type strain CCF 4651T = NRRL 628217 = IBT 32697" = CBS
1433707) and its differentiation from A. candidus is relevant for bioprospecting studies because
these species produce different exometabolite profiles. Evaluation of the antifungal
susceptibility of sect. Candidi members to six antifungals using the reference EUCAST method
showed that all species have low minimum inhibitory concentrations for all tested antifungals.
These results suggest applicability of a wide spectrum of antifungal agents for treatment of

infections caused by species from sect. Candidi.



Introduction

Aspergillus section Candidi [1] currently encompasses six white- or yellow-sporulating
species [2-4]. Apart from their morphology, which is broadly uniform across the majority of
species, the taxonomy of the section is based on the physiology, exometabolite profiles and
molecular data [2, 3]. Aspergillus candidus is the best known member of sect. Candidi. It is a
xerophile and commonly found on stored grain, where it can decrease the grains’
germinability. It is also frequently encountered in the indoor environment, on stored food and
feedstuff (seeds, spices, grain products, nuts, dried products) and in soil [5-10].

Aspergillus candidus produces many bioactive compounds including anti-oxidative
[11-14], cytotoxic [15], antitumor [16] and antimicrobial [11, 17, 18]. The species also has the
potential to be used in biotechnology and waste degradation, as a result of its significant
production of extracellular enzymes (e.g. acetamidase, inulinase, lipase, xylanase, etc.) [19-
24] or in food manufacturing processes [25-28]. A variety of superficial and invasive
infections have been attributed to A. candidus [29]; however, at least some of these cases were
presumably caused by a related species A. tritici [2, 30, 31].

A considerable genetic variability was observed among A. candidus isolates during our
previous studies on cave and indoor mycobiota and clinical fungi. In order to substantiate the
initial finding, we assembled A. candidus strains isolated from various substrates in different
European countries and the USA. We conducted DNA sequencing of four genetic loci,
classical phylogenetic analysis, coalescence analysis, analysis of morphology and
exometabolite spectra, and physiological testing in order to elucidate whether the detected
level of genetic variability reflects undescribed species diversity or a high infraspecific
variability.

Materials and Methods

Molecular studies. DNA was extracted from seven-day-old colonies with the ArchivePure
DNA yeast and Gram2+ kit (5PRIME Inc., Gaithersburg, Maryland) using modifications
described by Hubka et al. [32]. The ITS rDNA region was amplified using forward primers
ITS1 and ITS5 [33] and reverse primers 1TS4S [34] or NL4 [35]; partial benA gene encoding
B-tubulin using forward primers Bt2a [36] or Ben2f [37] and reverse primer Bt2b [36]; partial
CaM gene encoding calmodulin using forward primers CF1M or CF1L and reverse primer
CF4 [38]; partial RPB2 gene using forward primers fRPB2-5F [39] or RPB2-F50-CanAre
[40] and reverse primer fRPB2-7cR [39]. The PCR protocol was described by Hubka et al.

[2]. RPB2 gene fragments were amplified using standard or touchdown thermal cycling [41].
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PCR product purification followed the protocol described by Reblova et al. [42]. Automated
sequencing was performed at Macrogen Sequencing Service (Amsterdam, The Netherlands)
using the forward and reverse primers. Sequences were inspected and assembled using
Bioedit v. 7.1.8 (www.mbio.ncsu.edu/BioEdit/bioedit.html). Obtained DNA sequences were
deposited into the ENA (European Nucleotide Archive) database (Table 1).

Phylogenetic analysis. The ITS rDNA region was not used for phylogenetic analysis due to
its low number of informative positions as recognized previously [2-4]. Alignments of the
benA, CaM and RPB2 regions were performed using the G-INS-i option implemented in [43].
Alignments were trimmed, concatenated and then analysed using Maximum Likelihood (ML)
and Bayesian Inference (BI) analyses. The alignments is available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad.pg143.

A suitable partitioning scheme and substitution models (Bayesian information
criterion) for analyses were selected using greedy strategy implemented in PartitionFinder
v1.1.1 [44] with settings allowing introns, exons and codon positions to be independent
partitions. The optimal partitioning scheme for ML analysis divided the dataset into five
partitions with the following substitution models: K80+G substitution model was proposed
for the benA and CaM introns; HKY+G model for the 3 codon positions of benA and CaM;
TrN+I model for 1% codon positions of RPB2, benA and CaM; HKY model for 2" codon
positions of RPB2 benA and CaM; and HKY+G model for the 3 codon positions of RPB2.
The ML tree was constructed with 1Q-TREE version 1.4.4 [45] with nodal support determined
by non-parametric bootstrapping (BS) with 1000 replicates. Aspergillus petersonii CCF 4999
was used as an outgroup.

Bayesian posterior probabilities (PP) were calculated using MrBayes 3.2.6 [46]. The
optimal partitioning scheme and substitution models were selected as described above. The
optimal partitioning scheme for BI analysis was similar to that for ML analysis except for the
GTR+1 model proposed for the 1% codon positions of RPB2, benA and CaM. The analyses ran
for 10 generations, two parallel runs with four chains each were used, every 1000th tree was
retained, and the first 25 % of trees were discarded as burn-in. Convergence was assessed by
examining the likelihood plots in Tracer v. 1.6 [47].

Species delimitation using methods based on the multispecies coalescent model (MSC)
and species tree inference. Three single-locus species delimitation methods, i.e., L(GMYC
[48], GMYC [49] and mPTP [50], and one multi locus species delimitation method STACEY
[51] were used to find putative species boundaries within isolates identified as A. candidus.

We followed Carstens et al. [52] and compared the results of several different methods. Three
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genetic loci (benA, CaM and RPB2) were analyzed. Nucleotide substitution models for
particular loci were determined using jModeltest v. 2.1.7 [53] based on Bayesian information
criterion (BIC) and were as follows: K80 (benA), TrNef+l (CaM), TrN+I (RPB2).

Single locus ultrametric trees were constructed using a Bayesian approach in BEAST
v. 2.4.5 [54] with both Yule and coalescent tree models. These trees were used as an input for
the bGMYC and GMYC methods. Chain length for each tree was 1 x 107 generations with 25
% burn-in. The highest credibility tree was used for the GMYC method and 100 trees
randomly sampled throughout the analysis were used for the bGMYC method. Both methods
were performed in R 3.3.4 [55] using bgmyc [48] and splits (SPecies' LImits by Threshold
Statistics) [49] packages. The non-ultrametric trees for the mPTP method were constructed
using the ML approach in RAXML v. 7.7.1 [56] and 1Q-TREE v. 1.5.3 [45] with 1000
bootstrap replicates. The mPTP programme was used with the following setting: Maximum
likelihood species delimitation inference (option ML) and a different coalescent rate for each
delimited species (option multi).

The multilocus species delimitation was performed in BEAST v. 2.4.5 with add-on
STACEY v. 1.2.2 [51]. The chain length was set to 5 x 10® generations, priors were set as
follows: the species tree prior was set to the Yule model, growth rate prior was set to
lognormal distribution (M =5, S = 2), clock rate priors for all loci were set to lognormal
distribution (M =0, S = 1), PopPriorScale prior was set to lognormal distribution (M =-7, S =
2) and relativeDeathRate prior was set to beta distribution (.= 1, f = 1000). The output was
processed with SpeciesDelimitationAnalyzer [51]. We also tested possible influence of strict
and relaxed clock models on the results, but we did not find any differences.

The species tree was inferred using *BEAST [57] implemented in BEAST v. 2.4.5.
For this analysis, only unique combined nucleotide sequences were selected with DAMBE v.
6.4.11 [58]. The isolates were assigned to a putative species according to the results of the
above-mentioned species delimitation methods. The MCMC analysis ran for 1 x 102
generations, 25 % of trees were discarded as a burn-in. The strict molecular clock was chosen
for all loci and population function was set as constant. Convergence was assessed by
examining the likelihood plots in Tracer v. 1.6 [47]. We also constructed the tree with the
same settings as above, but with each isolate defined as separate species.

The validation of the species hypotheses was performed in BP&P v. 3.3 (Bayesian
phylogenetics and phylogeography) [59]. The isolates were assigned to the species based on
the results of species delimitation methods and the species tree inferred with *BEAST was

used as a guide tree. Three different combinations of the prior distributions of the parameters
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0 (ancestral population size) and 1o (root age) were tested as proposed by Leaché and Fujita
(2010), i.e., large ancestral population sizes and deep divergence: 6 ~ G (1, 10) and 10 ~ G (1,
10); small ancestral population sizes and shallow divergences among species: 0 ~ G (2, 2000)
and 10 ~ G (2, 2000); large ancestral populations sizes and shallow divergences among
species: 8 ~ G (1, 10) and 1o ~ G (2, 2000).

R package ggtree [60] and the programme Densitree [61] were used for visualization
of the phylogenetic trees.

Phenotypic studies and statistical analysis. For macormorphological characterization, the
strains were grown on malt extract agar (MEA; malt extract from Oxoid Ltd., Basingstoke,
UK), Czapek Yeast Extract Agar (CYA,; yeast extract from Oxoid Ltd.), Czapek-Dox Agar
(CZA) and Czapek Yeast Extract Agar with 20 % sucrose (CY20S). Agar media composition
was based on that described by Samson et al. [62]. The production of acid compounds into the
agar medium was tested on creatine sucrose agar (CREA). Growth at 30, 33, 35 and 37 °C
was tested on MEA. Colour determination was performed according to the ISCC-NBS
Centroid Colour Charts [63] (http://tx4.us/nbs-iscc.htm).

The micromorphology was observed on MEA after 10-14d of incubation at 25 °C as
described by Hubka et al. [64]. Morphological characters were recorded at least 35 times for
each isolate. Statistical differences in particular characters between species were tested with
one-way ANOVA followed by Tukey’s HSD (honest significant difference) test in R v. 3.3.4
[55]. R package multcomp [65] was used for the calculation and package ggplot2 [66] for
visualization of the results.

Exometabolite analysis. The extracts were prepared according to Houbraken et al. [67]. Fungi
were incubated for 1 week at 25 °C in darkness on CYA and yeast extract sucrose (YES) agars
for exometabolite analysis. High-performance liquid chromatography with diode-array
detection was performed according to Frisvad and Thrane [68, 69] as updated by Nielsen et al.
[70].

Antifungal susceptibility testing. The determination of the minimum inhibitory
concentrations (MICs) of antifungal agents was carried out according to the reference
European Committee on Antimicrobial Susceptibility testing (EUCAST) guidelines (E.Def
9.3) for amphotericin B, terbinafine, itraconazole, posaconazole, voriconazole and
isavuconazole [71]. Manufacturers and stock solutions (5000 mg L) in DMSO (dimethyl
sulfoxide; Sigma-Aldrich, Vallensbaek Strand, Denmark) were as follows: terbinafine
(Novartis, Basel, Switzerland), posaconazole (Merck, Sharp and Dohme, Glostrup, Denmark),

amphotericin B and itraconazole (Sigma-Aldrich, Brgndby, Denmark), isavuconazole
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(Astellas Pharma Inc, Tokyo, Japan) and voriconazole (Pfizer A/S, Ballerup, Denmark).
Plates were incubated at 30 °C to promote growth as suggested in EUCAST E.Def 7.2.
Candida parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were included as quality

controls.

Results

Phylogenetic analysis

In the phylogenetic analysis, 54 combined benA, CaM and RPB2 sequences were assessed for
members of sect. Candidi (isolation source and accession numbers are listed in Table 1). The
concatenated alignment contained 2133 characters, with 537 variable and 262 parsimony
informative sites. In the best scoring Maximum likelihood tree shown in Fig. 1, members of
sect. Candidi are resolved in several monophyletic clades or isolated single-strain lineages
corresponding to six currently recognized species, namely A. candidus, A. campestris, A.
subalbidus, A. taichungensis, A. pragensis and A. tritici. Twenty-one Aspergillus isolates
originating from Romanian caves (n=11), indoor environment (n=6), clinical material (n=2)
and mouse and herbivore dung (n=2) formed a highly supported monophyletic lineage (ML
bootstrap support 91 % and BI posterior probability 0.99) sister to A. candidus s. str. These
strains differed from A. candidus by phenotypic characters (see below) and are described below
as A. dobrogensis.

The isolates of A. dobrogensis clustered into two highly supported clades, while several
weakly supported clades were present in the A. candidus lineage (Fig. 1). Eleven of twenty A.
dobrogensis isolates were recovered from the cave environment of three Romanian caves,
where this species was most frequently found on bat guano (Fig. 2) and in the cave sediment.
Further strains were obtained from indoor environment, clinical material and dung evidencing
that A. dobrogensis is not exclusively a troglobitic species. Clade 1 of A. dobrogensis lineage
(Fig. 1) contained only isolates from caves (n=9), while clade 2 (n=12) contained mostly
isolates from the indoor environment (indoor air, carpet, dust, surface of a museum piece) and
clinical material (human nails), but also two strains from caves and two strains from dung.

The ITS rDNA sequences of all investigated A. dobrogensis strains were identical to A.
candidus, A. subalbidus and A. pragensis. The benA sequence of the ex-type strain of A.
dobrogensis CCF 46517 showed 95.3 % similarity to the ex-type of A. candidus NRRL 303"
(4441466 bp). The similarity of the CaM and RPB2 sequences to A. candidus NRRL 303" are
98.2 % (557/567 bp) and 98.6 % (1000/1014 bp), respectively. The infraspecific genetic

varibility between A. dobrogensis strains was low making it easily distinguishable from A.
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candidus by using benA, CaM and RPB2 loci. There were seven variable sites in the benA

alignment, eight in the RPB2 alignment and only one in CaM alignment.

Species delimitation using MSC-based methods

Three genetic loci were examined across isolates identified as A. candidus sensu lato; and A.
tritici lineage was also included in the analysis. Three tentative species (A. tritici, A. candidus
and A. dobrogensis) were delimited in the analyzed dataset using the multi-locus delimitation
method STACEY. The results are summarised in Fig. 3, and the differences in the colour of
the tree branches reflect the proposed species delimitation.

Aspergillus tritici was consistently delimited from A. candidus and A. dobrogensis by
all single-locus methods including their different settings (Fig. 3). Various delimitation
schemes were proposed by different single-locus species delimitation methods in the A.
candidus/A. dobrogensis lineages. The mPTP method based on all three loci and also bGMYC
analysis based on the RPB2 locus (only with input tree constructed using coalescent tree
model) did not support delimitation of A. dobrogensis from A. candidus. In contrast, the
results of bGMY C method based on the benA (input tree constructed using coalescent tree
model), CaM and RPB2 datasets (input tree constructed using Yule tree model) were in full
agreement with the results of the STACEY analysis (Fig. 3). The GMYC method based on the
benA and RPB2 locus and also the bGMY C method based on benA locus (input tree
constructed using Yule tree model) supported delimitation of an additional species within the
A. dobrogensis lineage, corresponding to the two highly supported clades observed in the Bl
and ML analysis (Fig. 1). A significant over delimitation was observed in A. candidus/A.
dobrogensis lineages when analyzing the CaM locus by GMY C method. The GMYC method
also delimited several additional species in A. candidus lineage when analyzing benA and
RPB2 loci (Fig. 3). These putative species gained no support by any other analyses.

The species validation analysis results are appended to nodes of the tree in Fig. 3.
Delimitation of all putative species proposed by STACEY were supported by the posterior
probability 1.00 based on the analysis in BP&P v. 3.1 [59] under all three scenarios simulated
by different prior distributions of parameters & (ancestral population size) and 7o (root age).

The species tree topology was inferred with *BEAST [57] and is shown in Fig. 4. The
analysis supported existence of up to four species that were highly supported (posterior
probabilities = 1.00), i.e., A. tritici, A. candidus s. str. and two putative species in the A.
dobrogensis lineage. There was no evidence of recombination between members of these

lineages.



Phenotypic analysis

Growth parameters and macromorphological characters were assessed on four media and five
temperatures. The results are summarized in Table 2. The colony morphology and growth
parameters of A. dobrogensis are similar to those of A. candidus; however, on average, A.
dobrogensis grows faster at 25 °C on all tested media (Table 2). The length and width of the
stipe, and the diameter of vesicles significantly differed (Tukey’s HSD test, p value < 0.001)
between A. candidus and A. dobrogensis (Fig. 5). The length of stipe was the most useful feature
for differentiation of these species due to relatively lower overlap of values. The diameter of
the conidia was identical for both species (Table 2, Fig. 5). No significant phenotypic
differences were observed between isolates representing the two A. dobrogensis subclades (data

not shown).

Exometabolites

There are chemotaxonomical differences between A. candidus and A. dobrogensis (Table 3).
Barceloneic acid C, candidusins, terphenyllin and aspergilazine A are only found in some A.
candidus isolates. A broad profile of aspergiloids [72] are found in A. dobrogensis, while only
one aspergiloid is found in some strains of A. candidus. Brevianamide F seems to be a precursor
of 12,13-dehydrodesoxybrevianamide E [= prolyl-2-(1°,1°-
dimethylallyDtryptophyldiketopiperazine] and related compounds previously found in A.
pseudoustus and Pencillium italicum [73-75]. They are found in both species, but A.
dobrogensis produces a broader spectrum of these compounds. Similarly, the “Paspa”
compounds are found in both species, but again A. dobrogensis produce a more broad profile
of these compounds. These compounds may be equal to okaramins S-U [76], but this has yet to
be confirmed. The uncharacterized compounds “ALKO”, “MOYN”, “MYO” and “TUT” are
only found in A. candidus, while the “FMI” and the red compounds “AQ RED1” and “AQ
RED?2” are only found in A. dobrogensis. Retention indices and UV absorption maxima for the

detected extrolites in A. candidus and A. dobrogensis are summarized in Table S1.

Antifungal susceptibility testing according the EUCAST method

The minimum inhibitory concentration (MIC) ranges and geometric mean (GM) values
obtained by the EUCAST reference method for six antifungal agents (terbinafine,
posaconazole, isavuconazole, voriconazole, itraconazole, amphotericin B) are shown in Table

4. Overall, all isolates across species in sect. Candidi were as susceptible as A. fumigatus to the
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azoles and amphotericin B as MICs were below the EUCAST epidemiologic cut off values for
these compounds against A. fumigatus (itraconazole: 1 mg/L, posaconazole: 0.25 mg/L,
voriconazole: 1 mg/L, isavuconazole: 2 mg/L and amphotericin B: 1 mg/L) (Arendrup et al.,
2012; Arendrup et al., 2016; Hope et al., 2013). Exceptions were one isolates of A. subalbidus
and one isolates of A. taichungensis for which the MIC of voriconazole was one dilution above
the A. fumigatus ECOFF. Elevated MICs to terbinafine (4 mg L) were recorded for two
isolates of A. candidus and one isolate of A. subalbidus.

Description of Aspergillus dobrogensis A. Novakova, Z. Jurjevié, F. Sklenar, Frisvad,
Houbraken & Hubka, sp. nov. (Figs. 2, 6)

Aspergillus dobrogensis (do.bro.gen"sis. N.L. masc. adj. dobrogensis pertaining to Dobrogea,

Romania, the region of origin of the type specimen).

Description of micromorphology. Conidial heads on MEA white to cream white, radiate,
biseriate, arising from aerial hyphae, rope-like structures occasionally present, coiling hyphae
occasionally present. Stipes hyaline, smooth-walled, occasionally finely roughened,
occasionally septate, (125-)150-2200(-3000) x (3.5-)4-13(-15) wm, diminutive
conidiophores common, up to 100 long x 3-4(-5) um diam; vesicles globose to subglobose,
occasionally pyriform to elongate, (8-)9-31(-36) wm diam, diminutive vesicles 4-9 um diam;
metulae wedge-shaped (V-shaped) to cylindrical, (3—-)4-17(-36) % (3—)4-10(-16) pum, covering
the entire surface of vesicle; phialides ampuliform, (5-)6-9(-12) x 2.5-3.5(-4) pm,
occasionally solitary phialides present up to 17 um long. Conidia globose to subglobose, (3—
)3.5-5(-5.5) um (4 + 0.3 pum), occasionally broadly ellipsoidal, smooth walled, occasionally
finely roughened, larger spores borne on large phialides. Sclerotia purplish to black,

occasionally cream to brown, sparse to abundant on MEA and CYA after 8 weeks.

Culture characteristics (at 25 °C after 2 wk). Colonies on MEA (21-)30—34(—37) mm diam
(13-22 mm in 7 d), plane to delicately furrowed, zonate, delicately granular to granular,
sporulation on whole surface or only in the colony centre with submerged margins, yellowish
white (ISCC—NBS No. 92), no exudate, no soluble pigment, reverse colourless. Colonies on
CYA (30-)38—42(—46) mm diam (18—26 mm in 7 d), plane to irregularly furrowed, with
submerged margin, velutinous to delicately granular, sometimes floccose in colony centre,

white (No. 263) to yellowish white (No. 92), no exudate to very small colourless droplets, no
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soluble pigment, reverse colourless. Colonies on CZA (21-)24-28(—33) mm diam (12—17 mm
in 7 d), plane, submerged lobate margins, zonate, delicately granular, yellowish white (No. 92),
no exudate, no soluble pigment, reverse colourless. After 30 d the reverse is dark grey (No.
266) with occasional production of a dark grey soluble pigment. Colonies on CY20S
(32-)35-38(—48) mm diam (20—27 mm in 7 d), plane with umbonate centre, floccose to
delicately granular or granular, yellowish white (No. 92) to pale greyish yellow (No. 90) in
colony centre, no exudate, no soluble pigment, reverse colourless to moderate yellow (No. 87).
Growth parameters on MEA at 30 °C are comparable to 25 °C, no strains grew at 35 °C (Table
2).

The holotype specimen, PRM 935751, is deposited in the herbarium of the Mycological
Department, National Museum, Prague, Czech Republic (PRM), and was isolated from cave
sediment in the Movile Cave (Airbell I1), Dobrogea region, Romania, collected and isolated by
A. Novakova. The culture ex type is CCF 4651T (= CCF 4655" = NRRL 628217 = IBT 32697"
= CBS 143370"). The MycoBank deposit number is MB821313.

Morphological comparisons. Aspergillus dobrogensis differs from A. candidus by its longer
and broader stipes and statistically significantly smaller vesicles (Table 2, Fig. 5). Almost all
isolates of A. dobrogensis produced sclerotia on MEA and CYA, while the majority of A.
candidus strains examined in this study did not produce sclerotia on CYA and none of the
isolates produced them on MEA. In general, the average growth of A. dobrogensis isolates at
25 °C was more rapid on all tested media compared to A. candidus (Table 2). Aspergillus
campestris can be differentiated by its sulfur yellow colonies; growth parameters of A.
pragensis are slower on all media (especially CZA) and temperatures, and the colony reverse
on MEA turns to red-brown after 2-3 weeks of cultivation; A. subalbidus grows also slightly
slower than A. dobrogensis and has shorter stipes on MEA,; A. tritici and A. taichungensis can
be differentiated by their ability to grow at 37 °C.

Substrate and distribution. The species is known from bat droppings and guano, cave sediment,
cave air, indoor air, dust, carpet, mouse dung, herbivore dung and clinical material; Czech

Republic, Denmark, Germany, Romania, the Netherlands, Spain and the USA.

Discussion

12



A high degree of genetic variability among isolates of A. candidus was previously reported by
Varga et al. [3], who preferred a broad species concept for A. candidus. As we demonstrated in
this study, genetic diversity of A. candidus sensu lato strains is underlayed by both infraspecific
variability and undescribed species diversity. The delimitation of a new species, A. dobrogensis,
from A. candidus was supported by a polyphasic approach comprising multilocus sequence
analyses, morphological and exometabolite data. Despite a relatively strong ecological
clustering of the A. dobrogensis isolates into two clades with also high statistical phylogenetic
support (Fig. 1), phenotypic or extrolite differences supporting the delimitation of two species
in the A. dobrogensis lineage were not found. Due to this, we decided to introduce only one
species, A. dobrogensis. In general, the ecology of A. candidus is very similar to A. dobrogensis
and both species occur sympatrically on similar substrates (Fig. 1, Table 1).

Members of sect. Candidi are infrequently implicated in human infections. Although
few in number, a wide spectrum of infections have been attributed to A. candidus, including
invasive aspergillosis [77], lung abscess [78], meningitis [79], granuloma of the brain [80],
sinusitis [81], otitis externa [2, 82-86] and onychomycosis [87-94]. Another member of sect.
Candidi, A. tritici, is probably responsible for a part of reported infections attributed to A.
candidus because it is able to grow at 37 °C in contrast to A. candidus. This species revived by
Varga et al. [3] has been repeatedly detected in clinical samples when molecular methods were
employed for species identification [30, 31, 95], and it has been confirmed as an agent of
onychomycosis [30, 95]. In addition, some unrelated species can be misidentified as members
of sect. Candidi. For instance, well-known causal agents of aspergillosis such as A. fumigatus,
A. flavus and A. terreus occasionally produce white spored mutants [3, 96-98] and some
naturally white spored species from sect. Terrei (A. carneus and A. niveus) are able to cause
human infections as well [2, 99-102]. Aspergillus pragensis, a recently described member of
sect. Candidi based on two isolates from clinical material in the Czech Republic, was isolated
from indoor environment and outdoor air in the USA during this study (Fig. 1, Table 1) and
was recently reported from Canadian house dust [10]. Clinical relevance of this species remains
unconfirmed because both cases of suspected onychomycosis were not supported by repeated
isolation of the species as required by guidelines for diagnosis of non-dermatophyte
onychomyecosis [103].

Previous studies reported a high in vitro activity of common antifungal agents against
A. candidus [2, 104-106] and A. tritici [2, 31]. However, these studies usually included a
limited number of isolates, used different methodologies for susceptibility testing and the

characterization of strains was often based on phenotypic characters, resulting in unreliable
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identifications. High MICs to amphotericin B detected in several isolates identified as A.
candidus [105, 107] may indicate misidentification with species from sect. Terrei that are
typical by intrinsic resistance to this antifungal [108]. In general, our results confirmed good
in vitro activity of six antifungal agents against all members of sect. Candidi (Table 4). There
was no clear antifungal susceptibility pattern typical for a particular species and overall the
susceptibility pattern was similar to that for A. fumigatus [71, 109, 110].

Earlier studies on exometabolite production by members of sect. Candidi showed that
these species produce unique compounds chlorflavonins, terphenyllin and candidusins, that
are not present in other aspergilli [2, 3, 12, 111], except for A. ellipticus from sect. Nigri
[112]. All these compounds have anti-oxidative properties, and they are most likely
overproduced to protect the white/yellow conidia rather than via melanin, as opposed to
species in closely related section Nigri that produce very large amounts of melanins [111].

Interestingly, antioxidant compounds candidusins, terphenyllin and its derivate 3-
hydroxyterphenyllin were only detected in some strains of A. candidus while chlorflavonin
was present in all examined strains of A. candidus and A. dobrogensis (Table 3). Thus,
differentiation of these two species seems to be relevant especially for bioprospecting studies.
For instance, antioxidant activity of some compounds and no production of mycotoxins make
A. candidus suitable for the use in fermentation industry [28], and the extrolite 3-
hydroxyterphenyllin has promising anticancer activity [16]. Similarly, barceloneic acid C, a
compound with antibacterial activity [113] and aspergilazine A [114], which has antiviral
activity, were detected only in A. candidus strains and not in A. dobrogensis. The production
of many other uncharacterized compounds with unknown activity is in some cases species-
specific (Table 3). It can be expected that both species also differ in extracellular enzymes

production, some of which have industrial potential [19-24].
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Figure legends

Fig. 1. Phylogenetic relationships of the sect. Candidi members inferred from Bayesian analysis
of the combined, 3-gene data set of B-tubulin (benA), calmodulin (CaM) and RNA polymerase
Il second largest subunit (RPB2) genes. Bayesian posterior probability (PP) and Maximum
likelihood bootstrap support (BS) are appended to nodes; only PP > 90 % and BS > 70 % and
are shown; lower supports are indicated with a hyphen; ex-type strains are designated by a
superscript T. The tree is rooted with Aspergillus petersonii CCF 4999,

Fig. 2. Colonies of Aspergillus dobrogensis on bat guano in the Liliecilor de la Gura Dobrogei
Cave (a—h).

Fig. 3. Schematic representation of results of species delimitation methods in section Candidi
based on benA, CaM and RPB2 sequence data. The results of multilocus method (STACEY)
are compared to results of single-locus methods. The results of STACEY are shown as tree
branches with different colours, while the results of single-locus methods (PTP, bGMYC,
GMYC) are depicted with coloured bars (different colours, including different colour shades,
indicate tentative species delimited by particular methods). The species validation analysis
results (BP&P) are appended to nodes and shown in gray bordered boxes; the values represent
posterior probabilities calculated in three scenarios [top value: & ~ G (1, 10) and 7o ~ G (1,
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10); middle value:  ~ G (1, 10) and 70 ~ G (2, 2000); bottom value: 6 ~ G (2, 2000) and 7o ~
G (2, 2000)]. The displayed maximum likelihood tree was inferred with 1Q-TREE and based
on a concatenated alignment of benA, CaM and RPB2 loci [1000 bootstrap replicates;
partitioning scheme was determined as described in Material and Methods], and is used solely

for the comprehensive presentation of the results from different methods.

Fig. 4. Species tree inferred with *BEAST visualized by using DensiTree (Bouckaert 2010).
All trees created in the analysis (except 25 % burn-in phase) are displayed, the consensus
trees is highlighted by blue-coloured line. The MCMC analysis ran for 1 x 108 generations, 25
% of trees were discarded as a burn-in. The strict molecular clock was chosen for all loci and
population function was set as constant. Convergence was assessed by examining the
likelihood plots in Tracer v. 1.6 (Rambaut et al., 2014). Bayesian posterior probability (PP)
are appended to nodes; only PP > 90 % are shown. The isolates were assigned to a putative
species according to the consensual results of the species delimitation methods, i.e, A. tritici,
A. candidus, and two putative species in A. dobrogensis lineage (a). Alternativelly, each

isolate having unique haplotype was defined as separate species (b).

Fig. 5. Differences between selected phenotypic characters of Aspergillus candidus (n=12)
and A. dobrogensis (n=12). The length and the width of the stipe, and also vesicle diameter
were significantly different (Tukey’s HSD test, p value < 0.001) between species, in contrast
to diameter of conidia. Boxplots show median, interquartile range, values within £+ 1.5 of
interquartile range (whiskers) and outliers. Boxplots and violin graphs were created in R 3.3.4
(R Core Team 2015) with package ggplot2 (Wickham 2009).

Fig. 6. Macromorphology and micromorphology of Aspergillus dobrogensis. (a—d) Colonies

on MEA, CYA, CZA and CY20S (from the right to left) incubated 14 d at 25 °C. (e-h)
Biseriate conidiophores. (i) Conidia. (j) Sclerotia. Bar = 10 um (e—i).
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