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A monograph of Aspergillus section Candidi
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Abstract: Aspergillus section Candidi encompasses white- or yellow-sporulating species mostly isolated from indoor and cave environments, food, feed,
clinical material, soil and dung. Their identification is non-trivial due to largely uniform morphology. This study aims to re-evaluate the species boundaries
in the section Candidi and present an overview of all existing species along with information on their ecology. For the analyses, we assembled a set of 113
strains with diverse origin. For the molecular analyses, we used DNA sequences of three house-keeping genes (benA, CaM and RPB2) and employed
species delimitation methods based on a multispecies coalescent model. Classical phylogenetic methods and genealogical concordance phylogenetic
species recognition (GCPSR) approaches were used for comparison. Phenotypic studies involved comparisons of macromorphology on four cultivation
media, seven micromorphological characters and growth at temperatures ranging from 10 to 45 °C. Based on the integrative approach comprising four
criteria (phylogenetic and phenotypic), all currently accepted species gained support, while two new species are proposed (A. magnus and A. tenebricus).
In addition, we proposed the new name A. neotfitici to replace an invalidly described A. tritici. The revised section Candidi now encompasses nine species,
some of which manifest a high level of intraspecific genetic and/or phenotypic variability (e.g., A. subalbidus and A. campestris) while others are more uniform
(e.g., A. candidus or A. pragensis). The growth rates on different media and at different temperatures, colony colours, production of soluble pigments, stipe
dimensions and vesicle diameters contributed the most to the phenotypic species differentiation.

Key words: Aspergillus candidus, Aspergillus tritici, genealogical concordance, integrative taxonomy, intraspecific variability, multispecies coalescent
model.

Taxonomic novelties: New species: Aspergillus magnus Glassnerova & Hubka; Aspergillus neotritici Glassnerova & Hubka; Aspergillus tenebricus
Houbraken, Glassnerova & Hubka.
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INTRODUCTION

Aspergillus is a large genus of filamentous fungi which is divided
into 27 sections. Aspergillus section Candidi currently includes
seven white- or yellow-sporulating species (Houbraken et al. 2020).
Members of this section show a relatively uniform morphology and
their identification to a species level is non-trivial when using only
phenotypic characters. The first modern monograph of the section
was published by Varga et al. (2007) who used a polyphasic
approach for species delimitation (combination of morphology,
physiology, exometabolite profiles and molecular data) and
recognized A. candidus [MB 204868] and three other species: A.
tritici [MB 309248] (Mehrotra & Basu 1976), A. campestris [MB
110495] (Christensen 1982) and A. taichungensis [MB 434473]
(Yaguchi et al. 1995). Since then, another three species have been
described, namely, A. subalbidus [MB 809190] (Visagie et al. 2014),
A. pragensis [MB 800371] (Hubka et al. 2014) and A. dobrogensis
[MB 821313] (Hubka et al. 2018b).

The studies of Varga et al. (2007), Visagie et al. (2014) and
Hubka et al. (2014) used a combination of morphology, phylogeny

and/or profiles of exometabolites for species description
(polyphasic approach). Another widely used approach in fungal
taxonomy, GCPSR (Genealogical Concordance Phylogenetic
Species Recognition), has not been applied in section Candidi.
This approach involves comparisons of topologies of single-locus
phylogenetic trees and search for monophyletic genealogical
groups that are concordantly well-supported (Taylor et al. 2000,
Dettman et al. 2003a). More recently, new phylogenetic methods
based on the multispecies coalescent model (MSC) have been
implemented in taxonomy (Fujisawa et al. 2016). These methods
take into account for example the incomplete lineage sorting,
a most common reason for incongruences in tree topologies
constructed on the basis of different loci (Edwards 2009, Mirarab
et al. 2016). The application of these methods on section Candidi
led to segregation of A. candidus into two species and description
of A. dobrogensis (Hubka et al. 2018b).

The best known and the first described member of this section
is A. candidus, a xerophilic species which is able to grow on
substrates with low water activity like stored grains and seeds,
where it can reduce the grains’ germinability (Thom & Raper 1945,
Papavizas & Christensen 1960, Raper & Fennell 1965). It is also

© 2022 Westerdijk Fungal Biodiversity Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/bync-nd/4.0/).



GLASSNEROVA ET AL.

frequently found in the indoor environment, on food products
(flour, cereals, spices, nuts), in soil or in the marine environment
(Weidenbdrner & Kunz 1994, Pitt & Hocking 1997, Klich 2002, Wei
et al. 2007, Visagie et al. 2017). The section also encompasses
several clinically relevant representatives which occasionally cause
superficial (onychomycosis or ofitis externa) or invasive mycoses,
or contaminate clinical samples. Among these, A. tritici and A.
candidus are confirmed etiological agents of some infections, while
A. pragensis and A. dobrogensis have only been isolated from
clinical samples and their clinical significance remains questionable
(Moling et al. 2002, Hubka et al. 2012, Hubka et al. 2014, Becker et
al. 2015, Nouripour-Sisakht et al. 2015, Gupta et al. 2016, Masih et
al. 2016, Carballo et al. 2020, Kaur et al. 2021).

Members of the section Candidi produce many
industrially important enzymes and secondary metabolites
with a biotechnological potential. For example, they produce
extracellular lipases, xylanases and cellulases which have
potential to be used in the waste degradation processes (Milala et
al. 2009, Garai & Kumar 2013, Farias et al. 2015) or metabolites
with antioxidant activity which can be used in the process of
maturing foods (Grazia et al. 1986, Pitt & Hocking 1997, Sunesen
& Stahnke 2003). The production of bioactive metabolites with
pharmacological potential has been identified in some species,
for example chlorflavonin with antibiotic and antifungal effects
(Munden et al. 1970, Marchelli & Vining 1973, Hubka et al.
2014), compounds with significant anti-oxidative activity such
as candidusin B, 3-hydroxyterphenyllin or dihydroxymethyl
pyranone (Yen et al. 2001, Elaasser et al. 2011), cytotoxic
candidusin A, preussin or p-terphenyl derivatives (Kobayashi et
al. 1982, Malhdo et al. 2019, Lin et al. 2021) and many other
recently discovered compounds with antitumor, antimicrobial,
cytotoxic or antiviral activities such as ascandinines (Zhou et al.
2021), taichunines (El-Desoky et al. 2021), unguisins (Li et al.
2020) or other p-terphenyl derivatives (Han et al. 2020, Shan
et al. 2020, Wang et al. 2020). The production of most of these
secondary metabolites is usually attributed to A. candidus, but it
is likely that the producer was misidentified in some cases with
other species from section Candidi. For instance, production of
p-terphenyl derivative 4"-deoxy-2'-methoxyterphenyllin attributed
to A. candidus is in fact produced by A. subalbidus (Shan et al.
2020). Such re-identifications are, however, only possible when
the isolate is accessioned and preserved in culture collections or
DNA sequence data are available which is gradually becoming a
standard in studies on compounds produced by microorganisms.

Previous studies focused on section Candidi included only a
small number of strains and consequently, little is known about
intraspecific genetic and phenotypic variability. Section Candidi
members are widespread worldwide and occur on a wide range
of substrates, but at low frequencies. During our past projects,
a large collection of over a hundred strains belonging to the
section Candidi has been gathered from various substrates
and countries, and a high genetic and morphological variability
has been observed within species which were previously
considered to be relatively homogeneous. To determine if
this variability reflects undescribed species diversity or a high
intraspecific variability, we compared the data from phenotypic
analyses, classical phylogenetic methods, GCPSR approach and
delimitation methods based on coalescence theory. According to
the resulting taxonomic conclusions, we revised the descriptions
of all supported species in the section.

MATERIALS AND METHODS

Strains

This study builds upon previous taxonomic studies dealing with
section Candidi (Varga et al. 2007, Hubka et al. 2014, Visagie
et al. 2014, Hubka et al. 2018b). The majority of new and yet
unpublished strains were isolated from indoor environments, caves
and dung. The isolation techniques mostly followed the procedures
previously described by Jurjevi¢ et al. (2015), Novakova et al.
(2018), Guevara-Suarez et al. (2020) and Visagie et al. (2021).
Remaining strains were obtained from culture collections and
collaborators, and originated from diverse substrates and countries.
In total, we gathered 113 strains and detailed information about
their provenance is listed in Table 1. Dried holotype and isotype
specimens of the newly described species were deposited into
the herbarium of the Mycological Department, National Museum,
Prague, Czech Republic (PRM).

Phenotypic studies

Macromorphological characters were studied 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).
For the agar media composition, see Samson et al. (2014). The
strains were inoculated in three points on growth media in 90 mm
Petri dishes and colony dimensions were measured after seven and
14 d of incubation at 25 °C. After 14 d, the photographs of colonies
were taken, and after 28 d, the colonies were checked for presence
of sclerotia and soluble pigment production as these characters
are frequently expressed with delay. To determine the cardinal
temperatures, the strains were grown for 14 d on MEA at 10, 15,
20, 25, 30, 35, 37, 40, and 45 °C. The description and names of
colours followed Kornerup & Wanscher (1967). Colony details were
documented with a Canon EOS 500D camera and a Leica M205C
stereo microscope with a Leica DMC 5400 digital camera.

Micromorphological characters (length and width of stipe,
vesicle diameter, length of metulae and phialides, length and width
of conidia) were photographed and measured from 7-21-d-old
colonies on MEA incubated at 25 °C. Lactic acid (60%) was used
as mounting medium. Every morphological character was recorded
at least 35 times for each strain. Statistical differences, in particular
phenotypic characters, were tested with one-way ANOVA followed
by Tukey’s honest significant difference (HSD) testin Rv. 4.1.2 (R
Core Team 2021). Boxplots and violin graphs were created in R
with package serLoT2 (Wickham 2016).

Microscopic photographs were taken using an Olympus
BX51 microscope equipped with an Olympus DP72 camera. The
photographic plates were made in CorelDRAW Graphic Suite
2021. Scanning electron microscopy (SEM) was performed using a
JEOL-6380 LV microscope (JEOL Ltd. Tokyo, Japan) as described
previously by Hubka et al. (2013b).

Molecular studies

Total genomic DNA was extracted from 7-d-old colonies growing on
MEA using the ZR Fungal/ Bacterial DNA Kit™ (Zymo Research,
Irvin, CA, USA). The quality of the isolated DNA was verified using
a NanoDrop 1000 Spectrophotometer.



Species

A. campestris

A. candidus

Strain No.?

CBS 348.81" = IMI 2590997
=NRRL 130017 = IBT
133827= IBT 28561" =
ATCC 44563 = IFM 509317
= CCF 5596"

IBT 17867 = CCF 5700

CCF 5641 = IFM 66789 =
EMSL 1816

FMR 15224 = CBS 142984
= CCF 6075 = IFM 66790

FMR 15226 = CBS 142985
= CCF 6053

IBT 23172 = IMI 073462 =
CCF 5699 = IFM 66791

IMI 344489

CBS 566.65" = IMI 091889"
=NRRL 303" = IBT 28566"
=ATCC 10027 = CCF 55947

CCF 488 = IBT 32273

CCF 4029 = CMF I1SB 1730
= IBT 32272

CCF 3996 = CBS 134394

CCF 5577

NRRL 58579 = CCF 5843 =
IBT 33371 = EMSL 914

NRRL 58959 = CCF 5845 =
EMSL 1252

CCF 4912 = EMSL 2295
CCF 5172

CCF 4713

CCF 4659

CCF 4915 = EMSL 1285
NRRL 4646 = IMI 359076 =
DTO 213-G2 = CBS 133061
CCF 5675 = EMSL 2403

CCF 5576 = EMSL 2421

DTO 223-E5
CCF 6195 = EMSL 2721
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Table 1. List of strains from Aspergillus section Candidi examined in this study.

Provenance: country, locality, substrate,
year, collector/isolator

USA, North Dakota, near Zap, storage pile
of topsoil displaced from a native, mixed
prairie (Agropyron spp., Bouteloua gracilis),
1979, R.M. Miller & S.M. Pippen

USA, Wyoming, Pillot Hill Road, Medicine
Bow National Forest, near Laramie, soil,
1994, J.C. Frisvad

USA, Vyyoming, Gillette, air of living room,
2012, Z. Jurjevié
Spain, Castile and Leon, Palencia, Monte el

Viejo, Deer Reserve Park, herbivore dung,
2016, J. Gené & J.Z. Siqueira

Spain, Castile and Leon, Palencia, Monte el
Viejo, Deer Reserve Park, herbivore dung,
2016, J. Gené & J.Z. Siqueira

USA, California, rabbit (Oryctolagus
cuniculus) dung, 1958, S. Stribling

South Africa, Pretoria, mouse dung,
deposited into IMI collection in 1991, R.Y.
Anelich

unknown, received by K.B. Raper and D.1.
Fennell in 1909 from J. Westerdijk

Czech Republic, tunnels of bark beetles,
1960, E. Kotynkova-Sychrova

Romania, Meziad Cave, bat droppings,
2009, A. Novakova

Czech Republic, Prague, external auditory
canal of 53-year-old man (otitis externa),
2010, P. Lyskova

Romania, Ungurului Cave, old bat guano,
2010, A. Novakova

L)SA, New York, indoor air of a home, 2008,
Z. Jurjevié

USA, Fjennsylvania, indoor air of a home,
2009, Z. Jurjevié

USA, New Jersey, Cranbury, crawlspace
metal duct (swab), 2014, Z. Jurjevi¢

Czech Republic, Prague, mouse
excrements in grain store, 2000, J. Hubert

Romania, Ungurului Cave, bat guano,
2010, A. Novakova

Czech Republic, Hustopece, toenail of
52-year-old woman, 2012, S. DobiaSova

USA, Rhode Island, indoor air of living
room, 2009, Z. Jurjevié

USA, barn litter, D.I. Fennell

USA, Pennsylvania, Feastervville, airina
basement of a house, 2014, Z. Jurjevi¢

USA, New York, Binghamton, air in
bedroom, 2014, Z. Jurjevié

The Netherlands, soil, 2012, M. Meijer

USA, Minne§ota, Minneapolis, classroom
dust, 2015, Z. Jurjevié
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GenBank/ENA/DDBJ accession Nos.

ITS
EF669577

ON156368

ON156369

LT798902

LT798903

ON156370

ON156371

EF669592

FR733811

FR733813

FR727137

LT626946

LT626947

LT626948

LT626949

LT626953

LT626950

HG915889

LT626951

EF669605

LT626952

LT626954

LT626955
ON156372

benA
EU014091

ON164544

ON164567

LT798915

LT798918

ON164568

ON164569

EU014089

LT626977

LT626980

FR775325

LT626983

LT626986

LT626989

LT626992

LT627005

LT626995

HG916672

LT626999

EU014090

LT627002

LT627008

LT627011
ON164545

CaM
EF669535

ON164594

ON164616

LT798916

LT798919

ON164617

ON164618

EF669550

LT626978

FR751424

HE716843

LT626984

LT626987

LT626990

LT626993

LT627006

LT626996

HG916681

LT627000

EF669563

LT627003

LT627009

LT627012
ON164634

RPB2
EF669619

ON164491

ON164514

LT798917

LT798920

ON164515

ON164516

EF669634

LT626979

LT626981

LT626982

LT626985

LT626988

LT626991

LT626994

LT627007

LT626997

LT626998

LT627001

EF669647

LT627004

LT627010

LT627013
ON164492
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Table 1. (Continued).

Species

A. dobrogensis

Strain No.?

CCF 6198 = EMSL 2863
CCF 6200 = EMSL 2895
CMW-IA 8 = CMW 58610 =

CN138F7 = KAS 5864

CMW-IA9 = CMW 58611 =
CN138F8 = KAS 6297

CMW-IA 10 = CMW 58612
= CN138F9 = KAS 6134

CMW-IA 11 = CMW 58613
= CN138G1 = KAS 6135

CCF 46517 = CCF 4655" =
NRRL 628217 = IBT 326977
= CBS 1433707

IBT 29476 = CCF 5823

CCF 5567

CCF 5568

CCF 4650 = CCF 4657 =
NRRL 62820 = IBT 32699

CCF 4649 = IBT 32700

CCF 5569

CCF 5570

CCF 5573

CCF 5571

CCF 5572

CCF 5574

CCF 5575

CBS 225.80 = DTO 031-E6

DTO 025-11
DTO 013-C4 = IBT 28582

DTO 001-F9 = IBT 28576

DTO 029-H2

DTO 031-D9 = CBS 116945
= IBT 116945 = IBT 28573

Provenance: country, locality, substrate,
year, collector/isolator

USA, Ohio, Westervillg, air in basement
(settle plates), 2015, Z. Jurjevi¢

USA, Massachusgtts, Cohasset, air in
bathroom, 2015, Z. Jurjevi¢

Canada, Nova Scotia, Wolfville, house dust,
2015, C.M. Visagie & A. Walker

Canada, Nova Scaotia, Little Lepreau, house
dust, 2015, C.M. Visagie & A. Walker

Canada, Nova Scotia, Wolfville, house dust,
2015, C.M. Visagie & A. Walker

Canada, Nova Scotia, Wolfville, house dust,
2015, C.M. Visagie & A. Walker

Romania, Movile Cave, 2 airbell, cave
sediment, 2012, A. Novakova

Denmark, Heve Strand, mouse dung (in
bed in summer house annex), 2007, J.C.
Frisvad

Romania, Meziad Cave, bat droppings,
2009, A. Novakova

Romania, Liliecilor de la Guru Dobrogei
Cave, Galeria Fossile, bat guano, 2010, A.
Novakova

Romania, Meziad Cave, cave sediment,
2010, A. Novakova

Romania, Liliecilor de la Guru Dobrogei
Cave, Galeria Fossile, bat guano, 2010, A.
Novakova

Romania, Liliecilor de la Guru Dobrogei
Cave, Galeria Fossile, bat guano, 2010, A.
Novakova

Romania, Liliecilor de la Guru Dobrogei
Cave, Galeria Fossile, bat droppings, 2010,
A. Novakova

Romania, Liliecilor de la Guru Dobrogei
Cave, cave air, 2011, A. Novakova

Romania, Meziad Cave, hall in the upper
floor, bat guano, 2010, A. Novakova

Romania, Liliecilor de la Guru Dobrogei
Cave, cave air, 2013, A. Novakova

Romania, Liliecilor de la Guru Dobrogei
cave, Galeria Fossile, bat droppings, 2014,
A. Novakova

Czech Republic, nails of 31-year-old
woman, 2014, P. Lyskova

The Netherlands, human nail (contaminant),
1980, CBS

Germany, carpet, 2006

The Netherlands, Maastricht, indoor air,
2006, J. Houbraken

The Netherlands, surface of museum piece,
2004, J. Houbraken

Germany, carpet, 2006

The Netherlands, Tiel, dust in museum,
2004, J. Houbraken

GenBank/ENA/DDBJ accession Nos.

ITS
ON156373

ON156374

LT626959

LT907964

LT626960

LT626961

LT626962

LT626963

LT626964

LT626965

LT626966

LT626967

LT626968

LT626969

LT626970

LT626971

LT626972
LT626973

LT626974

LT626975
LT626976

benA
ON164546

ON164547

ON164548

ON164549

ON164550

ON164551

LT627027

LT907967

LT627029

LT627032

LT627035

LT627038

LT627041

LT627044

LT627047

LT627050

LT627053

LT627056

LT627 059

LT627062

LT627077
LT627065

LT627068

LT627071
LT627074

CaM
ON164595

ON164596

ON164597

ON164598

ON164599

ON164600

LT558722

LT907966

LT627030

LT627033

LT627036

LT627039

LT627042

LT627045

LT627048

LT627051

LT627054

LT627057

LT627060

LT627063

LT627078
LT627066

LT627069

LT627072
LT627075

RPB2
ON164493

ON164494

ON164495

ON164496

ON164497

ON164498

LT627028

LT907969

LT627031

LT627034

LT627037

LT627040

LT627043

LT627046

LT627049

LT627052

LT627055

LT627058

LT627061

LT627064

LT627079
LT627067

LT627070

LT627073
LT627076



A MONOGRAPH OF ASPERGILLUS SECTION CANDID!

Table 1. (Continued).

Species Strain No.? Provenance: country, locality, substrate, GenBank/ENA/DDBJ accession Nos.

year, collector/isolator TS benA CaM RPB2
CCF 5844 = EMSL No. USA, New York, Lockport, indogr airin LT907963 ON164552  LT907965  LT907968
2810 basement (settle plate), 2015, Z. Jurjevi¢
FMR 15444 = CBS 142752  Spain, Galicia, Lugo, Ribeira Sacra, LT798904  LT798921 LT798922  LT798923
=CCF 6119 herbivore dung, 2016, J. Guarro & M.

Guevara-Suarez
FMR 15601 = CCF 5846 Spain, Galicia, Orense, Cortegada, ON156375 LT962396 ON164601 ON164499

herbivore dung, 2016, J. Guarro & M.
Guevara-Suarez

A. magnus UAMH 13247 = IBT 14560"  Canada, Alberta, Edmonton, mouse ON156376 ON164570 ON164619 ON164517
= CCF 6606" collected on horsefarm, 1962, J.W.
Carmichael
A. neotritici CCF 38537 =BT 327257 Czech Republic, Prague, toenail of 62-year- FR727136 FR775327 HE661598  LT627021

old man, 2008, M. Skofepova
CBS 266.81 =BT 21956 = India, grains of Triticum aestivum, before LT626958 EU076293 HGI916678  LT627017

CCF 5842 1976, B.S. Mehrotra

CCF 4030 = CMF ISB 1300  Czech Republic, Frydek-Mistek, FR733814 LT627018 FR751425 LT627019

=BT 32729 vermicompost, 2001, A. Novakova

CCF 4653 Czech Republic, Prague, toenail of 58 HG915890 HG916674 HG916677  LT627020
-year-old woman, 2012, P. Lyskova

CCF 3314 Czech Republic, Prague, outdoor air, 1996, FR733812 LT627022  FR751426  LT627023
A. Kubéatova

CCF 1649 Czech Republic, Prague, flour, 1979, J. FR733810 LT627024  FR751427  LT627025
Svrckova

NRRL 4847 = IMI 359077 =  Japan (?), unknown, received by K.B. ON156395 ON164587 ON164628 ON164537

DTO 213-G3 = CBS 133055 Raper and D.l. Fennell from CBS as

= CCF 4809 Nakazawa's strain of A. albus var.
thermophilus

CCF 4658 Czech Republic, Prague, toenail of 69-year- HG915891 HG916675 HG916676  LT627026

old woman, 2008, M. Skofepova
DTO 201-D3 = CBS 129260 USA, Nebraska, 1 mile north of Miller, loess ON156397 ON164591 ON164632 ON164541

= RMF 7641 soil, 6 feet deep, soil profile, 1984
DTO 201-G7 = RMF TC 215 Unknown location, soil ON156398 ON164592 ON164633 ON164542
= CBS 129307

CCF 6202 = EMSL 3152 USA, Florida, Key West, air in bedroom ON156396 ON164588 ON164629 ON164538
(settle plates), 2015, Z. Jurjevic

CCF 6397 Czech Republic, Havlickav Brod, ON156394 ON164589 ON164630 ON164539
abdominal cavity of 62-year-old male with
disseminated mycosis (probably caused
by Rhizopus sp. and Trichosporon asahii),
2020, D. LZi¢afova

CMW-IA12 = CMW 58614  South Africa, Free State, Viljoenskroon, — ON164590 ON164631 ON164540
=CN117B9 sunflower seed, 2020, C.M. Visagie
IBT 12659 USA, New Mexico, Seviletta National ON156393 ON164557 ON164606 ON164504

Wildlife Refuge, Socorro County, soil in a
kangaroo rat burrow, 1989, L. Hawkins

CCF 4914 = [FM 66793 = USA, Arizona, Tucson, air in a hospital, ON156392 ON164556 ON164605 ON164503
EMSL 2182 2013, Z. Jurjevi¢

A. pragensis CCF 39627 = CBS 1355917  Czech Republic, Prague, toenail of 58-year- FR727138 HE661604 FR751452  LN849445
= IBT 32274™ = NRRL old man, 2007, M. Skofepova
624917
CCF 4654 = IBT 32701 Czech Republic, Prague, toenail of 59-year- HG915888 HG916673 HG9I16680  LT627014

old man, 2013, P. Lyskova

CCF 5847 = EMSL 2216 USA, Pennsylvania, Feasterville, carpet in LT908112  LT908040  LT908041  LT908042
bedroom, 2013, Z. Jurjevi¢

NRRL 58614 = CCF 4911 = USA, Pennsylvania, indoor air of a home, LT908111  LT908037  LT908038  LT908039
EMSL 1057 2008, Z. Jurjevi¢

FUNGALBIO
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Table 1. (Continued).

Species

A. subalbidus

Strain No.?

CCF 5693 EMSL 2397

CMW-IA 13 = CMW 58615
= CN138F5 = KAS 6296

CMW-IA 14 = CMW 58616
= CN138G6 = KAS 6138

CMW-IA 15 = CMW 58617
= CN138G8 = KAS 6299

CBS 567.65" = NRRL
3127 =ATCC 168717 = IMI
2307527 = CCF 58227

CBS 112449 = DTO 031-E3
=DTO 039-E7

NRRL 5214 = ATCC 26930
= IMI 16046 = CCF 4860
CCF 5696 =EMSL 2674
CCF 6199 = EMSL 2894

CMW-1A 16 = CMW 58618
= CN162C8 = DN12

CMW-IA 17 = CMW 58619
= CN162C9 = DN13

CMW-IA 18 = CMW 58620
= CN162D1 = DN62

CMW-IA 19 = CMW 58621
= CN162D2 = DN67

CMW-1A 20 = CMW 58622
= CN162D3 = DNG8

CN162D4 = DN69

CN162D5 = DN75

CN162D6 = DN80

CN162D7 = DN82

CN162D8 = DN85

CCF 5642 = IFM 66794 =
EMSL 410

CCF 6197 = IFM 66795 =
EMSL 2731

CCF 5643 = EMSL 2181

Provenance: country, locality, substrate,
year, collector/isolator

USA, Maryland, Cohasset, outdoor air,
2014, Z. Jurjevié

Canada, Nova Scaotia, Little Lepreau, house
dust, 2015, C.M. Visagie & A. Walker

Canada, Nova Scaotia, Little Lepreau, house
dust, 2015, C.M. Visagie & A. Walker

Canada, Nova Scotia, Little Lepreau, house
dust, 2015, C.M. Visagie & A. Walker

Brazil, received by K.B. Raper and D.1.
Fennell in 1939 from J. Reis (Instituto
Biologica)

Germany, indoor environment

Ghana, vegetable lard, International
Mycological Institute, Egham, England,
1933, H.A. Dade (strain GC601) sent to IMI

USA, Georgia, Canton, settle plates in living
room, 2015, Z. Jurjevi¢

USA, Florida, Bradentvon, air in bathroom
(settle plates), 2015, Z. Jurjevi¢

Botswana, Okavango basin, Gewihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gewihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gewihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gewihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gcwihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gcwihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gewihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gcwihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gcwihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

Botswana, Okavango basin, Gecwihaba
Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi

EJSA, Connecticut, wall in a house, 2008,
Z. Jurjevié

USA, lllinois, Mokenal air in crawl space
(settle plates), 2015, Z. Jurjevié

USA, Maryland, Baltimore, carpet in living
room, 2013, Z. Jurjevié

GenBank/ENA/DDBJ accession Nos.

ITS
LT908113

EF669593

LT626956

LT908114

ON156388

ON156386

ON156377

ON156378

ON156380

benA
LT908043

ON164553

ON164554

ON164555

KP987050

EU076294

LT908034

ON164571

ON164572

ON164573

ON164574

ON164575

ON164576

ON164577

ON164578

ON164579

ON164580

ON164581

ON164582

ON164558

ON164559

ON164561

CaM
LT908044

ON164602

ON164603

ON164604

EF669551

EU076307

LT908035

ON164620

ON164621

MW480718

MW480719

MW480764

MW480769

MW480770

MW480771

MW480777

MW480781

MW480783

MW480785

ON164607

ON164608

ON164610

RPB2
LT908045

ON164500

ON164501

ON164502

EF669635

LT627015

LT908036

ON164518

ON164519

ON164520

ON164521

ON164522

ON164523

ON164524

ON164525

ON164526

ON164527

ON164528

ON164529

ON164505

ON164506

ON164508



Table 1. (Continued).

A MONOGRAPH OF ASPERGILLUS SECTION CANDID!

Species Strain No.? Provenance: country, locality, substrate, GenBank/ENA/DDBJ accession Nos.
year, collector/isolator TS benA CaM RPB2
NRRL 4809 = ATCC 11380  Japan (?), chinese yeast cake, received EF669609 EU014092 EF669567  EF669651
=|FO4310=DTO 213-F7 by K.B. Raper and D.I. Fennell from
= CBS 133057 = CCF 5595 the Institute for Fermentation, Osaka,
Japan (No. 4319) as “A. albus var. 1", M.
Yamazaki, 1946
NRRL 58123 = CCF 6193 = USA, California, wall in a house, 2008, Z. ON156382 ON164565 ON164614 ON164512
IFM 66796 = EMSL 465 Jurjevié
CCF 5697 = IFM 66797 = USA, New Jersey, Mont Clair, indoor air, ON156381 ON164562 ON164611 ON164509
EMSL 2180 2013, Z. Jurjevi¢
CCF 4913 = EMSL 2297 USA, Maryland, Baltimore, house dust ON156379 ON164560 ON164609 ON164507
(living room), 2014, Z. Jurjevié
CCF 5698 = EMSL 2369 USA, Maryland, Baltimore, house dust ON156385 ON164563 ON164612 ON164510
(living room), 2014, Z. Jurjevi¢
CCF 5848 = EMSL 2646 USA, California, Rancho Mirvage, settle ON156387 ON164564 ON164613 ON164511
plates in living room, 2014, Z. Jurjevi¢
CCF 6205 = EMSL 3325 USA, Texas, Harker Heights, air in ON156383 ON164566 ON164615 ON164513
basement (settle plates), 2015, Z. Jurjevi¢
FMR 15733 = CBS 142983  Spain, Canary Islands, Gran Canaria, LT798905 LT798924  LT798925  LT798926
= CCF 6052 = [FM 66798 Santa Brigida, herbivore dung, 2016, J.
Gené & J.Z. Siqueira
FMR 15736 = CBS 142982  Spain, Canary Islands, Gran Canaria, LT798906  LT798927  LT798928  LT798929
= CCF 6074 Teror, herbivore dung, 2016, J. Gené & J.Z.
Siqueira
FMR 15877 = CBS 142667  Spain, Canary Islands, Gran Canaria, North  LT798907  LT798930  LT798931  LT798932
= CCF 6058 Coast, herbivore dung, 2016, J. Gené &
J.Z. Siqueira
DTO 196-E4 = CBS 126836  Ecuador, Galapagos Islands, soil, 1965, ON156384 ON164583 ON164622 ON164530
D.P. Mahoney
A. taichungensis BT 19404" = CCF 5597™=  Taiwan, Taichung city, soil, 1994, T. Yaguchi  LT626957 EU(076297 HG916679  LT627016
DTO 031-C67
CMW-IA21 =CMW 58623  Botswana, Okavango basin, Gewihaba — — MW480714  ON164531
= CN162D9 = DNO7 Caves, bat guano-contaminated soil, 2019,
G. Modise, D. Nkwe & R. Mazebedi
DTO 266-G2 = CCF 5827 =  Mexico, house dust, 2013, C.M. Visagie KJ775572  KJ866980  ON164627 ON164536
IFM 66799
DTO 270-C9 = CCF 5826 Mexico, house dust, 2013, C.M. Visagie KJ775573  KJ866981  ON164626 ON164535
A. tenebricus DTO 337-H7" = CBS South Africa, Robben island, soil, 2015, ON156389 ON164584 ON164623 ON164532
1470487 P.W. Crous & M. Meijer
DTO 440-E1 = CBS 147376  Australia, Queensland, soil, 2009, P.W. ON156390 ON164585 ON164624 ON164533
Crous, N. Yilmaz & T. Hoogenhuijzen
DTO 440-E2 Australia, Queensland, soil, 2009, P.W. ON156391 ON164586 ON164625 ON164534
Crous & T. Hoogenhuijzen
Aspergillus sp.  DTO 244-F1 New Zealand, indoor environment, E. ON156399 ON164543 ON164593 ON164490

Whitfield, K. Mwange & T. Atkinson

2 Acronyms of culture collections in alphabetic order: ATCC, American Type Culture Collection, Manassas, Virginia; CBS, Westerdijk Fungal Biodiversity
Institute (formerly Centraalbureau voor Schimmelcultures), Utrecht, the Netherlands; CCF, Culture Collection of Fungi, Department of Botany, Charles
University, Prague, Czech Republic; CMF ISB, Collection of Microscopic Fungi of the Institute of Soil Biology, Academy of Sciences of the Czech Republic,
Ceské Budgjovice, Czech Republic; CN, CMW & CMW-IA, working and formal culture collections housed at FABI (Forestry and Agricultural Biotechnology)
Institute, University of Pretoria, South Africa; DN, working collection of David Nkwe, housed at the Department of Biological Sciences and Biotechnology,
Botswana International University of Science and Technology, Botswana; DTO, Internal Culture Collection of The Department Applied and Industrial
Mycology of the CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands; EMSL, EMSL Analytical Inc., New Jersey, USA; FMR, Facultat de
Medicina i Ciéncies de la Salut, Reus, Spain; FRR, Food Fungal Culture Collection, North Ryde, Australia; IBT, Culture Collection at Department of
Biotechnology and Biomedicine, Lyngby, Denmark; IFM, Collection at the Medical Mycology Research Center, Chiba University, Japan; IFO, Institute for
Fermentation, Osaka, Japan; IHEM (BCCM/IHEM), Belgian Coordinated Collections of Micro-organisms, Fungi Collection: Human and Animal Health,
Sciensano, Brussels, Belgium; IMI, CABI’s collection of fungi and bacteria, Egham, UK; KAS, fungal collection of Keith A. Seifert, internal working culture
collection at DAOMC (Culture collection of the National Mycological Collections, Agriculture & Agri-Food Canada), Ottawa, Canada; NRRL, Agricultural
Research Service Culture Collection, Peoria, lllinois, USA; RMF, Rocky Mountain Fungi, Dept. of Botany, University of Wyoming, Laramie; UAMH,
University of Alberta Microfungus collection and Herbarium, Edmonton, Alberta, Canada.
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The PCR reaction volume of 20 pL contained 1 pL (50 ng mL™")
of DNA, 0.3 L of both primers (25 pM mL"), 0.2 uL of MyTag™
DNA Polymerase (Bioline, GmbH, Germany) and 4 pl of 5 x MyTaq
PCR buffer. The standard thermal cycle profile was 93 °C—2
min; 38 cycles of 93 °C—30 s, 55 °C—30's, 72 °C—60 s; and a
final extension of 72 °C—10 min. The internal transcribed spacer
rDNA region (ITS) was amplified using forward primer ITS1 (White
et al. 1990) and reverse primers NL4 (O’Donnell 1993) or ITS4
(White et al. 1990); the partial B-tubulin gene region (benA) was
amplified using forward primers Bt2a (Glass & Donaldson 1995),
T10 (O’'Donnell & Cigelnik 1997) or Ben2f (Hubka & Kolafik 2012)
and reverse primer Bi2b (Glass & Donaldson 1995); the partial
calmodulin gene region (CaM) was amplified using forward primers
CF1L, CF1M (Peterson 2008) or cmd5 (Hong et al. 2006) and
reverse primers CF4 (Peterson 2008) or cmd6 (Hong et al. 2006);
and the partial RNA polymerase Il second largest subunit gene
region (RPB2) using forward primers fRPB2-5F (Liu et al. 1999)
or RPB2-F50-CanAre (Jurjevi¢ et al. 2015) and reverse primer
fRPB2-7¢cR (Liu et al. 1999). The PCR products were separated
by electrophoresis on 1 % agarose gel and subsequently purified
using ExoSAP-IT™ (Thermo Fisher Scientific, Vilnius, Lithuania).

Sequences were inspected and assembled using BioEdit v.
7.2.5 (Hall 1999) and deposited into the GenBank database under
accession numbers listed in Table 1.

Phylogenetic studies

Alignments of the benA, CaM and RPB2 loci were performed using
the FFT-NS-i option implemented in the MAFFT online service
(Katoh et al. 2019). ITS was excluded from analyses due to its
low number of informative sites. The alignments were trimmed,
concatenated and then analysed using maximum likelihood (ML),

Bayesian inference (Bl) and Maximum Parsimony (MP; this method
was used only to construct single-gene phylogenies) methods.
Suitable partitioning schemes and substitution models (Bayesian
information criterion) for the analyses were selected using a greedy
strategy implemented in PartitionFinder 2 (Lanfear et al. 2017)
with settings allowing introns, exons and codon positions to be
independent datasets. The optimal partitioning schemes for each
analysed dataset along with basic alignment characteristics are
listed in Table 2.

Maximum likelihood trees were constructed with IQ-TREE
v. 1.4.4 (Nguyen et al. 2015) with nodal support determined by
ultrafast bootstrapping (BS) with 100 000 replicates. Trees were
rooted with the clade containing A. neotritici isolates. Bayesian
posterior probabilities (PP) were calculated using MrBayes v.
3.2.6 (Ronquist et al. 2012). The analysis ran for 10 generations,
two parallel runs with four chains each were used, every 1 000th
tree was retained and the first 25 % of trees were discarded as
burn-in. The convergence of the runs and effective sample sizes
were checked in Tracer v. 1.6 (http:/tree.bio.ed.ac.uk/software/
tracer). Maximum parsimony (MP) trees were created using
PAUP* v.4.0b10 (Swofford 2003). Analyses were performed using
the heuristic search option with 100 random taxon additions; tree
bisection-reconnection (TBR); maxtrees were set to 1 000. Branch
support was assessed by bootstrapping with 500 replications.

The rules for the application of the GCPSR approach were
adopted from Dettman et al. (2003a,b) and slightly modified to
different design of this study (different number of loci and methods
used). To recognize a clade as an evolutionary lineage, it had
to satisfy either of two criteria: (a) genealogical concordance -
the clade was present in the majority (2/3) of the single-locus
genealogies; (b) genealogical nondiscordance - the clade was
well supported in at least one single-locus genealogy, as judged

Table 2. Characteristics of alignments, partition-merging results and best substitution model for each partition according to the Bayesian information

Phylogenetic  Partitioning scheme (substitution model)

Five partitions: 1%t codon positions of benA, CaM & RPB2 & 2™
codon positions of CaM (TrN+l); 2 codon positions of benA &
RPB2 (JC); 3 codon positions of benA & CaM (HKY+G); 3 codon
positions of RPB2 (K81uf+G); introns of benA & CaM (K80+G)

Five partitions: 1% codon positions of benA, CaM & RPB2 (HKY+l);
2" codon positions of benA, CaM & RPB2 (F81+1); 3 codon
positions of benA & CaM (HKY+G); 3 codon positions of RPB2
(HKY+G); introns of benA & CaM (K80+G)

Three partitions: 1 & 2" codon positions (JC); 3 codon positions
(HKY+G); introns (K80+G)
Three partitions: 1 & 2" codon positions (JC); 3 codon positions
(HKY+G); introns (K80+G)

Three partitions: 1t & 2" codon positions (TrN+l); 3 codon
positions (HKY+G); introns (K80+G)

Three partitions: 1 & 2" codon positions (HKY+1); 3 codon
positions (HKY+G); introns (K80+G)

Three partitions: 1 codon positions (HKY+l); 2 codon positions
(JC); 3 codon positions (K81uf+G)

criterion.
Alignment Length (bp) Variable Parsimony
position informative method
sites
benA+ CaM + RPB2 2069 455 353 Maximum
(Fig. 1) likelihood
(ML)
Bayesian
inference (BI)
benA (Fig. 2) 479 133 106 ML
B
CaM (Fig. 2) 576 120 88 ML
B
RPB2 (Fig. 2) 1014 202 159 ML
BI

Three partitions: 15 codon positions (HKY+1); 2 codon positions
(JC); 31 codon positions (HKY+G)



by both ML and MP bootstrap proportions (=70 %) and BI
posterior probabilities (295 %), and was not contradicted in any
other single-locus genealogy at the same level of support. When
deciding which evolutionary lineages represent phylogenetic
species, two additional criteria were applied and evaluated
according to the combined phylogeny of three genes: (a) genetic
differentiation - species had to be relatively distinct and well
differentiated from other species to prevent minor tip clades from
being recognized as a separate species; (b) all individuals had to
be placed within a phylogenetic species, and no individuals were
to be left unclassified.

In order to create hypotheses about species boundaries, we
used one multi-locus multispecies coalescent (MSC) model-based
method STACEY (Jones 2017) and four single-locus species
MSC delimitation methods: (1) the general mixed Yule-coalescent
method (GMYC) (Fujisawa & Barraclough 2013), (2) the Bayesian
version of the general mixed yule-coalescent model (bGMYC)
(Reid & Carstens 2012), (3) the Poisson tree processes model
(PTP) and (4) the Bayesian Poisson tree processes model bPTP
(Zhang et al. 2013).

For the single-locus species delimitation methods, we used the
haplotype function from package Pecas (Paradis 2010) in R to retain
only unique sequences in alignments. The following nucleotide
substitution models were selected by jModelTest v. 2.1.10
(Darriba et al. 2012) for benA, CaM and RPB2 loci according to
the Bayesian information criterion: K80+I, TrNef+G and TrN+I.
The GMYC analysis was performed in R with the package spLiTs
(Fujisawa & Barraclough 2013). The ultrametric input trees for the
GMYC method were calculated in BEAST v. 2.6.6 (Bouckaert et
al. 2014) with a chain length of 1 x 107 generations. As a model
for creating input trees we set up Coalescent Constant Population
prior and performed two tree reconstruction methods — one with
Common Ancestor heights (CAh) setting and second with Median
heights (Mh) setting. We only show delimitation results of both
settings when they were different. The bGMYC analysis was
performed with package sewyc (Reid & Carstens 2012) in R v.
3.4.1. For this method, we firstly discarded the initial 25 % of the
trees from the BEAST inference as burn-in and then we used R v.
4.1.2 the package are (Paradis et al. 2004) in R to randomly select
one hundred trees, which were then used as input. Two values
(0.5 and 0.75) of bgmyc.point function were set up for all analyses.
This function is crucial for the final division of strains into species.
The authors of the software recommended value around 0.5, lower
value delimits either the same number of species or less while
a value >0.5 delimits the same number of species or more. For
the PTP and bPTP method, 1 000 maximum likelihood standard
bootstrap trees were calculated in IQ-TREE v. 1.6.12 (Nguyen et
al. 2015) and used as input. The analysis was run in the Python
v. 3 (van Rossum & Drake 2019) package pTp (Zhang et al. 2013).

The multi-locus species delimitation method STACEY was
performed in BEAST v. 2.6.6 (Bouckaert et al. 2014) using the
STACEY v. 1.2.5 add-on (Jones 2017). We set up the length of
memc chain to 1 x 10° generations, the species tree prior was set
to the Yule model, the molecular clock model was set to strict clock,
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 (a = 1, B = 1000). The output was processed with
SpeciesDelimitationAnalyzer (Jones 2015). For the presentation
of the results of STACEY, we firstly created a plot showing how
the number of delimited species and the probability of the most
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probable scenarios change in relation to the value of collapseheight
parameter, and then we created similarity matrices using code
from Jones et al. (2015) with two different values (0.007, 0.01) of
collapseheight chosen from the plot (see Results section - Species
delimitation using STACEY). Phylogenetic trees generated during
STACEY analysis were then used for the presentation of species
delimitation results analysis. The graphical outputs were created in
iTOL (Interactive Tree Of Life) (Letunic & Bork 2021).

We also employed the recently developed software
DELINEATE (Sukumaran et al. 2021) to independently test
species boundaries hypotheses. Firstly, the dataset was split into
hypothetical populations with “A10” analysis in BPP v. 4.3 (Yang
2015). Then, the species tree for these populations was estimated
in starBEAST (Heled & Drummond 2009) implemented in BEAST
v. 2.6.6 (Bouckaert et al. 2014). Finally, the populations delimited
by BPP were lumped into species based on the results of species
delimitation methods and phenotypic characters, with several
populations always left unassigned to be delimited by DELINEATE.
In total, nine models of species boundaries were set up. The
analysis was run in Python v. 3 (van Rossum & Drake 2019)
package DELINEATE (Sukumaran et al. 2021).

RESULTS

Integrative approach for determining species
boundaries

For the species delimitation in section Candidi, three genetic loci
(benA, CaM and RPB2) were examined across 113 strains, while
phenotypic characters were measured and scored for 66 strains
representing the genetic variability across the section. The results
from the GCPSR approach were compared with MSC methods and
phenotypic data to draw the final conclusions about species limits.

From the early beginning of this study, it was clear that creating
initial hypotheses about species boundaries in section Candidi
would be extremely difficult due to relatively uniform morphology
and conflicting data from single-gene phylogenies. To overcome
these difficulties and remain relatively consistent across the
section, we decided to score support for delimitation of species and
monitor four main criteria. In this integrative approach, we required
that the delimited species meet at least three of the following four
criteria: (1) no conflict in the assessment of species limits using the
GCPSR approach, (2) support from the multi-locus MSC method
STACEY (at least in one of the two most probable scenarios — see
below), (3) support by the majority (10 from 18) of single-locus
MSC methods and their settings (agreement on the delimitation of
species in its exact form or delimitation of smaller entities within it
but without any admixture with related species/populations) and (4)
presence of phenotypic difference(s) from phylogenetically most
closely related species. The resulting scoring is summarized in
Table 3. Using this approach, delimitation of two novel species was
supported, A. magnus and A. tenebricus (see below and section
Taxonomy).

Phylogenetic analysis and GCPSR approach

The best scoring ML tree based on the concatenated and partitioned
alignment of 113 strains is shown in Fig. 1. The topology of the tree
inferred by Bl was almost identical and the posterior probabilities
are appended to nodes together with bootstrap support values from
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Table 3. Support for delimitation of various species/populations using integrative approach consisting of four main components.

Examined species/populations

Support from four evaluated components

Overall support

GCPSR STACEY!
A. campestris NO YES (2/2)
segregation of A. campestris into three species NO® NO (0/2)
A. candidus YES YES (1/2)
A. dobrogensis YES YES (1/2)
Aspergillus sp. DTO 244-F1 N/A YES (2/2)
A. magnus N/A YES (2/2)
A. neotritici YES YES (2/2)
segregation of CCF 4914 and IBT 12659 from YES NO (0/2)
A. neotritici
A. pragensis YES YES (2/2)
A. subalbidus YES YES (1/2)
segregation of CCF 6199 and CCF 5642 (pop YES YES (1/2)
6) from A. subalbidus
A. taichungensis YES YES (2/2)
segregation of DTO 266-G2 from A. NO NO (0/2)
taichungensis
A. tenebricus YES YES (2/2)

Single-locus MSC Morphology / (3-4/4)
methods? physiology
YES (12/18) YES YES
NO (6/18) NO NO
NO (7/18) N/A (trend) ?
NO (7/18) N/A (trend) ?
YES (11/18) N/A ?
YES (17/18) YES YES
YES (18/18) YES YES
NO (3/18) YES NO
YES (17/18) YES YES
YES (17/18) YES YES
NO (9/18) NO NO
YES (13/18) YES YES
YES (10/18) NO NO
YES (13/18) YES YES

MCS - multispecies coalescent model-based methods; N/A — data not available or analysis could not be performed (non-viable strain DTO 244-F1 could
not be analyzed phenotypically; species/populations represented by one strains could not be evaluated using GCPSR; a part of A. dobrogensis and A.

candidus isolates cannot be distinguished morphologically — see sections Results, Discussion and Taxonomy).

'Support in at least one of the two most probable scenarios with collapseheight parameters 0.007 and 0.01 - see Fig. 4B.

2Support by the majority (at least 10 out of 18) of single-locus methods and their settings, i.e., agreement on the delimitation of species in its exact form
or delimitation of smaller entities within it but without any admixture with related species/populations - see Fig. 3.

Support is ambiguous: although three evolutionary lineages are supported by two out of three single-gene genealogies (Fig. 2), they lack support in the
combined tree (Fig. 1); ,YES" scoring would not change the final decision about species limits using integrative approach.

ML analysis. Isolation source and geographical origin of strains
are plotted on the tree (also listed in Table 1) together with the
culture collection accession numbers. All alignments are available
from the Dryad Digital Repository (https://doi.org/10.5061/
dryad.3j9kd51mq) and basic alignment characteristics are listed in
Table 2 together with partitioning scheme and substitution models
used in the analyses.

Phylogenetic relationships between section Candidi members
are well resolved in the combined phylogeny and the species
clustered into three main monophyletic clades. The first clade
included A. candidus, A. dobrogensis, Aspergillus sp. DTO 244-
F1, A. campestris and A. magnus. Although it is highly probable
that strain DTO 244-F1 represents an undescribed species
according to this phylogeny and molecular analyses mentioned
below, it is no longer viable and thus only molecular data could
be analysed. The second clade comprised A. subalbidus, A.
taichungensis, A. tenebricus and A. pragensis. Aspergillus
neotritici formed a single-species lineage, relatively distant from
the other species. This topology was almost identical to the trees
generated in STACEY analysis and starBEAST with one notable
exception. In the ML and Bl trees, A. campestris was resolved
as polyphyletic due to the position of the strain IBT 17867. This
strain formed a single-strain lineage clustering with Aspergillus
sp. DTO 244-F1, A. candidus and A. dobrogensis. This is caused
by its atypical RPB2 sequences influencing the topology not
only of the RPB2 tree (Fig. 2) but also of the whole multi-locus
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phylogeny (Fig. 1). The RPB2 sequence of A. campestris IBT
17867 shares many variable positions with A. candidus and A.
dobrogensis and probably represents a phenomenon of ancestral
polymorphism/incomplete lineage sorting or could be caused by
past recombination/hybridization. By contrast, in the tree from the
multi-locus MSC method STACEY (Fig. 3) and starBEAST (see
Delineate analysis), all seven strains of A. campestris formed a
monophyletic clade. Other sequences and phenotypic characters
of IBT 17867 were typical of A. campestris.

When comparing topologies of single-gene trees and applying
rules of the GCPSR concept (Fig. 2), no conflicts were found between
A. candidus and A. dobrogensis supporting definition of these species
in their known limits (Hubka et al. 2018b). There was some exchange
of isolates between clades within the A. candidus lineage and we
thus consider this species a single phylogenetic species (PS). Three
evolutionary lineages are supported among seven examined strains
of A. campestris: IBT 17867 + CBS 348.81 (1), IMI 344489 + IBT
23172 (2) and FMR 15224 + FMR 15226 + CCF 5641 (3). Except
for lineage 1, these lineages are present in all three single-gene
trees without conflict. However, as mentioned above, the deviating
RPB2 sequence and phylogenetic position of IBT 17867 in the RPB2
tree contradicts support of lineages 1 in the RPB2 tree. It is difficult
to decide if there is a support for three PS using GCPSR because
lineage 1 does not occur in the combined phylogeny reconstructed
using ML and BI (Fig. 1) but at the same time, it is present in the
species trees from other multigene analyses as mentioned above.
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Fig. 1. Multi-locus phylogeny of Aspergillus section Candidi based on three loci (benA, CaM, RPB2) and comprising 113 isolates. Best scoring Maximum
Likelihood tree inferred in the IQ-TREE is shown; Maximum likelihood bootstrap values and Bayesian posterior probabilities are appended to nodes; only
support values higher than 70 % and 0.95, respectively, are shown. The ex-type strains are designated with a superscripted T and bold print. Alignment
characteristics, partitioning scheme and substitution models are listed in Table 2. The information on geographic origin and isolation source was plotted on
the tree — see legend.
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Fig. 2. Comparison of single-gene genealogies based on the alignments of benA, CaM and RPB2 loci and created by three different phylogenetic methods.
Single-locus maximum likelihood trees are shown; maximum likelihood bootstrap supports (MLBS), maximum parsimony bootstrap supports (MPBS) and
Bayesian inference posterior probabilities (BIPP) are appended to nodes. Only MLBS and MPBS values =70 % and BIPP =0.95, respectively, are shown.
A cross indicates lower statistical support for a specific node or the absence of a node in the MP and Bl phylogenies. Selected strains or strain groups
causing incongruences across single-gene phylogenies because of their unstable position are colour highlighted. The ex-type strains are designated with a
superscripted T and bold print.
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Fig. 3. Schematic representation of results of species delimitation methods in the section Candidi. One multi-locus method (STACEY) and five single-locus
methods (GMYC, bGMYC, PTP, bPTP) were applied on dataset of three loci (benA, CaM, RPB2). The results are depicted by coloured bars with different
colours or shades indicating tentative species delimited by specific method and setting. Ex-type isolates of accepted species are highlighted with bold print.
STACEY results with two values of collapseheight parameter, 0.01 and 0.007, are shown. For the GMYC method, the Coalescent Constant Population tree
model was used as an input with both common ancestor heights (CAh) and Median heights (Mh) settings. For the bGMYC method, values 0.5 and 0.75 were
used for the bgmyc.point function. The phylogenetic tree was calculated in starBEAST analysis and it is used solely for the comprehensive presentation of
the results from different methods.
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Aspergillus pragensis received clear support because this
lineage contained little intra-species variation and it is well
separated from other species in all phylogenies. The GCPSR
approach also clearly supported delimitation of A. tenebricus and
its sister species A. taichungensis. There are some incongruences
within the A. taichungensis lineage not allowing this species to
be defined other than in the form of four strains (IBT 19404, DTO
266-G2, DTO 270-C9 and genetically invariable CMW-IA 21).
Significant incongruences can be found in the robust and structured
lineage of A. subalbidus. GCPSR approach supports segregation
of basal clade with strains CCF 5642 and CCF 6197 (referred to
as population “pop 6” according to the DELINEATE analysis — see
below) from A. subalbidus. Speciafically, segregation of this PS is
supported by benA, CaM and combined phylogenies but not by
RPB2 phylogeny (Figs 1-2).

All species belonging to the section Candidi are biseriate,
however, within the lineage of A. neotritici, there is a subclade
with two uniseriate strains CCF 4914 and IBT 12659 (no biseriate
conidiophores observed) which is supported by benA, CaM and
combined phylogenies but not by RPB2 (Figs 1-2). Although
GCPSR supported segregation of this subclade from A. neotritici,
MSC methods preferred a broad concept of A. neotritici (see below).

Singleton lineages with unstable phylogenetic position, namely,
Aspergillus sp. DTO 244-F1 and UAMH 1324 (A. magnus), were
excluded from evaluation using GCPSR because it is not possible
to evaluate potential discordant positions of similar isolates across
genealogies. On the other hand, both strains formed their own
singleton lineages in all single-gene and multigene trees.

Species delimitation using STACEY

Detailed results of the multi-locus method STACEY are shown in
Fig. 4 where subfigure A illustrates the effect of the collapseheight
parameter value on the number of delimited species. This
collapseheight parameter is plotted on the x-axis while on the
left y-axis, there is a number of delimited species with the given
collapseheight value (black line). The support for the most probable
scenario (red line), and the second most probable scenario
(turquoise line) are shown; other less supported scenarios are
omitted. The changing value o the collapseheight parameter has
consequences especially for the delimitation of A. dobrogensis,
A. candidus, and species in the clade containing A. subalbidus,
A. taichungensis and A. tenebricus. There are two main scenarios
which gained reasonable support, i.e., with 9 and 11 delimited
species (Fig. 4A). The vertical dashed lines in subfigure A represent
these scenarios illustrated in detail in subfigures B (Fig. 4B) in the
form of similarity matrices showing posterior probabilities of each
pair of isolates being included in the same species.

The scenario with 11 species reached support of approximately
0.4 (y-axis on the right side; maximum is 1) when the collapseheight
parameter value is around 0.007. In this scenario, A. dobrogensis, A.
candidus, A. taichungensis and A. tenebricus are delimited as separate
species. Strains of A. subalbidus are divided into two tentative species
— status of the separate species is supported for the clade “pop 6”
designated according to the DELINEATE analysis (see below).

In the scenario with 9 species and collapseheight parameter
value of approximately 0.01, A. subalbidus is delimited as a single
broad species, while A. dobrogensis is merged with A. candidus.
Both A. taichungensis and A. tenebricus are still delimited but with
lower support. The delimitation support of the other species was
stable and with high support in both scenarios (Aspergillus sp. DTO
244-F1, A. campestris, A. magnus, A. pragensis and A. neotritici).
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Delimitation using single-locus MSC methods

There was a high overall agreement across single-locus MSC
methods and their different settings on the delimitation of A. magnus,
A. pragensis and A. neotritici while for the other species, different
methods generated a plethora of possible arrangements (Fig.
3). Aspergillus pragensis and A. magnus have been consistently
defined from other species by all mentioned methods except the
GMYC method with Common Ancestor node heights settings
(GMYC CAh) based on benA. In this setting, A. magnus was lumped
with A. candidus, A. dobrogensis, A. campestris and Aspergillus sp.
DTO 244-F1, while A. pragensis was lumped with A. subalbidus,
A. taichungensis and A. tenebricus. Only three analyses delimited
one or more additional species within A. neotritici lineage, namely
GMYC method with Median node heights setting (GMYC Mh)
based on benA and CaM loci, and bPTP method based on CaM
locus. All these three analyses agreed on the separation of clade
containing uniseriate isolates CCF 4914 and IBT 12659 from A.
neotritici. Most of the analyses (12/18) also supported delimitation
of singleton species Aspergillus sp. DTO 244-F1 which is related to
A. candidus, A. dobrogensis and A. campestris.

The agreement of the methods on the delimitation and
arrangement of the remaining species was much lower. The majority
of analyses did not support the delimitation of A. dobrogensis
from A. candidus (Fig. 3). Only seven analyses distinguished A.
candidus and A. dobrogensis or delimited a couple of additional
species within these species. Delimitation of A. campestris in its
broad concept (seven isolates) was only supported by bGMYC with
value 0.5 for the bgmyc.point function (bGMYC 0.5) based on CaM
locus and with value 0.75 (bGMYC 0.75) based on benA locus.
This broad concept is in agreement with results of STACEY with
both collapseheight parameters. Some analyses based on benA
locus (PTP, bPTP, GMYC CAh and bGMYC 0.5 methods) lumped
A. campestris with A. candidus and A. dobrogensis. All methods
based on CaM locus except bGMYC 0.5 and also GMYC Mh
based on benA locus delimited 2—4 species within A. campestris.
Because the RPB2 sequence of strain IBT 17867 is atypical and
relatively dissimilar from other A. campestris isolates, all single-
locus methods based on RPB2 failed to connect this strain with A.
campestris. This strain was either delimited as a singleton species
or it was lumped with Aspergillus sp. DTO 244-F1 (bGMYC 0.75) or
with the clade containing A. candidus and A. dobrogensis (b\GMYC
0.5).

Aspergillus taichungensis was delimited as a species with four
strains (IBT 19404, DTO 270-C9, DTO 266-G2 and CMW-IA 21)
by STACEY with both values of the collapseheight parameter. This
arrangement was only supported by three single-locus methods,
namely, bGMYC 0.75 based on benA and RPB2 and GMYC Mh
based on RPB2. The majority of analyses (10/18) delimited 2-4
species within A. faichungensis (Fig. 3). Three analyses merged
A. taichungensis with A. tenebricus and two analyses (bGMYC
0.5 based on CaM and GMYC Cah based on benA) even merged
these species with A. subalbidus and/or A. pragensis. Similarly
to STACEY, most of the analyses (10/18) delimited A. tenebricus
as a species comprising three strains: DTO 337-H7, DTO 440-E1
and DTO 440-E2. Three analyses supported segregation into two
species and the remaining five analyses merged A. tenebricus
with related species as mentioned above. Aspergillus subalbidus
was represented by a high number of strains (n = 29) which were
structured into several clades and frequently delimited as separate
species by single-locus MSC methods. STACEY proposed a broad
concept of A. subalbidus with 29 or 27 strains, only supporting
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same multispecies coalescent cluster (tentative species). The darkest black shade corresponds to a posterior probability of 1, while the white colour is equal
to 0. Thicker horizontal and vertical lines in the similarity matrices delimit species or their populations that gained delimitation support in some scenarios.
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segregation of “pop 6" (see DELINEATE analysis below) in the
setting with low collapseheight parameter (0.007). This broad
concept of A. subalbidus was supported by six out of 18 single-locus
MSC analyses and the remaining analyses usually segregated
“pop 6” (nine out of 18) and/or delimited several additional species
with variable arrangements. Two analyses lumped A. subalbidus
with neighbouring species (Fig. 3).

Phenotypic analysis - macromorphology

All species were able to grow on the four cultivation media (MEA,
CYA, CZA, CY20S) at 25 °C. Colony diameters on these media and
selected macromorphological characters relevant for the species
identification are summarized in Table 4. Almost all species have
the largest colony diameter on CY20S compared to the other media
with a lower sugar content. Aspergillus magnus and A. pragensis
had the smallest colony diameters and their restricted growth was
even more accentuated on CZA.

The overview of macromorphology of all species and their
various morphotypes are shown in Fig. 5. Colony morphology of
A. candidus is very similar to A. dobrogensis, but colonies of A.
dobrogensis strains have a larger diameter on MEA, CYA and
CY20S (Table 4). The colony colour of most species in the section
Candidi is white or yellowish white, but shades of yellow dominate
in A. campestris (usually yellow to sulphur yellow), A. magnus
(greyish yellow on MEA, CYA and CY20S) and A. tfaichungensis
(pastel yellow on CYA and MEA). Intraspecific variability in colony
colour and dimensions is sometimes high. For instance, colonies
of A. campestris, usually ascribed as yellow, sulphur yellow or
bright yellow, were rather white or yellowish-white in FMR 15224,
In addition, there were also significant differences in the shape
and profile of colonies, production of soluble pigment and reverse
colour among strains (Fig. 5), but without any phylogenetic pattern.
Another phenotypically variable species was A. subalbidus with
strains showing significant differences in their colony surfaces,
dimensions and colours (Fig. 5). Two strains of A. subalbidus (DTO
196-E4 and FMR 15877) differed from other strains by their greyish
beige colonies, but otherwise they did not display any other unique
characteristics. Neither the other morphological variability observed
in A. subalbidus displayed any phylogenetic pattern that could
lead to considerations of segregation into multiple monophyletic
species. Two strains of A. neotritici (CCF 4914 and IBT 12659),
which formed their own subclade (Fig.1, Fig. 2, Fig. 3), differed
from other strains by more velvety colony surface and significantly
deviated in micromorphology (see below).

Production of sclerotia was observed in all species (except
A. magnus), mostly on CZA, CYA and MEA (Table 4). Except A.
dobrogensis, at least some strains of every species produced
soluble pigments after 4 wk of cultivation, most often on CZA and
CYA (Table 4). In general, the production of sclerotia and soluble
pigments was mostly strain-specific rather than species-specific.
But in several species represented by more strains, we observed
some trends, and in few cases, production of pigments contributed
to the species differentiation. For instance, a dark brown soluble
pigment was produced by A. tenebricus compared to yellow soluble
pigment produced by some strains of A. taichungensis. Dark soluble
pigments were also produced by all strains of A. campestris and
A. pragensis but with variable intensity and location. In contrast,
soluble pigments were observed to be absent in A. dobrogensis
strains while in the closely related A. candidus, five out of nine
examined strains produced pigments.

18

Phenotypic analysis — micromorphology

Dimensions of micromorphological characters are summarized
in Table 5 and statistical significances of differences in these
characters between species are detailed in Supplementary Table
S1. Interesting phenomenon can be seen in A. neotritici because
some strains of this species produce atypically short and uniseriate
conidiophores only (CCF 4914 and IBT 12659) in contrast to other
A. neotritici isolates and other section Candidi species. These
strains formed a separate clade in benA and CaM phylogenies
and were delimited as separate species by three single-locus MSC
methods. The strain CBS 266.81, a reference strain of invalidly
described A. tritici, produces atypically short, distorted and septate
conidiophores. Colonies of this strain also have a smaller diameter
than other A. neotritici isolates on all media and the strain produces
abundant sclerotia.

Results of the micromorphological analysis show that the most
important characters for distinguishing species are the length
and width of stipe, vesicle diameter and the length of metulae. In
contrast, conidial dimensions are characters that do not contribute
to species differentiation (Fig. 6). Aspergillus magnus is easily
distinguishable from other species. It has the longest and widest
stipes, the largest vesicle and the longest metulae. Aspergillus
dobrogensis has larger dimensions of stipes, vesicles, metulae and
phialides compared to the closely related A. candidus (Fig. 6). This
statement is however valid only for the species as a whole as there
are several individual strains not differing from A. candidus (Fig.
7). The possibilities of micromorphological differentiation between
related species A. subalbidus, A. taichungensis, A. tenebricus and A.
pragensis are limited. Among these species, A. tenebricus typically
has longer phialides and metulae. It also has a larger vesicle than A.
taichungensis. Some phylogenetic methods supported segregation
of clade “pop 6" from A. subalbidus or segregation of DTO 266-
G2 from A. taichungensis. We did not observe any specific feature
connecting these strains and differentiating them from other A.
subalbidus strains. The strain DTO 266-G2 also did not show
unique characters compared to remaining A. taichungensis strains
except much weaker production of yellow soluble pigment.

In some species, we observed remarkable differences in
individual microscopic characters between strains. For example,
in the A. campestris lineage, strain IMI 344489 produced larger
conidia while strain CBS 348.81 had larger vesicles (Fig. 7). In the
A. subalbidus lineage, strain DTO 196-E4 produced significantly
larger stipes and vesicles, and among A. neotritici strains, CCF
4030 had longer metulae and CCF 3853 produced larger conidia
(Fig. 7). These phenotypically exceptional strains did not form any
well-defined phylogenetic units.

We did not observe any differences in surface ornamentation
of conidia between species when using SEM (Fig. 8). Conidia of
all species were smooth-walled or occasionally finely roughened.

Physiology

Cardinal temperatures were assessed on MEA at nine different
temperatures ranging from 10 to 45 °C. The most common growth
patterns are shown in Fig. 9. Aspergillus neotritici is the only
species which is not able of growing or at least germinating at 10
°C and its optimal growth temperature is around 30 °C, while all
other species have optima around 25 °C or do not grow faster at
30 °C compared to 25 °C. At least some strains of four species can
grow at 37 °C, namely, A. neotritici, A. subalbidus, A. taichungensis
and A. tenebricus. All strains of A. taichungensis and A. neotritici



7:12(CZA>CYA>

MEA > CY20S)
2:1(CZA, CY208)

2:3 (CYA> MEA)
2:1(CZA)

2:8(CZA> MEA,
CYA, CY20S)

4:3(CZA, CYA)
0:

(present : absent)’
5:4 (CZA)
4.7 (CZA)

Sclerotia

4 (CZA> CYA)

0 (CYA)
12:7 (CYA> CZA)

1:

Soluble pigment (present :
7.0 (CZA>CYA>CY20S)

absent)!
5:0 (CZA, CYA)

2:1(CYA, MEA)
3:0 (CYA, CZA)

6:5 (CZA)

5:
0:1

yellow, sulphur yellow,
yellowish white

pale yellow, yellowish
white, yellowish white
white, yellowish white
white, yellowish white

white, white with a
gray

Colony colours
(CYAand MEA)
white, white with a
yellowish tinge
yellowish tinge
pastel yellow

white

CY20S
25-34 (30)
19-20 (20)
28-60 (51)
24-30 (27)
2445 (33)
40-51 (46)
48-52 (50)

25-45 (36)
32-48 (41)

CZA
10-20 (16)
16-25 (21)
17-22 (19)
11-13 (12)
14-39 (25)
11-15 (12)
16-26 (21)
19-21 (20)

22-24 (23)

CYA
22-36 (28)
20-32 (27)
26-39 (32)
16-17 (17)
21-50 (38)
16-22 (20)

2442 (32)
29-34 (31)

Colony diameter after 14 d in mm (mean)
33-43 (38)

MEA
16-28 (24)
20-27 (24)
22-35 (29)
20-22 (21)
15-18 (16)
18-30 (24)
25-29 (27)
26-33 (30)

20-47 (31)

CY208
10-21 (18)
16-25 (22)
18-28 (24)
13-15 (14)
19-31 (27)
13-18 (15)
18-27 (22)
28-31(30)
28-30 (29)

CZA
6-14 (9)
9-14 (10)

4-6 (5)

5-19 (12)

3-6 (5)

8-18 (13)
10-12 (11)

12-14 (13)

9-15 (11)

CYA
14-20 (17)
15-21 (18)
20-24 (21)
12-14 (13)
14-28 (22)
9-14 (12)
14-24 (20)
22-28 (25)

Colony diameter after 7 d in mm (mean)
19-23 (21)

MEA
11-17 (15)
12-17 (15)
17-20 (19)
12-14 (13)
10-25 (18)
8-10(9)

1117 (14)
16-18 (17)

19-21(20)
"Production was scored after 4 wk of cultivation on MEA, CYA, CZA and CY20S; the ratio shows the number of strains producing and not producing pigment/sclerotia; media on which pigment or slerotia were produced, are listed

in the parentheses and sorted by frequency. See section Taxonomy for more details concerning colours of soluble pigments and sclerotia, and strain numbers..

examined strains)

A. campestris (7)

A. candidus (9)

A. dobrogensis (10)
A. magnus (1)

A. neotritici (11)

A. pragensis (5)

A. subalbidus (19)
A. taichungensis (3)
A. tenebricus (3)

<§ Table 4. Overview of selected macromorphological characters and growth parameters at 25 °C.
Species (no. of
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grow or germinate at 40 °C (Fig. 10). An unusually wide
variability was observed in the temperature maximum of
A. campestris. Some strains of this species do not grow at
30 °C (IBT 17867, IBT 23172), while all others grow well
at this temperature, and the ex-type strain (CBS 348.81)
grows up to 35 °C. Similarly, only some strains (CBS
567.65, FMR 15736, NRRL 58123, FMR 15733, CCF
5643, NRRL 4809, CCF 5697, CCF 6197) of A. subalbidus
were able to grow at 35 °C and only some strains of A.
subalbidus (CCF 5643, CCF 5697, FMR 15733) and A.
tenebricus (DTO 337-H7, DTO 440-E2) could grow at
37 °C (Table 6, Fig. 9, Fig. 10).

Species delimitation using DELINEATE
software

The species hypotheses were independently tested in
DELINEATE software where we set up nine different
models. The results are summarized in Fig. 11.
Individual populations were either assigned into species
according to the previous results of species delimitation
(Supplementary Table S2) - grey coloured bars, or they
were left unassigned and free to be delimited - brown
coloured bars. The red frames show the resulting solution
proposed by DELINEATE for every model.

The first model left all populations of A. candidus, A.
dobrogensis, A. campestris, A. magnus and Aspergillus
sp. DTO 244-F1 unassigned and the other species were
defined as follows: all populations of A. subalbidus formed
one species (including “pop 6”), A. taichungensis was
merged with A. tenebricus. In this setting, unassigned
populations were divided into two species: A. magnus
and a broad species comprising all other species (A.
candidus + A. dobrogensis + A. campestris + Aspergillus
sp. DTO 244-F1). The second model differed from the
first by predefined species status of A. magnus, and
also A. tenebricus was separated from A. taichungensis.
In this setting, A. campestris and Aspergillus sp. DTO
244-F1 were recognized as a separate species, while
A. candidus and A. dobrogensis remained lumped
together. The third model differed from the second by
predefined species status for subpopulation “pop 6" of
A. subalbidus. When “pop 6" was separated, A. candidus
and A. dobrogensis were supported as separate species
in contrast to model 2. In the fourth model, populations
of A. dobrogensis, Aspergillus sp. DTO 244-F1, A.
subalbidus, A. taichungensis and A. tenebricus were left
unassigned and other species were determined within
their usual boundaries. This model resulted in recognizing
A. subalbidus as a single species, A. tenebricus was
divided from A. taichungensis, and A. dobrogensis was
lumped together with A. candidus.

The remaining models focused on the clade containing
A. subalbidus, A. taichungensis and A. tenebricus. In
all models, there was a predefined species status for A.
dobrogensis and all other species in their usual boundaries.
In the fith model, all populations of A. subalbidus, A.
taichungensisand A. tenebricus were left free to be delimited.
In this setting A. subalbidus “pop 6" was segregated
from A. subalbidus, A. tenebricus was segregated from
A. taichungensis, and A. taichungensis was divided into
two species. The populations of A. taichungensis and A.
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Fig. 5. Overview of macromorphological patterns (obverse and reverse) within section Candidi on four cultivation media (MEA, CYA, CZ, CY20S) grown
for 14 d at 25 °C. Macromorphological characters were scored in detail for 68 isolates and only unique phenotypic patterns are shown for every species.
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Fig. 5. (Continued).
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tenebricus were the only unassigned populations in the sixth and
seventh model. Aspergillus subalbidus was predefined as one (model
6) or two species (model 7) with “pop 6" treated as separate species.
In both cases, A. tenebricus was recognized as a separate species,
while A. taichungensis was divided into two species in the seventh
model. In the last two models, only populations of A. subalbidus
were left free to be delimited. In the eighth model, A. subalbidus was
recognized as a single species in the situation when A. taichungensis
and A. tenebricus were predefined as one species. By contrast, when
A. taichungensis and A. tenebricus were predefined as separate
species, population “A. subalbidus pop 6" was segregated from A.
subalbidus.

Ecology

To analyse distribution and substrate preferences of section Candidi
members, we downloaded all sequences of benA, CaM and RPB2
and associated data from GenBank (accessed on 20 February
2022) (Supplementary Table S3) and analysed them together with
sequences listed in Table 1. Then we constructed a combined tree
(Supplementary Fig. S1), determined probable species limits and

Table 5. Overview of micromorphological characters'?.

visualized ecological data (Fig. 12). Although there are many other
records on the occurrence of section Candidi members in literature,
we restricted our focus to data with identification verified by DNA
sequencing of variable loci.

Eight from nine species (except A. tenebricus) have been
found in North America from where we gathered 52 records
(Supplementary Table S3), followed by Europe with 51
records representing seven species (except A. magnus and A.
tenebricus). Aspergillus neotritici and A. subalbidus were the most
geographically widespread species in our dataset occurring on five
continents each.

The most common and diverse habitat for section Candidi is the
indoor environment, where seven out of nine species were found
(55 records), and only A. magnus and A. tenebricus were missing.
Four species, A. dobrogensis, A. candidus, A. subalbidus and A.
taichungensis have been isolated from caves (28 records). Food-
borne species (19 records) comprised A. neotritici, A. candidus,
A. subalbidus, A. pragensis and A. taichungensis. Four species
are known as coprophilous (14 records), namely, A. campestris,
A. candidus, A. dobrogensis and A. subalbidus. Clinical isolates
(14 records) mostly belonged to A. neotritici (eight records) and

Species (no. of
examined strains)

Length; mean * sd
(90-)250-850(-
1.300);

507 +217.5
(70-)125-400(-520);

A. campestris (7)

A. candidus (9)

242 £101.5

(100-)150-1 150(~
2 000);

609 + 330.2

(540-)810~1 150(~
1600);

945 £ 225.8

(140-)250-500(-
700);

363 +109.7°
(40-)110-260(-380);

A. dobrogensis (10)

A. magnus (1)

A. neotritici (9)

A. pragensis (5)

175+ 82.1

A. subalbidus (19)  (20-)50-330(~730);

136 £91.0

A. taichungensis (3)  (15-)40-90(-215);

60+ 314

A. tenebricus (3) (30-)80-140(-310);

114 £57.9

Stipe

Width; mean £ sd
(4-)5-7.5(-9);

5911
(2.5-)3.5-8.5(~9.5);

49+16
(3-)5-7(~14);

62+15
(6-)9-13(~16);

11.2+24
(3.5-)4-8(-9);

6.1+1.0°
(3-)3.5-5(-6);

43+06
(2.5-)3-8(-10);

42+13
(2-)3-4(-5);

33107
(2.5-)3.5-5(-6.5);

42+08

'Measured after 1-3 wk of cultivation on MEA at 25 °C.
2Statistical comparison of micromorphological characters between species is listed in Supplementary Table 1.

Metulae Phialides Vesicle diam; Conidia (longer
length; length; dimension);
mean * sd mean * sd mean * sd mean * sd
(7-)8-14(-17);  (4.5-)5-7(-9); (10.5-)14-22(-  (2.8-)3-4.5(-4.9);
31.5);
101+£23 59+0.8 171 £37 38+£05
(4.5-)5.5-75(-  (4.5-)5-6.5(- (8-)10-23(-33);  (3.1-)3.3-4(-4.3);
8); 7);
607 56%05 14750 37+02
(5-)5.5-12(- (5-)5.5-7.5(-  (9-)10-30(-39.5); (3-)3.4-4.1(-4.3);
14); 8.5);
84+19 6.4 £07 19656 3703
(7.5-)9-14(- (4.5-)5.5- (18-)33-49(-45); (3.2-)3.4-3.6(-
17); 7(-8); 3.8);
121+£28 6.1+08 348+8.0 35+£0.2
(4-)7-17(-21); (2.5-)3.5- (11-)14-24(-28);  (2.6-)3-4.6(-5.1);
6(-8);
9.9+3.3° 4509 184373 3505
(4-)5-6.5(-8);  (4-)5-6(-6.5);  (7-)10-17(=23);  (3.1-)3.5-4(—4.6);
57+£08 53104 13.6 £ 3.1 3703
(4-)6-11(- (3.5-)4.5-6(- (5-)7-23(-31); (3-)3.2-4.2(-4.5);
16.5); 7.5);
74+15 54+06 118147 3703
(4-)5.5-7(-9.5); (3.5-)4.5-6.5(-  (5-)7-11(-15); (2.8-)3-3.8(—4.1);
7.5);
6.2+0.8 50£05 82+20 34+£03
(7-)8-12(-14); (5.5-)6-7(- (8.5-)11-18(-27);  (3.4-)3.6-3.9(-
8.5); 4.3);
99+£13 6.7+0.7 143134 38+0.2

3Strains CCF 4914, IBT 12659 and CBS 266.81 were excluded because they produced short, uniseriate or atypical conidiophores.
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the remaining strains were A. pragensis, A. dobrogensis and A. metal duct, egg-mass, barn litter and the newly described species,
candidus. Five species (12 records) have been found in sall, i.e., A. A. magnus, that was isolated from a mouse.
candidus, A. campesitris, A. subalbidus, A. neotritici, A. taichungensis Based on the number of strains included in this study and
and A. tenebricus. Strains from outdoor air were poorly represented number of sequences deposited in GenBank, A. candidus and
in our dataset and were restricted to A. neotritici and A. pragensis. A. subalbidus seem to be the most encountered species. None
Our set of strains included many from less usual substrates of the species which were represented by a high number of
(scored as “other”) like vermicompost, tunnels of bark beetles, strains seem to be substrate-specific or geographically restricted.
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Fig. 6. Summary overview of seven micromorphological characters across species of section Candidi. Boxplots show median, interquartile range, values
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— A. dobrogensis

— A. candidus

—— A. campestris

—— A. magnus

—| —— A. subalbidus

—— A. taichungensis

— A. tenebricus

A. pragensis

A. neotritici

Fig. 8. Conidia under scanning electron microscopy (SEM). Examined strains from left to right: A. dobrogensis - CCF 4649, IBT 29476, IBT 29476; A.
candidus - CCF 3996, CBS 566.65, CCF 3996; A. campestris - FMR 15224, FMR 15226, IBT 23172; A. magnus - UAMH 1324 only; A. subalbidus - FMR
15877, CBS 122449, CCF 5643; A. taichungensis - DTO 266-G2 only; A. tenebricus - DTO 440-E1, DTO 337-H7, DTO 337-H7; A. pragensis - CCF 4654,
CCF 3962, CCF 4654; A. neotritici - CCF 4653, CBS 266.81, IBT 12659. Scale bars = 2 um.
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10°C 15°C 20°C 25°C 30°C 35°C 37°C 40°C

CCF 4650
A. dobro-
gensis

NRRL 58959
A. cand-
idus

CBS 348.81

A. campestris

IBT 23172

(
UAMH 1324

A. magnus

FMR 15733 CBS 567.65
A. subalbidus

bricus

DTO 337-H7

gensis

IBT 19404

A. taichun- A. tene-

. pragensis

(
CCF 5847

A

CCF 4914
ici

A. neotrit

CCF 3853

Fig. 9. Temperature growth profiles of Aspergillus section Candidi members after 14 d on MEA at temperatures ranging from 10 °C to 40 °C. Physiological
characters were scored in detail for 52 isolates and only predominant patterns are shown for every species. For details, see Table 6 and section Taxonomy.
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10 15 20 25 30 35 37 40

1 Colony diameter after 14 d (mm)

— Temperature (°C)

. A. campestris . A. candidus . A. dobrogensis
. A. magnus . A. neotritici . A. pragensis
. A. subalbidus . A. taichungensis A. tenebricus

Fig. 10. Growth of section Candidi members after 14 d on MEA at temperatures ranging from 10 °C to 40 °C. The points on the curves show the mean values
and standard deviations. When isolates of the same species differed in their maximum growth temperatures, zero values were omitted for calculation of mean
values (these points are designated by asterisks).

Species (no. of Colony diameter after 14 d of cultivation on MEA in mm (mean value)

examined sirains) 10°C 15°C 20°C 25°C 30°C 35°C 37°C 40°C
A. campestris (7) 4-10 (8) 10-17 (14) 15-26 (20) 16-28 (24) 0-22 (18)' 04 (3)' — —
A. candidus (5) 8-11(10) 12-17 (15) 20-23 (21) 20-27 (24) 18-25 (23) — — —
A. dobrogensis (6) 9-13 (11) 15-18 (17) 24-27 (26) 23-32(29) 17-24 (20) — — —
A. magnus (1) 9-10 (10) 11-12 (12) 16-18 (17) 20-22 (21) 5-7 (6) — — —
A. neotritici (6) — 4-13 (10) 11-26 (21) 23-47(32)  32-51(42) 30-42(32) 18-33(25)  4-22(17)
A. pragensis (5) 5-6 (5) 9-11 (10) 13-17 (15) 15-18 (16) 3-14 (11) — — —
A. subalbidus (16) 3-9(7) 9-14 (11) 15-30 (20) 18-30 (24) 9-29 (24)  0-22 (13)" 0-9 (6)' —
A. taichungensis (3) 4-7 (6) 9-12 (11) 20-32 (27) 25-29 (27)  20-29(25) 18-25(21)  12-20(16) 1-7 (5)
A. tenebricus (3) 9-11(10) 17-19 (18) 25-29 (27) 26-33(30)  22-29(26) 8-16(13)  0-12(10) —

'"The mean was calculated from non-zero values only.
— no growth.
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Model number:

A. candidus pop 1

A. candidus pop 2

A. candidus pop 3

A. candidus pop 4

—— A. dobrogensis pop 1
| { A. dobrogensis pop 2
A. dobrogensis pop 3

— Aspergillus sp. DTO 244-F1
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A. taichungensis pop 2
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A. neotritici pop 1
1 B N
I— A. neotritici pop 2
Fig. 11. The results of species validation using the software DELINEATE. Nine models of species boundaries were set up and tested. The brown bars
represent unassigned populations left free to be delimited, while the grey bars represent the predefined species. The resulting solutions suggested by

DELINEATE are depicted by red frames around bars. The populations of each species were delimited by BPP software (Supplementary Table S2) and the
displayed tree was calculated in starBEAST.
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Fig. 12. Geographic distribution of Aspergillus section Candidi members based on available sequence data from benA, CaM and RPB2 genes generated
in this study (accession numbers are listed in Table 1) and available in the NCBI database (accession numbers in Supplementary Table S3), accessed on
February 20, 2022. The numbers in the location pointers correspond to a total number of reliably identified strains reported from a specific country; the
numbers following icons of substrates represent a total number of reliably identified strains reported from this substrate.
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On the other hand, there were apparently preferred substrates/
environments of occurrence in some species, for instance dung
in A. campestris.

Species identification in practice using molecular
and phenotypic characters

All nine species recognized in this study can be identified by using
DNA sequencing of any of three phylogenetic markers employed,
i.e., benA, CaM and RPB2. The ITS region which was excluded
from the phylogenetic analyses due to the low number of variable
positions, can only be used for the identification of A. campestris, A.
taichungensis and A. neotritici. The ITS rDNA sequences of these
species include the following diagnostic positions which are mostly

A MONOGRAPH OF ASPERGILLUS SECTION CANDID!

found in the ITS1 region (the numbering is according to the ITS
alignment deposited in the DRYAD digital repository: https://doi.
org/10.5061/dryad.3j9kd51mq): A. campestris position 95 T/C; A.
taichungensis 109 T/C; and A. neotritici 89 AIG, 97 C/T and 498
CIT. Remaining species are indistinguishable from each other by
ITS region.

As detailed above, the phenotypic species identification is
non-trivial due to the relatively high intraspecific variability in
morphological and physiological features detected in this work.
Additionally, we do not have information about the degree of
variability in species represented by one or few strains. For this
reason, any identification key is burdened with a significant
inaccuracy. For approximate phenotypic identification in practice,
we have created the following synoptic key.

Synoptic key to accepted species in the Aspergillus section Candidi

A. campestris M. ChI. .......c.oooviiiiiiieesceeee e
A. €andidus LiNK ........ccccoorriniiiceeeees s
A. dobrogensis A. NovaKova et al. ..........cccccovveneinieneninencneseinn,
A. magnus Glassnerova & HubKa ...,
A. neotritici Glassnerova & HUbKa ...,

A. subalbidus Visagie, Hirooka & Samson ..........cccoeevvvernrcevierenn,

A. taichungensis Yaguchi, Someya & Udagawa
A. tenebricus Houbraken, Glassnerova & Hubka

I. Macromorphology

........................................................................................................... 1

........................................................................................................ 3

Isolates must be grown on the following media at 25 °C for 14 d and 28 d for the presence of soluble pigment.

Colony colour on MEA and CYA

WHEE ottt b e et s b sttt reere s

yellowish white/pale yellow/pastel yellow

YElOWISH GIY ..
SUIPRUF YEIIOW ..o

Growth on MEA

Growth on CY20S
N30T TR
Kl L 1o 4 TR
b N 1 TR

Soluble pigment on CZA

brown, dark brown, DIACK ..........ccceeeiircce
green, dark green, greyish green .........cocceeeeenneeneecee e
yellow, YelloWiSh DrOWN ..........cooiiniiic e
N0 SOIUDIE PIGMENT ...

—
» DIVERSITY
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Soluble pigment on CYA

DIOWN, ATK DIOWN ..ottt e e s bbbt s st s bbb bbbt s e s s 1,2,4,6,7,9
VEIIOW oottt R ARt 8
N0 SOIUDIE PIGMENT ..ot s bbbt s et eb sttt 1,2,3,56,7,8
II. Physiology

Isolates must be grown on MEA at specified temperatures for 14 d.

Growth at 10 °C

N0 GFOWEN ..t R b h £ h bbb 5
1111 OO PO 1,6,7,8
Z B IMIM oottt R RS R SRR R AR 1,2,3,4,9
Growth at 30 °C

S 25 MM ettt ettt et bbbt s bt s 8 b s8R E RS E RS R RS bbbttt 1,2,3,4,6,7,8,9
26730 MM <otttk 7,8,9
3 30 MMM ettt ettt et et b bbb b b b s e a e A bt e b e bbb s e e e A eAeAebe b ettt s b sAe A Aot et ebe b et b b e e s A e A et ebe bbbt st e e e bt et ebe b et s s e as 5
Growth at 35 °C

DO GFOWEN ..ttt £ 8 R R R £ bR £ R AR R bbb s ettt 1,2,3,4,6,7
001 TSSO 1,5,7,8,9
Growth at 37 °C

Ty 0 OSSOSO 1,2,3,4,6,7,9
00T 57,89
Growth at 40 °C

Ty o PSPPSR 1,2,3,4,6,7
001 1 TSRS 58
lil. Micromorphology

Isolates must be grown on MEA at 25 °C for 7-21 d.

Length of stipes

D00 M ettt ettt et bbbt bR bR bR s RS b RS b e bbbt bbb bbbt 1,2,3,56,7,8,9
500800 HIM 1.ttt ettt ettt E £ RS RS E SRS R bbbttt 1,3,4,5
3 B0 M oottt ettt ettt bttt a2 SRR 1R Rttt 1,34
Width of stipe

B D Ml RS R Rt 1,2,3,4,56,7,89
T=9.5 LM <ottt ettt bbb bbb b e bR bR bbbt bR bbb bbbttt b ettt 1,2,3,4,57
Z 10 M ettt et b bbb bbb s e A oAb bt et R b e e e e A e R e A eAe bbb bbb s Ae AR bbbt e s s s e e s e A e R e b e be bbb b s e e ae Rt et et et e st s e e s 7
Vesicle diameter

ST MM et E RS E RS E £ R R R bbbttt 1,2,3,56,7,8,9
T7730 HIM 1ottt ettt b et bt E SRR SeEeE SRR bbbttt 1,2,3,56,7,9
3 B0 UM et b R E bR E eSS R R £ b SR £ SRR R R R R £ RS E £ bR SR e R R AR R b e b s bRt bens £eeentbeeens 4
Length of metulae

Z 0 M oottt ettt E SRS E £ RS RS EE RS RS sk s bbbt ns 1,3,4,57,9
TAXONOMY Section Candidi encompasses nine species with white- or yellow-

Aspergillus section Candidi \W. Gams et al., Adv. Pen. Asp. Syst..

61. 1986 [1985]. MB832512. Emended description.

Typus: Aspergillus candidus Link, Mag. Ges. Naturf. Freunde Berlin 3: 16.

1809.
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coloured colonies. Conidiophores biseriate (exceptionally uniseriate
in some A. neotritici strains), stipes hyaline, smooth-walled,
rarely finely roughened, non-septate or septate, vesicles usually
globose or subglobose, typically reaching diameter of 10-30 um
(Table 5), conidia subglobose to globose, rarely elliptical, smooth-
walled or finely roughened (smooth to microtuberculate in SEM).



The species are moderately xerophilic and grow more rapidly on
media with higher content of osmotically active substances (e.g.
CY20S) compared to conventional media such as MEA and CYA.
The majority of species produce soluble pigments and/or sclerotia
after 4 wk of cultivation (Table 4). Sclerotia are purple, brown to
black. Sexual state has not been observed. All species (except
for A. neotritici) are able to grow at 10 °C and some species (A.
neotritici, A. subalbidus, A. taichungensis and A. tenebricus) are
able to grow at 37 °C or even higher temperatures. The members
of sect. Candidi are worldwide distributed across all climate zones
and are mostly isolated from indoor and cave environments, stored
food/feed, soil and clinical samples (Fig. 12).

The majority of species produce the secondary metabolites
chloroflavonins, terphenyllins, candidusins and xanthoascins
(Rahbeek et al. 2000, Varga et al. 2007, Hubka et al. 2014, Hubka
et al. 2018b), in addition to taichunins (Kato et al. 2019) and
taichunamides (Kagiyama et al. 2016) which are found in some
species.

The members of the phylogenetically related section
Petersoniorum (Jurjevié¢ et al. 2015) are not xerophilic and their
occurrence is restricted to the tropical region. They produce
conidia that are grey-green or blue-green on masse and have
tuberculate surface. Their vesicles do not exceed 20 ym and
sclerotia are yellow to brown. The secondary metabolites of section
Petersoniorum are poorly explored but similarly to section Candidli,
they produce terphenyl-type of secondary metabolites, arenarins
(Oh et al. 1998).

Aspergillus campestris M. Chr., Mycologia 74: 212. 1982.
MycoBank MB110495. Fig. 13.

Holotype: NY ST 2-3-1 (catalogue number 00936735). Culture ex-
type: CBS 348.81 = NRRL 13001 = IBT 13382 = IBT 28561 = IMI
259009 = ATCC 44563 = IFM 50931 = CCF 5596.

Colony diam, 25 °C, 7 d / 14 d (mm): MEA: 11-17 | 16-28; CYA:
14-20/ 22-36; CZA: 6-14 / 10-20; CY20S: 10-21/ 25-34.

Cardinal temperatures (on MEA, after 2 wk): Aspergillus
campestris is able to grow at 10 °C (4-10 mm) and its optimum
growth temperature is 25 °C (16-28 mm). Some strains did not
grow or only germinate at 30 °C (IBT 17867, IBT 23172), while all
other strains grew well at this temperature (12-22 mm). The only
strain capable of growing at 35 °C was CBS 348.817 (3—-4 mm). No
growth at 37 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA pale
yellow (2A3), light yellow (3A5), yellowish white (2A2) or greyish
yellow (4B4) with pale yellow margins (2A3), flat, texture granular
or floccose, sporulation abundant, margins entire, exudate absent,
soluble pigment absent, reverse yellow (3A6), light yellow (4A5) or
greyish yellow (4B5). Colonies on CYA yellowish white (3A2), pale
yellow (3A3), light yellow (3A5) or yellowish grey (4B2) with pale
yellow margins (2A3), flat or centrally raised, usually radially wrinkled,
texture granular or floccose, sporulation abundant, margins entire or
delicately undulate, reverse yellowish brown (5D5), greyish yellow
(4B5), brownish orange (5C5) or dark blond (5D4), exudate absent,
soluble pigment dark brown after 4 wk in some strains with varying
intensity or location: 4-5 mm large circle around colonies in CBS
348.817and CCF 5641; 1-3 mm large circle around colonies in FMR
15226 and IMI 344489; pigment in central area between colonies in
FMR 15224. Colonies on CZA yellowish white (3A2), yellow (3A6)

LY 4
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or light yellow (2A5), flat, texture granular or floccose, sporulation
abundant, margins entire or irregular, reverse pale yellow (3A3),
light yellow (3A5) or greyish yellow (3B5), exudate absent, soluble
pigment present in some strains after 4 wk: dark brown to black in
CBS 348.817 and IMI 344489 (3-5 mm large circle around colonies),
greenish grey in FMR 15226 (6-7 mm around colonies) and brown
in IBT 17867, FMR 15224 and IBT 23172 (2 mm large circle around
colonies). Colonies on CY20S yellowish white (3A2), pale yellow
(3A3) or pastel yellow (3A4) with bluish grey margins (23D2), flat,
centrally raised or umbonate, texture floccose, granular or downy,
sporulation abundant, margins entire, less frequently undulate or
irregular, reverse olive (2E5), olive yellow (3C8) or yellowish brown
(5E4) with greyish yellow margins (3B5, 4B4), exudate absent,
soluble pigment present in some strains after 4 wk: dark green to
black in CBS 348.817 (3 mm large circle around colonies), dark brown
to black in FMR 15224 (5 mm around colonies), and brown in IBT
17867 and CCF 5641 (only central area between colonies). Sclerotia
produced superficially after 4 wk of cultivation, in IBT 17867, CCF
5641, FMR 15226 and FMR 15224. Sclerotia absentin CBS 348.31T,
IBT 23172 and IMI 344489. Dark grey or black sclerotia were
observed on CZA (IBT 17867, CCF 5641) and CYA (FMR 15224),
dark brown sclerotia were present on CYA in strain FMR 15226. No
sclerotia were observed in any strain on MEA and CY20S.

Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores occasionally present. Stipes (excluding diminutive)
hyaline, smooth-walled, occasionally finely roughened, undulate
in CBS 348.817, usually non-septate, (90-)250-850(-1 300) x
(4-)5-7.5(-9) um, vesicles globose or subglobose, (10.5-)14-22(-
31.5) um diam, metulae cylindrical or wedge-shaped (V-shaped),
(7-)8-14(-17) um long, covering three quarters to entire surface
of vesicle; phialides ampulliform, (4.5-)5-7(-9) um long. Conidia
subglobose to globose, ovate or limoniform, (2.5-)3-4.5(-5)
(3.8 £ 0.5 uym) x (2.5-)3-4.5(-5) (3.4 £ 0.4 pm), smooth-walled,
rarely finely roughened. In IMI 344489 conidia wider and broader,
subglobose or ovate, (3.5-)4—4.5(-5) (4.4 £ 0.3 pm) x (3-)4-4.5(-
5) (4.2 +0.3 uym).

Diagnosis: Aspergillus campestris is most closely related to
A. candidus, A. dobrogensis and A. magnus. Strains of A.
campestris are usually easily differentiated from other members
of section Candidi by their bright yellow colonies. Conidiophores
of A. magnus have longer and wider stipes and broader vesicles
compared to A. campestris, while the stipes of A. candidus
are shorter. In comparison with A. dobrogensis, A. campestris
isolates produce dark soluble pigments and grow more restricted
on all cultivation media. The remaining species in sect. Candidl,
i.e., A. neotritici, A. pragensis, A. taichungensis, A. tenebricus
and A. subalbidus have shorter stipes than A. campestris. These
species, except for A. neotritici, have also narrower stipes and
smaller vesicles (Table 5). Aspergillus campestris colonies
have a smaller diameter than A. taichungensis, A. tenebricus
and A. neotritici on all media, but larger than A. pragensis
(Table 4). In addition, the majority of strains of A. subalbidus, A.
taichungensis, A. tenebricus and A. neotritici grow at 35 °C or
higher temperatures (Table 6) in contrast to A. campestris where
only one strain germinated at 35 °C (CBS 348.817).

Ecology (only records verified by DNA sequencing): The species is

known on dung from herbivorous animals, indoor air and soil. It has
been isolated in South Africa, Spain and the USA (Fig. 12, Table 1).
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Fig. 13. Macromorphology and micromorphology of Aspergillus campestris. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B.
Sclerotia produced on CYA (photograph taken after 28 d of cultivation). C—F. Conidiophores. G. Conidia. Scale bars: B = 500 pym; C-F =20 ym, G =10 pum.

Aspergillus candidus Link, Mag. Gesell. Naturf. Freunde, Berlin Colony diam, 25 °C, 7 d / 14 d (mm): MEA: 12-17 | 20-27; CYA:
3(1-2): 16. 1809. MycoBank MB 204868. Fig. 14. 15-21/20-32; CZA: 915/ 16-25; CY20S: 16-25 / 25-45.

Neotype (designated by Samson & Gams 1985): CBS 566.65. Cardinal temperatures (on MEA, after 2 wk): Aspergillus candidus is

Culture ex-type: CBS 566.65 = NRRL 303 = IMI 091889 = ATCC able to grow at 10 °C (8-11 mm), the optimum growth temperature
1002 = IBT 28566 = CCF 5594. is 25 °C (20-27 mm). The maximum growth temperature is 30 °C
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(18-25 mm). No growth at 35 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA
white (3A1) with a tint of yellowish white (4A2), flat, texture granular
to floccose, sporulation abundant, margins entire, exudate absent,
reverse light yellow (4A4) or pale yellow (4A3). Colonies on CYA
white (3A1) with a tint of yellowish white (4A2) or orange white
(5A2), flat or slightly centrally raised, texture granular to floccose,
sporulation abundant, margins entire or slightly undulate, exudate
absent, reverse light yellow (4A5) or brownish orange (5C3).
Colonies on CZA white (3A1) to pale yellow (1A3, 3A3), flat, texture
waxy to granular, sporulation weak, margins entire or irregular,
exudate absent, reverse pale yellow (3A3) or light yellow (4A4).
Colonies on CY20S white (3A1), flat or slightly centrally raised,
texture floccose, granular or velvety, radially or irregularly folded,
sporulation abundant, margins entire to diffuse or slightly erose,
exudate absent, reverse light yellow (4A4, 4A5). Soluble pigment
production after 4 wk was examined in nine strains: five of them
(CCF 488, CCF 5172, CCF 6200, CCF 3996, NRRL 58959) were
able to produce it and four (CBS 566.65T, CCF 4659, CCF 4713,
CCF 6195) not. Dark brown to black soluble pigment (3-4 mm
around colonies) was observed on CZA in strains CCF 488 and
CCF 6200. Brown soluble pigment was observed on CZA in strains
CCF 5172 and CCF 3996 (2-4 mm around colonies) and on CYAin
strain CCF 3996. Brownish yellow soluble pigment was observed
on CZA in strain NRRL 58959. No soluble pigment was observed
on MEA and CY20S in any strain. Sclerotia production after 4
wk was examined in nine strains. Five of them (CCF 488, CCF
5172, CCF 6200, CCF 3996, NRRL 58959) were able to produce
sclerotia, while no sclerotia were observed in the remaining strains
(CBS 566.65", CCF 4659, CCF 4713, CCF 6195). Brown to
black sclerotia covered by mycelium were present on CZA in five
mentioned strains. No sclerotia were observed on MEA, CYA and
CY20S in any examined strain.

Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores occasionally present. Stipes (excluding diminutive)
hyaline, smooth-walled, usually non-septate, occasionally with
septa, (70-)125-400(-520) x (2.5-)3.5-8.5(-9.5) um, vesicles
predominantly globose, (8-)10-23(-33) um diam, metulae
cylindrical or wedge-shaped (V-shaped), (4.5-)5.5-7.5(-8) ymlong,
usually covering entire surface of vesicle; phialides ampulliform,
(4-)5-6.5(~7) um long. Conidia globose to subglobose, (3-)3.5-
4(-4.5) (3.7 £ 0.2) ym x (3-)3.5-4(-4.5) (3.5 £ 0.2 ym), smooth-
walled, rarely finely roughened.

Diagnosis: Aspergillus candidus is sister to A. dobrogensis and
closely related to A. campestris and A. magnus. In general, A.
candidus has smaller vesicles, shorter and narrower stipes and
also shorter phialides and metulae compared to A. dobrogensis
(Table 5). Aspergillus dobrogensis colonies also have a larger
diameter than A. candidus on MEA, CYA and CY20S (Table 4).
However, most of these differences can be interpreted as a trend
across the whole species, while some isolates show identical
dimensions to A. dobrogensis strains (Fig. 7). Thus, distinguishing
between them can be problematic in practice. Aspergillus magnus
colonies have a smaller diameter and it has wider and longer stipes,
vesicles and metulae than A. candidus. Aspergillus campestris has
usually bright yellow colonies and produces stipes, vesicles and
metulae which are longer/wider than in A. candidus. Aspergillus
pragensis grows more restricted on all media while A. neotritici, A.
tenebricus and A. taichungensis colonies have a larger diameter
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on MEA, CYA and CY20S. The latter three species grow at 35 °C
or higher temperatures (Table 6). Aspergillus taichungensis and
A. tenebricus produce shorter stipes and A. tenebricus has longer
phialides and metulae compared to A. candidus.

Ecology (only records verified by DNA sequencing): The species
is known from indoor environments (air, dust), caves, soil, dung,
clinical samples, food, metal duct, tunnels of bark beetles, the red
flour beetle (Tribolium castaneum) and egg-mass of Arctoscopus
japonicus. Aspergillus candidus has been isolated in Canada,
Czech Republic, ltaly, the Netherlands, Romania, South Korea,
Spain and the USA (Fig. 12, Table 1, Supplementary Table S3).

Aspergillus dobrogensis A. Novakova, Jurjevi¢, F. Sklenar,
Frisvad, Houbraken & Hubka, Int. J. Syst. Evol. Microbiol. 68: 1004.
2018. MycoBank MB 821313. Fig. 15.

Holotype: PRM 935751. Culture ex-type: CCF 4651 = CCF 4655 =
CBS 143370 = NRRL 62821 = IBT 32697.

Colony diameters (at 25 °C, 7 d/ 14 d, mm): MEA: 17-20 / 22-34;
CYA: 20-24 | 26-39; CZA: 9-15/ 16-25; CY20S: 18-28 / 32-48.

Cardinal temperatures (on MEA, after 2 wk): Aspergillus
dobrogensis is able to grow at 10 °C (9-13 mm) and the optimum
growth temperature is 25 °C (23-32 mm). The maximum growth
temperature is 30 °C (17-24 mm). No growth at 35 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA white
(4A1), sometimes with a tint of yellowish white (4A2), flat or slightly
centrally raised, texture floccose, downy or granular, sporulation
abundant, margins entire to slightly erose, exudate absent, soluble
pigment absent, reverse pale yellow (4A3) or light yellow (4A4).
Colonies on CYA white (4A1), sometimes with a tint of yellowish
white (4A2), flat, centrally raised or umbonate, texture floccose,
downy or granular, sporulation abundant, margins entire, exudate
absent, soluble pigment absent, reverse light yellow (4A4, 4A5).
Colonies on CZA white (3A1) to yellowish white (3A2, 4A2), flat,
texture waxy to granular, sporulation weak and located in a small
area in the colony, margins entire or irregular, exudate absent,
soluble pigment absent, reverse yellowish white (4A2, 3A2) or pale
yellow (3A3, 4A3). Colonies on CY20S white (3A1), flat, centrally
raised or umbonate, texture floccose, granular or downy, velvety
margins in some strains, sporulation abundant, margins entire,
exudate absent, soluble pigment absent, reverse light yellow (4A4,
4A5). Sclerotia production after 4 wk was examined in 10 strains,
two of them (CCF 46517, CCF 5570) were able to produce sclerotia
and eight of them (CCF 5567, CCF 5568, CCF 4650, CCF 5844,
IBT 29476, CCF 5575, CCF 5569 and CCF 5572) not. They were
produced superficially, less commonly covered by felt of mycelium.
Strain CCF 46517 was able to produce sclerotia on all four media;
dark brown sclerotia on MEA, CZA and CY20S and brown sclerotia
on CYA. Dark brown sclerotia covered by felt of mycelium were
present on CZAin CCF 5570. No sclerotia were observed on MEA,
CYA and CY20S in remaining examined strains.

Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores occasionally present. Stipes (excluding diminutive)
hyaline, smooth-walled, occasionally finely roughened, usually non-
septate, rarely septate, (100-)150-1 150(-2 000) x (3.5-)5-7(-14)
um, vesicles predominantly globose, sometimes subglobose or
elongated, (9-)10-30(-39.5) ym diam, metulae cylindrical or
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Fig. 14. Macromorphology and micromorphology of Aspergillus candidus. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B. Soluble
pigment on CZA (photograph taken after 28 d of cultivation). C. Sclerotia produced on CZA (photograph taken after 28 d of cultivation). D-F. Conidiophores.
G. Conidia. Scale bars: C=1mm; D, F, G =20 ym; E =50 um.

wedge-shaped (V-shaped), (5-)5.5-12(-14) pm long, usually Diagnosis: See section “Diagnosis” of A. candidus for more details.
covering the entire surface of vesicle; phialides ampulliform, (5-) Aspergillus dobrogensis differs from A. candidus, A. pragensis, A.
5.5-7.5(-8.5) pym long. Conidia globose to subglobose, (3-)3.5- taichungensis, A. tenebricus and A. subalbidus by its longer and broader
4(-4.5) (3.7 £ 0.3) um x (2.5-)3-4(-4.5) (3.5 = 0.3 ym), smooth- stipes and larger vesicles (Table 5, Fig. 6). Aspergillus campestris
walled, rarely finely roughened. can be differentiated by its yellow colonies. Aspergillus dobrogensis
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Fig. 15. Macromorphology and micromorphology of Aspergillus dobrogensis. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B-C.
Sclerotia produced on CYA (B) and CZA (C), photographs taken after 28 d of cultivation. D-F. Conidiophores. G. Conidia. Scale bars: B = 750 um; C = 500
um; D, G =20 um; E, F =50 pym.

colonies have a larger diameter than A. campestris, A. candidus, A.
pragensis, A. magnus and A. subalbidus on MEA, CYA and CY20S,
while A. neotritici and A. taichungensis colonies have a larger diameter
than A. dobrogensis on these media (Table 4). Aspergillus subalbidus,
A. taichungensis, A. tenebricus and A. neotritici can be differentiated
by their ability to grow at 35 °C or even higher temperatures (Table 6).
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Ecology (only records verified by DNA sequencing): The species is
known from caves (bat droppings and guano, sediment, air), indoor
environments (air, dust, carpet), mouse dung, herbivore dung
and clinical material. It has been isolated in the Czech Republic,
Denmark, Germany, the Netherlands, Romania, Spain and the
USA (Fig. 12, Table 1).
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Aspergillus magnus Glassnerova & Hubka, sp. nov. MycoBank
MB 844202. Fig. 16.

Etymology: Latin adj. magnus -a -um, referring to its larger
conidiophores (stipe length and width, metulae length and vesicle
diameter) compared to related species.

Typus: Canada, Alberta, Edmonton, mouse collected on horse farm, 1962,
J.W. Carmichael (holotype PRM 956934 (dried culture, metabolically
inactive), isotypes PRM 956935-956937 (dried culture, metabolically
inactive), culture ex-type UAMH 1324 = IBT 14560).

Colony diam, 25 °C, 7 d/ 14 d (mm): MEA: 12-14 | 20-22; CYA:
12-14/16-17; CZA: 4-6 / 11-13; CY20S: 13-15/ 19-21.

Cardinal temperatures (on MEA, after 2 wk): Aspergillus magnus
is able to grow at 10 °C (9-10 mm) and the optimum growth
temperature is 25 °C (20-22 mm). The maximum growth
temperature is 30 °C (5-7 mm). No growth at 35 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA
yellowish grey to pale yellow (3C2-3A3) in the centre, yellowish
white (3A2) on the margins, flat, texture floccose, sporulation
abundant, margins entire, exudate absent, soluble pigment absent,
reverse light yellow (4A4). Colonies on CYA pale yellow (3A3)
in the centre, yellowish grey (4B2) on the margins, flat, texture
floccose, sporulation abundant, margins entire, exudate absent,
soluble pigment dark brown (3 mm around colonies after 4 wk),
reverse greyish yellow to dark blond (4B4-5D4). Colonies on CZA
pale yellow (3A3), flat, texture floccose, sporulation abundant,
margins entire, exudate absent, soluble pigment absent, reverse
pale yellow (3A3). Colonies on CY20S pale yellow (3A3), centrally
raised, texture floccose, sporulation abundant, margins entire,
exudate absent, soluble pigment absent, reverse greyish yellow
to dark blond (4B4-5D4). Sclerotia production after 4 wk was not
observed on any medium.

Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores usually present. Stipes (excluding diminutive)
hyaline, smooth-walled, occasionally finely roughened, non-
septate or occasionally septate, (540-)810-1 150(-1 600) x (6-)9-
13(-16) um, vesicles globose to subglobose, (18-)33-39(-45) ym
diam, metulae cylindrical or wedge-shaped (V-shaped), (7.5-)9-
14(-17) um long, covering the entire surface of vesicle; phialides
ampulliform, (4.5-)5.5-7(-8) um long. Conidia subglobose to
globose, (3-)3.4-3.6(-4) (3.5 £ 0.2 ym) x (2.5-)3.1-3.3(-3.5) (3.2
+ 0.2 pm), occasionally broadly ellipsoidal, smooth-walled, rarely
finely roughened.

Diagnosis: Aspergillus magnus differs from other section Candidi
members by its larger vesicles, longer and wider stipes and longer
metulae (Table 5, Fig. 6). Some strains of A. dobrogensis reach
similar stipe lengths but they differ from A. magnus by other
characters, especially its white colony colour. Aspergillus magnus
grows more restricted than other species on all media except for
A. pragensis (Table 4). Aspergillus neotritici, A. tenebricus, A.
taichungensis and A. subalbidus can be differentiated by their
ability to grow at 35 °C or even higher temperatures.

Ecology (only records verified by DNA sequencing): The species is

known only from a single strain, isolated from a mouse collected on
a horse farm in Canada.
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Aspergillus neotritici Glassnerova & Hubka, sp. nov. MycoBank
MB 844204. Fig. 17.

= Aspergillus tritici [as triticus] B.S. Mehrotra & M. Basu, Nova
Hedwigia 27 (3-4): 599. 1976. MycoBank MB309248. Not validly
published [Art. 8.1, Art. 8.4, Art 40.1, Art. 40.4 (Turland et al. 2018)].

Etymology: Latin preposition neo- referring to a new description of
previously invalidly described species A. tritici.

Typus: Czech Republic, Prague, toenail of 62-year-old man, 2008,
isolated by M. Skofepova (holotype PRM 956940 (dried culture,
metabolically inactive), isotypes PRM 956938, PRM 956939 and PRM
956941 (metabolically inactive), culture ex-type CCF 3853 = IBT 32725).

Colony diam, 25 °C, 7 d / 14 d (mm): MEA: 10-25 / 20-47; CYA:
14-28 / 21-50; CZA: 5-19/ 14-39; CY20S: 19-31/ 28-60.

Cardinal temperatures (on MEA, after 2 wk): Aspergillus neotritici
does not grow at 10 °C, and its minimum growth temperature is
15 °C (4-13 mm). The optimum growth temperature is 30 °C (32—
51 mm) and the maximum growth temperature is 40 °C (4-22 mm).
No growth at 45 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA
white (3A1) to yellowish white (2A2, 3A2), flat, texture floccose to
granular, less commonly velvety (in CCF 4914 and IBT 12659),
sporulation abundant, margins entire, exudate absent, soluble
pigment absent, reverse light yellow (4A4), greyish yellow to
golden yellow (4B5-5B7). Colonies on CYA white (3A1) to
yellowish white (3A2), flat to centrally raised, usually radially
wrinkled, texture floccose, velvety or floccose in CCF 4914 and IBT
12659, margins entire or diffuse, sporulation abundant, exudate
usually absent, minute yellow droplets present in CCF 6202,
soluble pigment absent, reverse greyish yellow (4B5), reddish
yellow (4A6) or brownish orange (5B4) in the centre, light yellow
(4A4) on margins. Colonies on CZA white (3A1) to yellowish white
(3A2), flat to centrally raised, texture granular, floccose or downy,
sporulation abundant, margins entire or irregular, exudate usually
absent, minute yellow droplets present in CCF 6202, soluble
pigment present in some strains after 4 wk, dark brown soluble
pigment (1-2 mm around colonies) present in strains CCF 4030
and CCF 6397, dark green soluble pigment present in strain CCF
4653 (2 mm around colonies), yellow soluble pigment present in
strains CCF 3314, CCF 3853" and CCF 4914 (1-5 mm around or
between colonies), reverse greyish yellow to pale orange (4B5-
5A3). Colonies on CY20S white to yellowish white (1A1-2A2)
or pale yellow in CCF 4914 and IBT 12659 (2A2-2A3), flat or
centrally raised, radially wrinkled in some strains (CBS 266.81,
CCF 4914 and IBT 12659), texture floccose, downy to velvety in
CCF 4914 and IBT 12659, sporulation abundant, margins entire or
diffuse, exudate absent, soluble pigment absent, reverse yellow
to reddish yellow (3A6-4A6) or greyish yellow (4C5). Sporulation
was abundant in all strains on all tested media except for strains
NRRL 4847 (ex-type of A. albus var. thermophilus) and CCF 1649
which were sterile. Sclerotia were present on the colony surface
after 4 wk of cultivation in strains CBS 266.81, CCF 3314, CCF
4914 and IBT 12659, absentin CCF 4030, CCF 4653, CCF 3853,
CCF 4658, CCF 6202, CCF 1649 and CCF 6397. Purple sclerotia
were present only on CZA in all mentioned strains, no sclerotia
were observed on MEA, CYA and CY20S. Purple sclerotia were
present in both strains on CZA only.
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Fig. 16. Macromorphology and micromorphology of Aspergillus magnus. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B. Soluble
pigment produced on CYA (photograph taken after 28 d of cultivation). C-E. Conidiophores. F. Conidia. Scale bars: C, E, F =20 ym; D = 50 pym.

Micromorphology: ~ Conidial  heads radiate, predominantly
biseriate, uniseriate in CCF 4914 and IBT 12659 (dimensions
of micromorphological features are given separately in the next
paragraph). Diminutive conidiophores occasionally present. Stipes
(excluding diminutive) hyaline, smooth-walled or finely roughened,
usually non-septate, occasionally with septa (extensively septate in
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CBS 266.81), (140-)200-500(-700) * (3.5-)4-8(-9) um, vesicles
globose, subglobose or elongated, (11-)14-24(-28) um diam, (5-)
6-8(~11) um diam in CBS 266.81, metulae cylindrical or wedge-
shaped (V-shaped), (4-)7-17(-21) ym long, (3.5-)4-5(-5.5) ym
long in CBS 266.81, usually covering the entire surface of vesicle;
phialides ampulliform, (2.5-)3.5-6(-8) um long. Conidia (including
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Fig. 17. Macromorphology and micromorphology of Aspergillus neotritici. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B. Sclerotia
produced on CZA (photograph taken after 28 d of cultivation). C-E. Biseriate conidiophores (typical). F. Atypical biseriate conidiophores produced by strain
CBS 266.81. G-H. Atypical uniseriate conidiophores produced by strains CCF 4914 and IBT 12659. 1. Conidia. Scale bars: B = 500 um; C, E, F = 20 pm;
D =50 pm; G-I =10 pm.

CCF 4914 and IBT 12659) globose to subglobose or ellipsoidal, stipes (6-)18-45(-85) x (2-)2.5-4(-5) um, vesicles (3.5-)4-7(-

(2.5-)3-4.5(-5) (3.5 £ 0.5) ym x (2.5-)3-4(-4.5) (3.2 £ 0.5) pm, 8.5) um, phialides (3-)3.5-4.5(-6) um long, conidia had similar

smooth-walled, rarely finely roughened. dimension to other strain, (3-)3.5-4(-4.5) (3.6 + 0.3) ym x (3-)
Conidiophores in CCF 4914 and IBT 12659 short, uniseriate, 3-3.5(-4) (3.4 £ 0.3) um.




Diagnosis: Aspergillus neotritici colonies have a larger diameter
than A. campestris, A. candidus, A. magnus and A. pragensis on
all media at 25 °C (Table 4). It grows better than any other species
at 3040 °C and its optimum growth temperature is 30 °C, while
in other species, except for A. subalbidus, it is 25 °C (Table 6).
It is also the only species which is not able to grow or at least
germinate at 10 °C and can grow at 40 °C. Aspergillus pragensis,
A. dobrogensis, A. candidus, A. campestris and A. magnus can be
differentiated from A. neotritici by their inability to grow at 37 °C. The
stipe length and vesicle diameter of A. neotritici is generally longer
when compared to A. subalbidus, A. pragensis, A. tenebricus and
A. taichungensis (Fig. 7), noting that this omits strains with atypical
or uniseriate conidiophores.

Ecology (only records verified by DNA sequencing): The species is
known from clinical samples, food (flour, corn, sunflower seed, cave
cheese rind, grains of Triticum sativum), soil, indoor environments,
outdoor air, vermicompost, and deep litter for pig raising. It has been
reported in Brazil, China, Cuba, Czech Republic, India, Iran, Italy,
South Africa, and the USA (Fig. 12, Table 1, Supplementary Table S3).

Aspergillus pragensis Hubka, Frisvad & M. Kolafik, Med. Mycol.
52: 570. 2014. MycoBank MB 800371. Fig. 18.

Holotype: PRM 922702. Culture ex-type: CCF 3962 = CBS 135591
= NRRL 62491 = IBT 32274.

Colony diam, 25 °C, 7 d/ 14 d (mm): MEA: 8-10 / 15-18; CYA:
9-14/16-22; CZA: 3-6 / 11-15; CY20S: 13-18 / 24-30.

Cardinal temperatures (on MEA, after 2 wk): Aspergillus
pragensis grows restrictedly at 10 °C (5-6 mm, colonies having
character of minimally sporulating waxy drops) and the optimum
growth temperature is 25 °C (15-18 mm). The maximum growth
temperature is 30 °C (3-14 mm). No growth at 35 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA
white (3A1), slightly raised, crateriform in the centre, radially
sulcate, texture velvety to downy, sporulation abundant, margins
entire to slightly undulate, exudate absent, soluble pigment absent,
reverse brownish yellow (5C6) in the centre, orange white (5A2)
on the margins. Colonies on CYA white (3A1), centrally raised
to umbonate, texture floccose to granular, sporulation abundant,
margins entire or slightly undulate, exudate absent, soluble pigment
dark brown in CCF 39627, CCF 4654, CCF 5693, CCF 5847 after
4 wk (4-6 mm wide circle around colonies or in the area between
colonies), reverse light brown to brownish orange (5D5-5C4).
Colonies on CZA white (3A1) or brownish grey (4D2), flat, texture
waxy to floccose, sporulation weak and located only in the colony
centre, margins irregular or submerged, exudate absent, soluble
pigment intense dark green to greyish blue in all strains after 4 wk
(3-6 mm around colonies), reverse yellowish grey (3D2). Colonies
on CY20S white (3A1) with a tint of yellowish white (3A2), flat to
slightly raised, texture downy, granular or floccose, sporulation
abundant, margins entire, exudate absent, soluble pigment absent,
reverse light yellow (4A5). Sclerotia were present after 4 wk of
cultivation in NRRL 58614 and CCF 5847, absent in CCF 3962T,
CCF 4654 and CCF 5693. Dark brown to purple sclerotia covered
by felt of mycelium were observed on CYA in NRRL 58614 and
CCF 5847, and on MEA in CCF 5847. No sclerotia were observed
on CZAand CY20S.
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Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores occasionally present. Stipes (excluding diminutive)
hyaline, smooth-walled, occasionally finely roughened, usually
non-septate, occasionally with septa, (40-)110-260(-380) x
(3-)3.5-5(-6) um, vesicles predominantly globose, sometimes
subglobose, (7-)10-17(-23) pm diam, metulae cylindrical or
wedge-shaped (V-shaped), (4-)5-6.5(-8) um long, covering three
quarters to entire surface of vesicle; phialides ampulliform, (4-)5-
6(-6.5) um long. Conidia globose to subglobose, (3-)3.5-4(-4.5)
(3.7.£ 0.3 ym) x (3-)3.5-4(-4.5) (3.5 £ 0.2 ym), smooth-walled,
rarely finely roughened.

Diagnosis: Aspergillus pragensis is phylogenetically basal to A.
subalbidus, A. tenebricus and A. taichungensis. Together with A.
magnus, it is unique by its small colony diameters on all media,
especially on CZA. Aspergillus pragensis and A. magnus can
be easily distinguished by colony colour and strikingly different
micromorphology (Fig. 5, Fig. 6). Aspergillus subalbidus, A.
taichungensis, A. tenebricus and A. neotritici can be differentiated
from A. pragensis by their ability to grow at 35 °C or higher
temperatures (Table 6). Aspergillus pragensis differs from A.
dobrogensis, A. magnus and A. campestris by its shorter and
narrower stipes, shorter metulae and smaller vesicles (Table 5).

Ecology (only records verified by DNA sequencing): The species
is known from indoor environments (indoor air, carpet, dust), food
(rice bran), clinical samples and outdoor air. It has been isolated in
Canada, Czech Republic, South Korea and the USA (Fig. 12, Table
1, Supplementary Table S3).

Aspergillus subalbidus Visagie, Hirooka & Samson, Stud. Mycol.
78:101. 2014. MycoBank MB 809190. Fig. 19.

Holotype: CBS H-21807. Culture ex-type: CBS 567.65" = NRRL
312 = IMI1 230752 = ATCC 16871 = CCF 5822.

Colony diam, 25 °C, 7 d / 14 d (mm): MEA: 11-17 | 18-30; CYA:
14-24 | 24-42; CZA: 8-18 / 16-25; CY20S: 18-27 / 25-45.

Cardinal temperatures (on MEA, after 2 wk): Aspergillus subalbidus
germinates or grows restrictedly at 10 °C (3-9 mm). The optimum
growth temperature is between 25 °C (18-30 mm) and 30 °C (9-29
mm). Only eight out of 12 tested strains (CBS 567.65", FMR 15736,
NRRL 58123, FMR 15733, CCF 5643, NRRL 4809, CCF 5697,
CCF 6197) were able to grow at 35 °C (2-22 mm) and only three
out of 12 tested strains (CCF 5643, CCF 5697 and FMR 15733)
were able to grow at 37 °C (3-9 mm). No growth at 40 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA
white (4A1) to yellowish white (2A2, 3A2, 4A2), greyish yellow
(4B3) in CBS 112449 and orange grey (5B2) in FMR 15877, flat,
slightly raised to crateriform, texture floccose to granular, downy
or fluffy, sporulation abundant, margins entire, less frequently
slightly irregular or erose, exudate absent, soluble pigment
absent, reverse greyish yellow (4B5), light yellow (4A5) or reddish
orange (7B8) in the centre, pale yellow (4A3) or light orange
(5A4) on margins. Colonies on CYA white (4A1), yellowish white
(2A2, 3A2, 4A2), yellowish grey (4B2), brownish grey (8C2) or
greyish brown (8E3) with white (8A1) margins, flat or centrally
raised, texture granular, floccose, velvety or downy, sporulation
abundant, margins entire, less frequently delicately undulate
or erose, reverse brownish orange (5C4, 5C5), greyish yellow
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Fig. 18. Macromorphology and micromorphology of Aspergillus pragensis. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B. Soluble
pigment produced on CZA (photograph taken after 28 d of cultivation). C. Sclerotia produced on CYA (photograph taken after 28 d of cultivation). D. Conidia.
E-G. Conidiophores. Scale bars: C = 500 ym; D, F, G =20 pum; E = 50 um.

(4B4, 4B5, 4B6) or dark blond (5D4) in the centre, light yellow around colonies in NRRL 58123 and CCF 5698; 5-6 mm large

(4A4, 4A5) or golden brown (5D7) on margins, exudate absent, circle around colonies in CCF 5643; slightly pigmented areas
soluble pigment brown in some strains with varying intensity or around sclerotia in strain CCF 6199; rusty brown soluble pigment
location after 4 wk: central area between colonies in CCF 4913, was present in strain CCF 6197 (6-7 mm around colonies).

CBS 112449, CCF 5697 and CBS 567.65"; 3-4 mm large circle Colonies on CZA white (4A1), yellowish white (1A2, 2A2, 3A2),
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Fig. 19. Macromorphology and micromorphology of Aspergillus subalbidus. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B. Soluble
pigment produced on CYA (photograph taken after 28 d of cultivation). C. Sclerotia produced on CZA (photograph taken after 28 d of cultivation). D-G.

Conidiophores. H. Conidia. Scale bars: C = 250 ym; D-H =20 pm.

greyish yellow (4B3) or reddish grey (7B2) in strain DTO 196-E4,
flat or submerged, floccose, waxy or granular, sporulation usually
abundant, weak in CCF 5696, CCF 6199, CCF 5642 and CCF
6197, margins entire, less frequently delicately undulate or erose,
reverse pale yellow (3A3, 4A3), greyish brown (5E3, 5F3) or
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greyish yellow (4B3), exudate absent, soluble pigment present in
some strains after 4 wk: dark green to black in FMR 15736, NRRL
58123, CCF 5643 (all over the Petri dish), in the central area
between colonies in CBS 567.657, weak greyish green soluble
pigment was present in the central area between colonies and
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slightly around colonies in NRRL 5214, and dark brown soluble
pigment was present in DTO 196-E4 (3 mm around colonies).
Colonies on CY20S white (4A1), yellowish white (2A2, 3A2,
4A2) or yellowish grey (4B2), flat or centrally raised, irregularly
folded, texture floccose, less frequently granular, downy or fluffy,
sporulation abundant, margins entire, less frequently erose
or undulate, exudate absent, soluble pigment absent, reverse
brownish orange (5C5, 5C6), light yellow (4A5), greyish yellow
(4B4, 4B5, 4B6) or reddish yellow (4A6) in the centre, light yellow
(4A4, 4A5) on margins. Sclerotia were produced superficially,
less commonly covered by felt of mycelium (NRRL 4809 and CCF
6199 on CZA). After 4 wk of cultivation, they were observed in
CBS 567.65T, NRRL 4809, FMR 15877, CCF 6197, CCF 6911,
NRRL 5214 and CBS 112449, absent in CCF 5642, CCF 5696,
DTO 196-E4, FMR 15733, CCF 4913, CCF 5848, CCF 5697,
CCF 6205, CCF 5643, CCF 5698, NRRL 58123 and FMR 15736.
Dark brown sclerotia were observed on MEAin FMR 15877, CCF
6197 and CCF 6199, on CYA in CBS 567.65T, CCF 6197, CCF
6199, NRRL 5214 and CBS 112449, on CZAin CCF 6197 and on
CY20S in CCF 6197. Brown sclerotia on CZA were observed in
CBS 112449, on CY20S in FMR 15877, and sclerotia in various
shades of brown were observed on CZAin FMR 15877.

Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores occasionally present. Stipes (excluding diminutive)
hyaline, smooth-walled, occasionally finely roughened, usually
non-septate, (20-)50-330(-730) x (2.5-)3-8(-10) pm, vesicles
globose or subglobose, (5-)7-23(-31) um diam, metulae cylindrical
or wedge-shaped (V-shaped), (4-)6-11(-16.5) pym long, usually
covering the entire surface of vesicle; phialides ampulliform, (3.5-)
4.5-6(-7.5) pym long. Conidia globose to subglobose, (3-)3.5-
4(-4.5) (3.7 £ 0.3 pm) x (3-)3.5-4(-4.5) (3.5 £ 0.3 ym), smooth-
walled, rarely finely roughened.

Diagnosis: Aspergillus subalbidus is closely related to A.
taichungensis and A. tenebricus. Aspergillus taichungensis differs
from A. subalbidus by its larger colony diameters on MEA, CYA,
CY20S, and by its pastel yellow colonies and yellow soluble pigment
produced by some strains on CYA and MEA (Table 4). Aspergillus
tenebricus has longer phialides and metulae than A. subalbidus.
Aspergillus subalbidus differs from A. dobrogensis, A. magnus, A.
neotritici, A. candidus and A. campestris by its shorter and narrower
stipes and smaller vesicles (Table 5, Fig. 6). Aspergillus pragensis
and A. magnus colonies have a smaller diameter compared to
A. subalbidus. Aspergillus taichungensis and A. neotritici can be
differentiated by their larger colony diameters at 37 °C and by their
ability to grow at 40 °C (Table 6).

Ecology (only records verified by DNA sequencing): The species
is known from indoor environments (indoor air, walls, dust, carpet,
settle plates), caves, food (Chinese yeast cake, vegetable lard,
agriculture products), dung, soil, and from the Dubia roach (Blaptica
dubia). It has been isolated in Botswana, Brazil, China, Federated
States of Micronesia, Germany, Ghana, South Africa, Spain,
Thailand and the USA (Fig. 12, Table 1, Supplementary Table S3).

Aspergillus taichungensis Yaguchi, Someya & Udagawa,
Mycoscience 36: 421. 1995. MycoBank MB 434473. Fig. 20.

Holotype: PF1167. Culture ex-type: IBT 19404 = CCF 5597 = DTO
031-C6.
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Colony diam, 25 °C, 7 d/ 14 d (mm): MEA: 16-18 / 25-29; CYA:
22-28/ 33-43; CZA: 11-12/19-21; CY20S: 28-31/ 36-51.

Cardinal temperatures (on MEA, after 2 wk): Aspergillus
taichungensis germinates or grows restrictedly at 10 °C (4-7 mm).
The optimum growth temperature is between 20 °C (20-32 mm)
and 25 °C (25-29 mm). Aspergillus taichungensis is able to grow
at 37 °C (12-20 mm) and the maximum growth temperature is
40 °C (1-7 mm), but the strain IBT 194047 only germinates at this
temperature (1-2 mm).

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA
pastel yellow (1A4), flat, texture floccose to granular or velvety,
sporulation abundant, margins entire, exudate absent, soluble
pigment yellow (all over the Petri dish, predominantly around
colonies) present in DTO 266-G2 and IBT 194047, reverse yellow
(2A8, 3A6) or light yellow (2A5). Colonies on CYA pastel yellow
(1A4) or pale yellow (1A3), flat, texture granular, sporulation
abundant, margins entire to slightly undulate, exudate absent,
soluble pigment yellow (all over the Petri dish) present in IBT
19404 and DTO 266-G2, reverse yellow (3B8) or deep yellow
(4B8) with vivid yellow margins (3A8) or yellowish brown (5D5)
with reddish yellow (4A6) margins. Colonies on CZA pastel yellow
(1A4), flat, texture granular or waxy, sporulation weak and located
in irregular zones, margins irregular, exudate absent, soluble
pigment absent, reverse pastel yellow (1A4, 2A4). Colonies on
CY20S white (2A1) with a tint of yellowish white (2A2), flat to
centrally raised, texture granular, downy or floccose, irregularly
folded, sporulation abundant, margins entire to slightly erose,
exudate absent, soluble pigment absent, reverse light yellow
(4A5) or reddish yellow (4A6). Sclerotia produced superficially,
less commonly covered by felt of mycelium (DTO 270-C9 on
CY20S). After 4 wk of cultivation, they were observed in strains
DTO 270-C9 and IBT 194047, absent in DTO 266-G2. Brown
sclerotia were observed on CZA in strain IBT 194047, and dark
brown to black sclerotia on CY20S in strain DTO 270-C9. No
sclerotia were observed on MEA and CYA.

Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores present. Stipes (excluding diminutive) hyaline,
smooth-walled, occasionally finely roughened, usually non-septate,
occasionally with septa, (15-)40-90(-215) x (2-)3—4(-5) um,
vesicles hemispherical, elongated, subglobose or globose, (5-)7-
11(-15) um diam, metulae cylindrical or wedge-shaped (V-shaped),
(4-)5.5-7(-9.5) uym long, covering three quarters to entire surface of
vesicle; phialides ampulliform, (3.5-)4.5-5.5(-6.5) um long. Conidia
globose to subglobose, (2.5-)3-3.5(4) (3.4 + 0.3 ym) x (2.5-)3—-
3.5(—4) (3.2 £ 0.3 ym), smooth-walled, rarely finely verrucose.

Diagnosis: Aspergillus taichungensis has the shortest and
narrowest stipes and smallest vesicles in section Candidi (Table 5,
Fig. 6). It is micromorphologically most similar to A. tenebricus and
A. subalbidus, but differs from these by its pastel yellow colonies,
production of yellow soluble pigment by some strains on CYA and
MEA, and by its shorter stipes, metulae and phialides, and smaller
vesicles. In addition, colonies of A. taichungensis have a larger
diameter on CYA and CY20S compared to A. tenebricus and A.
subalbidus (Table 4). Aspergillus candidus, A. dobrogensis, A.
magnus and A. pragensis can be differentiated by their inability to
grow at 37 °C. Colonies of A. neotritici have a larger diameter than
A. taichungensis at 37 °C and 40 °C (Table 6).
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Fig. 20. Macromorphology and micromorphology of Aspergillus taichungensis. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B

Soluble pigment produced on CZA (photograph taken after 28 d of cultivation). C. Sclerotia produced on CY20S (photograph taken after 28 d of cultivation).
D-G. Conidiophores. H. Conidia. Scale bars: C = 1.4 mm; D-H = 20 um.

Ecology (only records verified by DNA sequencing): The species Aspergillus tenebricus Houbraken, Glassnerova & Hubka, sp.
is known from soil, agriculture products, caves and house dust. It nov. MycoBank MB 844203. Fig. 21.
has been isolated in Iran, Mexico and Taiwan (Fig. 12, Table 1,

Supplementary Table S3). Etymology: Latin adj. tenebricus -a -um, referring to dark soluble

pigment which is produced on CYA and CZA unlike its close relative
A. taichungensis.
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Fig. 21. Macromorphology and micromorphology of Aspergillus tenebricus. A. Colonies after 14 d at 25 °C, left to right: MEA, CYA, CZA, CY20S. B. Soluble
pigment produced on CZA (photograph taken after 28 d of cultivation). C. Sclerotia produced on CZA (photograph taken after 28 d of cultivation). D-G.
Conidiophores. H. Conidia. Scale bars: C = 1 mm; D-H =20 pym.

Typus: South Africa, Robben Island, soil, 2015, collected by P.W. Colony diam, 25 °C, 7 d / 14 d (mm): MEA: 19-21 / 26-33; CYA:

Crous and isolated by M. Meijer (holotype PRM 957108 (dried culture, 19-23/29-34; CZA: 12-14 | 22-24; CY20S: 28-30 / 48-52.

metabolically inactive), isotypes PRM 957109-957110, culture ex-type

DTO 337-H7 = CBS 147048). Cardinal temperatures (on MEA, after 2 wk): Aspergillus tenebricus
is able to grow at 10 °C (9-11 mm). The optimum growth




temperature is 25 °C (26-33 mm). Strains DTO 337-H7" and DTO
440-E2 are able to grow at 37 °C (7-12 mm) in contrast to strain
DTO 440-E1. No growth at 40 °C.

Culture characteristics (at 25 °C after 2 wk): Colonies on MEA
white (4A1) to yellowish white (4A2, 2A2), flat, texture floccose,
sporulation abundant, margins slightly erose, exudate absent,
soluble pigment absent, reverse greyish yellow (4B4). Colonies
on CYA yellowish white (4A2), flat with slight radial folding, texture
granular, sporulation abundant, margins entire, exudate absent,
soluble pigment dark brown after 4 wk (3-6 mm large circle
around colonies), reverse light yellow (4A5, 4A4) or dark blond
(5D4). Colonies on CZA white (2A1) to yellowish white (2A2), flat,
texture granular, sporulation abundant, margins entire, exudate
absent, soluble pigment dark brown after 4 wk (3-5 mm large circle
around colonies), reverse pale yellow (3A3). Colonies on CY20S
white (2A1), flat, texture granular to floccose, irregularly folded,
sporulation abundant, margins slightly erose or entire, exudate
absent, soluble pigment absent, reverse greyish yellow (4C6) with
pastel yellow (3A4) margins. Sclerotia were produced superficially
and only on CZA after 4 wk of cultivation. Brown sclerotia were
observed in strains DTO 440-E1 and DTO 337-H77, and absent
in DTO 440-E2. No sclerotia were observed on MEA, CYA and
CY20S in any of the examined isolates.

Micromorphology: Conidial heads radiate, biseriate. Diminutive
conidiophores present. Stipes (excluding diminutive) hyaline,
smooth-walled, occasionally finely roughened, usually non-septate,
occasionally with septa, (30-)80-140(-310) x (2.5-)3.5-5(-6.5)
um, vesicles subglobose to globose, (8.5-)11-18(-27) ym diam,
metulae cylindrical or wedge-shaped (V-shaped), (7-)8-12(-14) ym
long, covering three quarters to entire surface of vesicle; phialides
ampulliform, (5.5-)6-7(-8.5) um long. Conidia subglobose to
globose, (3-)3.5-4(-4.5) (3.8 £ 0.2 ym) x (3-)3.5-4(-4.5) (3.6 =
0.2 ym), smooth-walled, rarely finely roughened.

Diagnosis: Aspergillus tenebricus is closely related to A.
taichungensis and A. subalbidus. It has larger vesicles and
longer phialides and metulae than A. taichungensis. Aspergillus
tenebricus also produces a dark brown soluble pigment on CYA
and CZA after 4 wk compared to A. taichungensis, which can
produce a yellow soluble pigment on CYA and MEA. The length
of phialides and metulae of A. tenebricus is comparable to A.
dobrogensis, A. campestris and A. magnus but longer than other
species (Table 5, Fig. 6). The colonies of A. taichungensis have a
larger diameter than A. tenebricus on CYA and CY20S (Table 4).
Aspergillus candidus, A. dobrogensis, A. magnus and A. pragensis
can be differentiated by their inability to grow at 35-37 °C while
colonies of A. neotritici and A. taichungensis have a larger diameter
than A. tenebricus at 37 °C (Table 6).

Ecology (only records verified by DNA sequencing): The species
is known only from soil. It has been isolated in Australia and South
Africa (Fig. 12, Table 1).

DISCUSSION

A polyphasic approach (or consilient concept of species)
incorporating phylogeny, morphology and/or extrolite data is
currently a standard for species delimitations in Aspergillus
(Samson et al. 2014). A key part of this approach is represented
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by phylogenetic methods, which are implemented in practice by
different methodologies and approaches. To revise species limits
and explore the intraspecific variability, we gathered a hitherto
largest collection of section Candidi members (n = 113). To deal
with conflicting or variable results from various methods and to
maintain some consistency in the decision-making process about
species limits, we defined an integrative approach consisting of
four main components, three of which should be met to support
the species (see Results section; Table 3). Two out of four criteria
in this approach were devoted to MSC methods. We considered
the results of STACEY to some extent superior to other MSC
methods as it is based on several genes and thus it can better
accommodate incomplete lineage sorting and similar phenomena.
The criterion based on single-locus MSC methods required that
the species is supported by the majority of single-locus MSC
analyses in its exactly defined form or split into smaller entities,
but without any admixture with neighbouring species/populations.
Variability of results from single-gene MSC methods is relatively
common between loci and settings, especially within genetically
highly variable species. Oversplitting and conflicting delimitation
results within specific lineages usually indicate ongoing gene
flow and recombination within this lineage as previously observed
for instance in A. iizukae (Sklenéf et al. 2021), A. restrictus, A.
penicillioides (SklendF et al. 2017) and A. udagawae (Hubka et al.
2018a). Thus, splitting of species into multiple smaller lineages by
one or several single-gene MSC methods is not a contradiction
of a broader species definition. But the delimitation of “species”
that involves some strains/populations from neighbouring species
delimited by the majority of other methods is a clear conflict.

Among existing species, the least support was observed for
A. dobrogensis. lts delimitation was clearly supported by GCPSR
and by one scenario in STACEY, but support from other MSC
methods was low (Fig. 3). Its delimitation was only supported by
some models used in DELINEATE (Fig. 11) and morphological
support was also ambiguous. The dimensions of the majority of
micromorphological characters were larger in A. dobrogensis
than in A. candidus (Fig. 6) and the species also has a slightly
larger diameter of colonies at 25 °C than A. candidus (Table
4) in agreement with observations of Hubka et al. (2018b).
However, we identified some isolates which were phenotypically
indistinguishable from A. candidus (Fig. 7). We can conclude that
we observe a clear trend towards the formation of larger colonies
and conidiophores in A. dobrogensis compared to A. candidus.
Because we did not observe any conflict between single-gene
phylogenies, we decided not to synonymize these species.
Recently, we made a similar decision regarding A. polyporicola
and A. spelaeus in section Flavipedes (Sklenéf et al. 2021).
These two species were proposed by Hubka et al. (2015) based
on phylogeny and the differences in their ecology and production
of accessory conidia. After obtaining additional strains, it was
shown that mentioned species are not distinguishable as
previously thought, but they were retained as cryptic species
(morphologically indistinguishable species which form a separate
phylogenetic lineages and can be distinguished by molecular and
phylogenetic methods) supported by GCPSR, STACEY and some
other MSC methods.

Previous studies dealing with species boundaries in section
Candidi contained only the ex-type strain of A. campestris (CBS
348.81) in the phylogenetic analyses (Varga et al. 2007, Hubka et
al. 2014, Visagie et al. 2014, Hubka et al. 2018b). Among seven
strains of this species included in the present study, we identified
relatively high intraspecific variability. There were several subclades
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in the trees without any specific morphological features that would
trace the phylogenetic pattern. All strains of A. campestris were also
lumped together by STACEY and DELINEATE analyses further
supporting the broad concept of this species. It is apparent from
the example of deviating the RPB2 sequence of IBT 17867 that the
multi-locus MSC method STACEY can better deal with incongruent
phylogenies and incomplete lineage sorting. This method correctly
lumped this strain with A. campestris and resolved the whole species
as monophyletic (Fig. 3) in contrast to polyphyletic resolution in ML
and Bl trees (Fig. 1).

In the remaining species, the species delimitation results were
either very clear and consistent (A. magnus, A. neotritici and A.
pragensis) or species limits were identified by a combination of
approaches. Incongruences between single-gene phylogenies
basically did not give much space for a different solution in A.
tenebricus and A. taichungensis than that proposed here (Figs
1-3). The most controversial was the inclusion of the basal clade
‘pop 6” in A. subalbidus. This clade was delimited as separate
species using GCPSR, and one half of MSC methods including
one STACEY scenario. Interestingly, in models simulated in
DELINEATE, A. dobrogensis has never been delimited from
A. candidus when this subpopulation was treated as an integral
part of A. subalbidus. If this population was segregated from A.
subalbidus, DELINEATE also supported segregation of DTO
266-G2 (A. taichungensis population “pop 2", Fig. 11) from A.
taichungensis. In the case of “pop 6" where delimitation results
were very ambiguous, we followed the results of phenotypic studies
which did not support delimitation of “pop 6” from A. subalbidus in
contrast to a pair A. dobrogensis and A. candidus. We also believe
that ambiguous support of “pop 6” may be further compromised
in future with the addition of further isolates from other localities.
These are the main reasons why we decided to be taxonomically
conservative and not describe this potential species.

In general, the studies of intraspecific variability in Aspergillus
are relatively rare and limited to a few extensively studied species
or species complexes (Peronne et al. 2006, Drott et al. 2021,
Lofgren et al. 2021, Bian et al. 2022, Sklenéf et al. 2022). In this
aspect, the present study is unique in showing both genetic and
phenotypic variability in multiple markers and characters across
strains of several related species. We showed that dimensions
of morphological features, morphology of colonies and cardinal
temperatures display significant variability within some species.
Gathering of a considerable number of strains is needed to
capture the full spectrum of variability and to identify taxonomically
informative features. We also observed that atypical strains,
significantly deviating from values typical for the whole species,
are relatively common. This fact also contributed to the proposal
of A. tritici which was described based on a single strain showing
numerous atypical characters. Before the molecular era, such
strains were frequently a cause of erroneous taxonomic conclusions
and descriptions of superfluous species. For instance, we can find
many examples where a single atypical isolate was proposed as a
new species based on its inability to develop normal ascomata, or
production of atypical ascospores, conidia and other characters.
Such cases were very common especially in sections Aspergillus
(Hubka et al. 2013a, Chen et al. 2017) and Nidulantes (Chen
et al. 2016, Hubka et al. 2016) and most of these species were
synonymized in the molecular era. Exceptionally, these species
names, proposed on the basis of incorrect assumptions about their
uniqueness, provide a name for the whole species thanks to the
priority rules. In these cases, the type is morphologically dissimilar
from other representatives of the same species (e.g. A. proliferans).

48

This would be also the case of A. tritici, but this species name was
not validly published. We redescribed this species in the present
study as A. neotritici for which we selected a holotype better
representing typical species morphology (see section Taxonomy).

We believe that collecting more strains or sequencing more
genes in future will help to better understand speciation processes
in section Candidi and to resolve persistent ambiguities in the
definition of species limits in some species. It is possible that the
markers used in this study are suboptimal for section Candidi, and
that they do not reflect the predominant phylogenetic signal that
would be detected when analysing more markers or the entire
genomes. It is believed that the phylogenetic methods spanning
the whole genome will allow for a systematic and comparable
metric of species differentiation in fungi. Reciprocal monophyly
and high level of concordance between thousands of markers on
the genome scale should allow differentiation between processes
such as recombination, incomplete lineage sorting and speciation
in most cases (Kobmoo et al. 2019, Matute & Sepulveda 2019,
Mavengere et al. 2020). The differentiation of these processes is
non-trivial in practice, especially if a low number of markers and
strains per species are available, as this study has shown.
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Abstract: Aspergillus series Versicolores members occur in a wide range of environments and substrates such as indoor environments, food, clinical materials,
soil, caves, marine or hypersaline ecosystems. The taxonomy of the series has undergone numerous re-arrangements including a drastic reduction in the
number of species and subsequent recovery to 17 species in the last decade. The identification to species level is however problematic or impossible in some
isolates even using DNA sequencing or MALDI-TOF mass spectrometry indicating a problem in the definition of species boundaries. To revise the species
limits, we assembled a large dataset of 518 strains. From these, a total of 213 strains were selected for the final analysis according to their calmodulin (CaM)
genotype, substrate and geography. This set was used for phylogenetic analysis based on five loci (benA, CaM, RPB2, Mcm?7, Tsr1). Apart from the classical
phylogenetic methods, we used multispecies coalescence (MSC) model-based methods, including one multilocus method (STACEY) and five single-locus
methods (GMYC, bGMYC, PTP, bPTP, ABGD). Almost all species delimitation methods suggested a broad species concept with only four species consistently
supported. We also demonstrated that the currently applied concept of species is not sustainable as there are incongruences between single-gene phylogenies
resulting in different species identifications when using different gene regions. Morphological and physiological data showed overall lack of good, taxonomically
informative characters, which could be used for identification of such a large number of existing species. The characters expressed either low variability across
species or significant intraspecific variability exceeding interspecific variability. Based on the above-mentioned results, we reduce series Versicolores to four
species, namely A. versicolor, A. creber, A. sydowii and A. subversicolor, and the remaining species are synonymized with either A. versicolor or A. creber.
The revised descriptions of the four accepted species are provided. They can all be identified by any of the five genes used in this study. Despite the large
reduction in species number, identification based on phenotypic characters remains challenging, because the variation in phenotypic characters is high and
overlapping among species, especially between A. versicolor and A. creber. Similar to the 17 narrowly defined species, the four broadly defined species do
not have a specific ecology and are distributed worldwide. We expect that the application of comparable methodology with extensive sampling could lead to a
similar reduction in the number of cryptic species in other extensively studied Aspergillus species complexes and other fungal genera.
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sterigmatocystin

Citation: Sklenar F, Glassnerova K, Jurjevié Z, Houbraken J, Samson RA, Visagie CM, Yilmaz N, Gené J, Cano J, Chen AJ, Novakova A, Yaguchi T, Kolafik
M, Hubka V (2022). Taxonomy of Aspergillus series Versicolores: species reduction and lessons learned about intraspecific variability. Studies in Mycology 102:
53-93. doi: 10.3114/sim.2022.102.02

Received: 29 June 2022 ; Accepted: 26 October 2022; Effectively published online: 16 November 2022

Corresponding editor: J.Z. Groenewald

INTRODUCTION

Aspergillus is an important genus of filamentous fungi with almost
450 accepted species and a large number of newly described
species every year since the advent of molecular phylogenetics
(Houbraken et al. 2020). The taxonomy of the clade comprising
A. versicolor and related species has been turbulent and the
clade is now recognized as series Versicolores within the section
Nidulantes. Originally, the ‘Aspergillus versicolor group’ was
introduced by Thom & Church (1926) and later revised by Thom &
Raper (1945) who accepted four species. Raper & Fennell (1965)
then expanded the group to 18 species, but only two of those
species remained in the series in its current form. Because group
is not a recognized taxonomic rank, Gams et al. (1985) replaced
groups with sections and created section Versicolores. Kozakiewicz
(1989) reallocated seven species from section Versicolores to other

sections based on the evaluation of conidial surface ornamentation
using scanning electron microscope. Klich (1993) revised the
section using cluster analysis by average linkage based on macro-
and micromorphological measurements. As a result, the species
removed by Kozakiewicz (1989) were transferred back to the
section and the section was expanded again to contain 23 species.
Peterson (2008) performed the first comprehensive revision
of Aspergillus using DNA sequence data, including data from
benA, CaM, RPB2 and ITS-LSU region of rDNA. The preceding
conceptions of the section were shattered as only A. versicolor and
A. sydowii remained in the phylogenetically defined section. Other
species were transferred into different sections, mainly sections
Usti and Nidulantes. In addition, the whole section was considered
superfluous because of its internal phylogenetic position within
section Nidulantes. Jurjevi¢ et al. (2012) analyzed strains closely
related to A. versicolor and A. sydowii which were collected mainly
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from the indoor environments in the USA, and obtained from the
NRRL culture collection. They performed a phylogenetic analysis
based on DNA sequences from six loci, accepted A. amoenus,
A. protuberus, A. sydowii, A. tabacinus and A. versicolor as
section members and proposed nine new species. As a result, the
number of accepted species increased to 14. The authors also
suggested that the section rank should be retained because it
forms a monophyletic cluster, and the designation is broadly used
in practice. Hubka et al. (2016) considered the concept of section
Versicolores untenable as it formed only a clade within section
Nidulantes, confirming the result of Peterson (2008). Houbraken
et al. (2020) expanded the classification of Aspergillus with the
series rank and reduced section Versicolores to series level. Since
the expansion of series Versicolores by Jurjevi¢ et al. (2012),
three additional species have been described, increasing the total
number of accepted species to 17. Visagie et al. (2014) described
A. griseoaurantiacus from house dust in Micronesia, Thailand and
Mexico, Tsang et al. (2016) described A. hongkongensis from a
human clinical sample collected in Hong Kong, and Jaksi¢ Despot
et al. (2017) described A. pepii from indoor air in a grain mill in
Croatia.

The representatives of series Versicolores are often described
as ubiquitous because they are frequently isolated from a wide
range of substrates, mainly soil, indoor environments, food, feed,
plants, caves, and clinical material (Domsch et al. 2007, Pitt &
Hocking 2009, Jurjevi¢ et al. 2012, Zahradnik et al. 2013, Siqueira
et al. 2016, Novakova et al. 2018). Series Versicolores members
are xerophilic, which means that they can grow on substrates with
a low water activity (a, < 0.9) (Janda-Ulfig et al. 2009, Gonzalez-
Abradelo et al. 2019). The abundant presence of these species in
indoor environments and bioaerosols increases their potential to
pose health risks to humans (Micheluz et al. 2015, Géry et al. 2021).
The spores of these species can cause allergies, aggravate asthma
and they are associated with sick building syndrome (Schwab &
Straus 2004, Géry et al. 2022). Aimost all species can also produce
mycotoxins, most notably sterigmatocystin, which is recognized
as a potential carcinogen (class 2B - possible human carcinogen)
(Versilovskis & De Saeger 2010, Rank et al. 2011, Jurjevi¢ ef al.
2013, Jaksi¢ Despot et al. 2017). There are also numerous reports
on the isolation of series Versicolores species from human and
animal clinical specimens and rare cases of proven or suspected
infections (Siqueira et al. 2016, Bongomin et al. 2018, Borgohain et
al. 2019, Jia et al. 2019, Swain et al. 2020).

There are many studies reporting the isolation of bioactive
compounds from series Versicolores, showing the great potential
of these fungi for biotechnology, e.g. diphenyl ethers with
antimicrobial and cytotoxic activity from A. tennesseensis, beta-
glucosidase applicable in cellulose degradation from A. versicolor,
or chitinase with antifungal activity from A. griseoaurantiacus
(Kato et al. 2015, Li et al. 2018, Shehata et al. 2018, Sakhri et
al. 2019, Danagoudar et al. 2021, Dobolyi et al. 2021, Huang et
al. 2021). Genome sequences for seven species from the series
have been deposited to the NCBI GenBank database [accessed
23rd of March 2022]. Among the most notable findings, the
sterigmatocystin biosynthetic gene cluster was found to be absent
for A. sydowii, explaining the inability of this species to produce
this mycotoxin (Rank et al. 2011). Additionally, mating-type loci
(both MAT-1-1-1 and MAT-1-2-1), which are crucial for sexual
development, are present in the genomes of series Versicolores
species, suggesting their heterothallic mode of reproduction,
even though the sexual state is yet to be observed (De Vries et
al. 2017).
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The correct identification of series Versicolores species is of
great importance as evidenced by their diverse above-mentioned
significances. However, a large part of these species cannot be
identified morphologically due to their similarity or high intraspecific
variability (Jurjevi€ et al. 2012, Siqueira et al. 2016, Géry et al. 2021).
Additionally, the broadly used identification method MALDI-TOF
MS (matrix-assisted laser desorption ionization time-of-flight mass
spectrometry) is not able to discriminate species within the series.
This significantly limits the possibilities of correct identification,
especially in clinical practices (Vidal-Acufa et al. 2018, Imbert et al.
2019, Shao et al. 2022). There is also increasing evidence that some
isolates cannot be reliably identified with sequence data because
BLAST similarity searches with different genes result in different
identifications (our observations and personal communication).
These problems may indicate that the concept of species is too
narrow and motivated the present taxonomic revision.

One requirement of the species delimitation methods, which
often fails to be met in studies involving fungi, is the presence
of within-species variability which is ensured by the quality of
sampling in terms of geography and/or substrates (Ahrens et al.
2016, Sklenar et al. 2020). Without large enough depth of sampling,
boundaries between intraspecific and interspecific variability
can easily be misinterpreted. Thanks to the omnipresence of
series Versicolores and the ease of their isolation, these species
represent the perfect model group for studying species limits on a
large scale. For this study, we assembled a collection of more than
500 isolates from various substrates and continents. A subset of
genetically unique isolates was subjected to the detailed analysis
by various phylogenetic methods building upon the previous
studies using this approach for Aspergillus (Sklenaf et al. 2017,
Hubka et al. 2018, Sklenar et al. 2021). Aside from the phylogenetic
part, we also studied traditional phenotypic characters including
micromorphology, macromorphology on eight cultivation media,
and the growth rate at different temperatures and in an osmotic
gradient. The synthesis of the resulting data and the consideration
of practical taxonomic implications have led to the proposal of a
drastic reduction in the number of species as detailed below.

MATERIALS AND METHODS

Strains

Some strains and/or DNA sequences were obtained from previously
published studies of Jurjevi¢ et al. (2012) and Siqueira et al. (2016),
which focused on the indoor environment and clinical material in
the USA, respectively. Furthermore, we included strains from
various countries and substrates deposited in culture collections
such as CBS culture collection housed at the Westerdijk Fungal
Biodiversity Institute (WI), working collection DTO of the Food and
Indoor Mycology department housed at the WI, Culture Collection
of Fungi, Department of Botany, Charles University (CCF, Czech
Republic), working collections of the Applied Mycology group (CN)
and the Forestry and Agricultural Biotechnology Institute (CMW)
at the University of Pretoria (South Africa), and China General
Microbiological Culture Collection Center (CGMCC, China).
Additionally, we supplemented the dataset with newly isolated
strains mainly originating from the indoor environment and caves.
The isolation techniques mostly followed the procedures described
by Jurjevi¢ et al. (2015), Novakova et al. (2012) and Novakova et
al. (2018). Detailed information about the provenance of strains is
listed in Table 1.



TAXONOMY OF ASPERGILLUS SERIES VERSICOLORES

¢8€B0BNO

9/8EG8NI
768CGBNI*
888ECGBNI'
C9€808NO

€9€808NO
79€808NO
G9EB0BNO
99€808NO
988EG8NI
L9€B0BNO
89€808NO
69€808NO

0.€808NO
688EGBNI'

1 LE808NO
¢L€B0BNO
C8BEGBNI
€/E808NO

068EG8NI*

088EGBNI'
1 68EGBNI
7.€808NO
8/8EGBNI
G/E808NO

L88EGBNI
sl

€11808NO

6CLYS8NI

060808NO
160808NO
¢60808NO
€60808NO
760808NO
G60808NO
8L1YGBNP
960808NO
L60808NO
860808NO

660808NO
€CLYGBNI

001808NO
101808NO
61LYGNP
¢01808NO
€01808NO
0C1 98NP
¥01808NO
LCLYGBNP
vCLYG8NP
G01808NO
CCLYSBNI
901808NO

06810€0r
Ludp

0%¢808NO

€0BEGBNI
0E8EGBNI*
CVBEGBNI
1¢¢808NO
916868N1
¢CC808NO
€CC808NO
¥¢Z808NO
GC¢Z808NO
LE€BEGBNI
9¢¢808NO
L¢Z808NO
8CC808NO

6¢¢808NO
GY8EGBNI

0€Z808NO
1€Z808NO
9EBEGBNI
CEC808NO
816868N1
GEBEGBNI
C16868NT
0¥8EGBNI
L¥BEGBNI
G16868N1
YY8EGBNI
€EC808NO

CEBEGBNI
¢qdd

L¥6/08NO

710¥G8NI
L70VG8NI
€G0VGBNI
8¢6.08NO
C9/868N1
6¢6.08NO
0€608NO
1€6208NO
¢E€6L08NO
CYOVS8Nr
€€6.08NO
v€6.08NO
GE6.L08NO

9€6.08NO
9G0¥S8NI*

LE6108NO
8£6.08NO
Ly0¥G8NP
6€6.08NO
v9/868N1
0S0%G8NI
8G/868NT
SOVG8NI
8G0YSG8NI
19/868NT
GS0VGBNI
0¥6.08NO

EVOVGBNI
wed

608.08NO

€007G8NI*
786EGBNI*
L66EGBNI*
16.08NO
6€8868N1
¢6..08NO
€6..08NO
¥6..08NO
G6..08NO
G8GEGBNI
96..08NO
L61.08NO
86..08NO

66..08NO
€66EGBNI

008208NO
108L08NO
L8BEGENI
¢08.08NO
| ¥8868NT
686EGBNI
GE8B68N1
066€G8NI*
V66ESENI
8E8868N1
C66EGBNI
€08208NO

086ES8NT
yuaq

"SON UOISSa99. PgAa/VYNIMueguas

96810€0r

G8I86BNT

£89868N1

189868NT

789868N1

TYYSEL uN
Sl

9Inaling 7 ‘1.0 ‘te Joopul — Buipjing 20110 ‘UojuaIL ‘PN ‘YSN

UIOH ‘M '] ‘7861 ‘Pos} afed Auiep oixo} ‘N1 ‘YSn
1naling *7 ‘800 ‘Ut 10opul ‘vd ‘¥SN
sl 7 ‘600z e Jooput ‘PN 'YSN

9Inaling 7 ‘810z ‘dems - [|em WoOIYieq ‘ofeyng ‘AN ‘'YSN

uopNg 'v'a ‘y10z ‘obene| Jejosnjeoyouoig ‘3d VSN

1noyuapinzag 'S ‘0z0z ‘Ueaghos ‘Busines) ‘ojiS Yeoyaleos) ‘eally Yinos
BAOYBAON 'Y ‘110Z ‘USHEW Peap ‘9AB) 80ead BYSAOUBWA( ‘BINeAO|S
BAOYEAON 'Y ‘Z10Z ‘JUSWIPasS SABD ‘01083) [op BASNY) ‘Uleds

umouyun 10}29]02 ‘6661 ‘[ead nd} ‘eulyn

9inalin 7 'g00g ‘e Jooput ‘D ‘YSN

QInalin 7 ‘810z ‘dems - woolyjeq ‘sulpIoys ‘Y ‘YSn

SIABr 'g ‘p|0Z ‘NIe Joopul ‘Al ‘vSN

BAOMBAON 'Y ‘600Z ‘Ouenb jeq ‘ane) einbey\ ‘eluewoy

peAsuy "ot
‘v10Z ‘(plo sieah 0og1 L Ajeyewixoidde) sidwes 891 ‘bosiyed ‘puejusals

malinp "Z '6002 e Joopul ‘y9 ‘ySN
umouun
10}08]109 ‘£1.0Z-110Z Usemiaq usijed sisoiqu o1sAd ‘spuepisyieN

BAOYEAON Y ‘2102 ‘JUSWIPas 8ABD ‘0J0S8] [op BASNY ‘UledS
maline 7 ‘600z ‘e Joopul ‘PN ‘YSN

albesiA "IN"D ‘04,0 ‘Isnp 8snoy ‘ealljy yinos

uonns "y'@ ‘010¢ ‘Ifeu uewny ‘NN ‘vSn

9inaline Z ‘600z e Joopul ‘vid ‘'¥SN

UoNNS "v'@ ‘e00¢ 1e [eydsoy XL ‘YSn

galine 7 ‘600 e Joopul ‘I ‘YSN

maline 7 ‘600z e Joopul *HO ‘YSN

uonns 'v'a ‘600 ‘ebene| Jejoarleoyauolq ‘vd ‘YSn
galine 7 ‘600 e 100pul ‘'S ‘YN

omalinr "7 ‘81,0z ‘qems ‘Juswaseq ‘snise4 ‘0N ‘YSN
gialine Z ‘800z e Joopul 'y ‘¥SN

(10308)|09/103E[0S! ‘UONE|OS] JO JBDA ‘Blelsqns ‘Alijedo|) 8dueUBAOId

Ly8¥ 1SN
(snjeusuan v jo adA1-xe) $4-62Z
01Q=¢6.671 S99 = L¥LEL TN

78985 TduUN

0/98G THN

69.v TSI

89Lv1 dIN4 = 881-¥) YSOSHLN
G4-060 NO = 1€985 MINO = 6¢ VI-MINO
e s

87 S

18¢50°€ DONOD

18985 TN

6Ly ISNT

90€¢¢ 141 =9a-61€ 014

91¢s

60v9¢ 148l = ¥3-61€ 014
€198G TduUN

13-/5¢ 0L1d

8L¥ S

10985 THUN

716€ SYM = Gv-081 OLd

102v) HIN4 = £¢€1-01 VSOSHLN
£098G TN

¢ELvl HIN4 = 607¢-€0 VSOSHLN
¢198G THuN

G/98G TN

1GLy)L HINA = 2G€€-60 VSOSHLN
¢/98G TN

LS.y TSN3

16¥.S¥1 890 = .19
622 010 =,./¢z¢ 191 = 126585 TN

/ON Uleng

Jaqeio 'y

sa19adg

55

www.studiesinmycology.org

ALBIO

WESTERDIJK
DIVERSITY
INSTITUTE

FUNG

"ApN}S SIU} Ul paUILIEXD SUIBIIS S8J0J0IISI9) Salias snjjibiadsy *| ajqeL %’
1



SKLENAR ET AL.

CLBEGBNT
87€808NO
6¥€808NO
0GE808NO
1GEB0BNO
¢SE808NO
€GE808NO
ySGE808NO
GGEB0BNO
9G€808NO
LGEB08NO
8G€808NO

998EGBNI*
898EGBNI'
L98EGBNI
69€808NO
09€808NO
698EGBNI
19€80BNO
9/€808NO
L/€808NO
968EGBNI'
8.€808NO
6.€808NO
08€808NO

€19¢9.d0

G6BEGENI
st

ELLYSBNP
9/0808NO
£/0808NO
810808NO
6.0808NO
080808NO
180808NO
¢80808NO
€80808NO
780808NO
G8080BNO
980808NO

801 ¥G8NI*
OLLYS8Nr
601 7G8NI*
£80808NO
880808NO

FLEYGENP
680808NO
L01808NO
801808NO
8CIYG8NI
601808NO
011808NO
}11808NO
€G7889d0

§9G29.d0

LCLYS8NIP
Ludp

908EG8NI
602808NO

01.¢808NO
11 2808NO
¢1Z808NO
€12808NO
71Z808NO
G1Z808NO
91¢808NO
L1Z808NO
812808NO

9/129943
€0¢¢5943
CIBEGBNI
926868N1
612808NO
EEBEGBNS
02Z808NO
vEZ808NO
GECBOBNO
LEBEGBNI
9€Z808NO
LECBOBNO
8EC808NO
9¥6868NT

6.529.d0

€CBEGBNI
28dd

LIOVS8NIP
G16.08NO
916.08NO
L16L08NO
816.08NO
61608NO
026.08NO
1¢608NO
¢C6.08NO
€26.08NO
¥¢6.08NO
G¢6.08NO

29629943
6.€¢5943
€COra8Nr
¢LL868N1T
9¢6.08NO
vy07G8NP
L26/08NO
}¥6.08NO
¢¥6.08NO
8V0VG8NI
€¥6.08NO
v¥76.08NO
G¥6.08NO
C6/868NT

9¥6.08NO

7EOVG8NI
wed

9/6€G8NI
8.,/08NO
6...08NO
08£L08NO
18.L08NO
¢8.L08NO
€8..08NO
¥8..08NO
G8..08NO
98..08NO
£81/08NO
88..08NO

79225943
GL6EGBNI
€L6EGBNI
678868N1
68..08NO
866€G8NI"
06£.08NO
70808NO
G08L08NO
666EG8NI"
908.08NO
08€808NO
808.08NO
698868N1

695¢9.d0

6/66S8NI
yuaq

"SON UOISsad9e rgaad/vYNIMueguas

g68locor

0¥¥25943
L9¥25943

G69868N1

GL/868N1

£6810€0r
Sll

UWIOH ‘Mg ‘7861 ‘Pa8) ojed Aitep oix0} ‘N1 ‘¥SN
1noyuspinzeg °S ‘0z0z ‘Ueaqghos ‘doyseyuly ‘Busines) ‘ealsy yinos
1noyuapinzag ‘S ‘0z0z ‘Ueaghos ‘doyseyuly ‘Busines) ‘el yinos
Jnoyuapinzag 'S ‘0z0z ‘ueaghos ‘doysexuy ‘Busines) ‘esuy yinog

BAOYBAON 'Y ‘Z10Z ‘JUsliIpas aAed ‘9Ae) eliaN ‘uleds

OUBLIOL "7 ‘9007 ‘1Snp 8snoy ‘oapiasjuoly ‘Aenbnin

ISUBWIBH "I\ ‘t10Z ‘Yeeym ‘wopbury pejun

BUUAT "Y' ‘pL0Z ‘Uelemess ‘oue ‘yewusq

aibesiA "N ‘020z ‘4emopuns ‘nidsbuiunay ‘elels a4 ‘BolY Yinos
1noyuspinzag ‘S ‘020z ‘Ueaghos ‘doyseyuly ‘Busines) ‘ealsy yinog
Jnoyuapinzag ‘S ‘0z0z ‘Ueaghos ‘leyieg ‘ebuejewnd|y ‘oY Yinos
aIBesIA "N'D ‘0202 ‘(BHym) oziew ‘pejsuoosy ‘sjels o914 ‘eolyy Yinos

UoSIIM ‘MO ‘G161 ‘l10s Kesiar meN 'YSN

6961 ‘umouwun

punoy ‘716 ‘@ones Aos ‘eulyn

UOHNS "y ‘0102 ‘e [eXdsoy ‘HO VSN

UMOUYUN J0}D9]|00 PUB B}ep Uoe(os! ‘[0S ‘PN VSN

ginalinr "z '800g ‘e 10opul ‘v9 ‘¥SN

UMOUNUN 1008|109 ‘GOQZ ‘UMOUNUN 3}eJSans ‘GO0z ‘BulyD
uMOoUNUN 10}99]100 ‘10z ‘Juaijed sisoiq 91sAd ‘spueliayiaN
BAOYBAON 'Y ‘6007 ‘sBuiddoup j1eq ‘ene) peize|y ‘eluewioy
I8l 7 ‘600z ‘I Jooput ‘AM ‘YSN

BAOYEAON 'V ‘800 ‘9ABO Ul Jajjew ojuebio ‘ssAqy eroselbulg ‘eienos
USYBIGNoH ' ‘710 ‘I1o} susjAyyekiod ‘spuepsyioN
BAOYBAON 'Y ‘Z10Z ‘JUSWIPas aABD ‘0J0S8] [ap eASNY ‘UledS
UOPNS "v'Q ‘7102 ‘abene| 1ej0snleoyouoiq “YM ‘YSN

pagnH
" ‘0002 ‘©J0}S pass Ul SjusWaloxe asnow ‘anbeld ‘olgndey yoszy

MOPOIM "L'A €00 ‘YouBIg PooMPIEY Pesp ‘|H ‘YSN

(10108]10/10)€]08! ‘UONR|OS! JO Jeak ‘ajessqns ‘A)ijedo]) adueUBAOId

(sisusassauug) 'y

jo adf1-xe) ¢8zz¢ 19l = §4-622
010 =251 S99 = 0SLEL THAN

}V-680 NO = 82985 MINO = 9¢ YI-MIND
€v-680 NO = 0€985 MIND = 8¢ VI-MIND
61-880 NO = 22984 MINO = GZ VI-MINO

¥8€ S

90-89¢ 01d

8¢8vl 18l =¢a-61€ 01a
€6¢8¢ 141 =¢4-61€ 014

¢d-911 NO = G€98G MINO = €€ VI-MINO
¢V-680 NO = 6¢98G MINO = L YI-MIND
IV-960 NO = €€98G MINO = L€ YI-MIND

£9-660 NO = Z£985 MIND = 0€ YI-MIND
(no1noxpalno v

jo adAy-xa) 6LE1LT IINI = €G89}

D91V = 59'66G S92 = L2Z THAN

¢y THAN

0€Z THEN

€Glyl dIN4 = 6/7-01 YSOSHLN
€v-610 OLd

€698G THUN

6v8.0°¢ OONOD

94-v¢€ 01d

161 S

¢098G TN

vve s

¥O-1¢€ 0L1d

9/€S

65171 HNS = 9EvL-11 YVSOSHLN

€116 400
(sisusneejnnd 'y

jo 8df}-xe) y8zze 191 = §9-62C
010 = 05571 S8 = L¥95€ THAUN

+'ON ulens

s919adg
‘(penuguo) 1 a|qeL



TAXONOMY OF ASPERGILLUS SERIES VERSICOLORES

098EGBNI*
C98EGBNI
CCEB08NO
€C¢E80BNO
7¢€808NO
GZ€B0BNO
92€808NO
LCE808NO
82€80BNO
6¢€808NO
0€€808NO
1€EB0BNO
CEE808NO
€98CGBNI*
798EGBNI*

€E€E808NO
7€E€808NO
GEEBOBNO
9€E808NO
LEEBOBNO
8E€EB0BNO
6EEB0SNO
0¥€808NO
1 ¥€808NO
¢€808NO
€¥EB0BNO
77€808NO
0/8EGBNT

G¥€808NO
97€808NO
¢1529.d0
LSt

LOL PGNP
C0LYG8NI
1G0808NO
¢S0808NO
€G0808NO
750808NO
GG0808NO
9G0808NO

£G0808NO
850808NO
650808NO
090808NO
€0LYG8NI
vOLYGBNI

190808NO
¢90808NO
€90808NO
790808NO
G90808NO
990808NO
£90808NO
890808NO
690808NO
0.0808NO
}20808NO
¢L0808NO

€.0808NO
7.0808NO
¥9529.d0

Ludp

918EGBNI
618EGBNI
061808NO
161808NO
¢61808NO
€61808NO
¥61808NO
G61808NO
L€6868NT

GEBEGBNI
EVBEGBNI

961808NO
L61808NO
GE6B6BNT
7E6868NT
861808NO
661808NO
002808NO
10Z808NO
¢0Z808NO
€0¢808NO
¥0Z808NO
G0Z808NO
LL8EGBNI
90¢808NO
L02808NO
8.G29.d0
¢gdd

LCOVS8NIP
0E0¥S8NI
¢68.08NO
€68.08NO
768208NO
G68.08NO
968.08NO
L68L08NO
L//868N1
868.08NO
66808NO
006£08NO
106208NO
970¥G8NI*
YSOVG8NI

¢06.08NO
€06.08NO
18/868NT

08/868N1
706.08NO
G06.08NO
906208NO
L06.08NO
806208NO
606.08NO
016.08NO
}16L08NO
CCOVS8NI

¢16/08NO
€16208NO
716.08NO
wed

}00VS8NI*
C00¥S8NI
9G//08NO
LG//08NO
89..08NO

69..08NO
09/208NO
798868N1
192/08NO
¢9.L08NO
€9..08NO
¥9.L08NO
LOOVGBNI
800¥S8NI*

G9/.08NO
99//08NO
8G8868N1
LG8868NT
£91/08NO
89..08NO
69..08NO
0/£L08NO
}2/108NO
¢LLL08NO
€.L/08NO
vLLL08NO
CLBEGBNI
G//L08NO
9//08NO
89G¢9.d0

yusq

'SON uoissadde rgaa/vYN3Mueguad

00£868N1

¢68loeor

¥0L868NT
€0.868N1

Sl

souisiey "H ‘061 ‘uijesed ‘uopuo ‘wopbury psjun

uasusr ‘N0 ‘1161 ‘siueyd Jaddad jo aiaydsoziyl ‘AN ‘YSN

naling 'z ‘81,0z “Ute Joopul - 92140 ‘|liH AuByD ‘PN VSN

BAOYBAON 'Y ‘Z10Z ‘JUSWIpas 9ABD ‘0J0S8] |9p BASNY ‘UledS
ginaling 'z ‘810z ‘seje|d ajes ‘Wwooipaq ‘exid Jedded ‘HO ‘YSN
UMOUNUN 10}08]09 ‘010Z ‘IIe Joopul ‘Auelulss)

BAOYBAON “Y ‘9007 ‘Ile 9ABD ‘9B BYSIOUOUSE.Y ‘BINeAO|S
uMoUYUN J0}29]02 ‘G661 ‘D0US Apjow ‘eulyD

UOHNS "v'd ‘0102 ‘wninds ‘vd '¥SN

BAOYBAON 'Y ‘010Z ‘Ule 8ABD ‘aABD) eAOHUOBEIY BYSUBYDQ ‘BIEAOIS
albesiA "IN ‘GL0Z ‘Isnp asnoy ‘nealda s ‘B1l09S BAON ‘epeue)
Jolis|\ "I ‘710Z ‘[els}ew SAIYOIR JO 90BLNS ‘WepIasT ‘SpuelayeN
naling 7 ‘810z ‘Juswilede ‘Jie Josseyod ‘viN ‘'YSn

ginaline 'z ‘800z ‘e Joopul ‘LN ‘YSN

QInsling 7 ‘600z e Joopul ‘vd ‘¥Sn

ojowenz] ‘N ‘¥10z (seyerouiroidojeb
SNiIAN) |9SSNW UBsUBLIBYPA ‘BINSuluad ‘OjoN ‘uedep

BAONBAON 'Y ‘Z10Z ‘JUBWIPas 8ABD ‘010S3] |ap eASN) ‘Uleds
uonns "vy'd ‘600¢ ‘Ileu uewny ‘1N ‘vSN

uopng "v°d ‘010z ‘abeae| iejosnieoyouoiq 19 ‘vSn

BAOYBAON 'Y ‘600Z NIe 8ABD ‘9ABD) BYSAOPIY ‘BINEAO|S

BAONBAON 'Y ‘Z10Z ‘e 8ABD ‘9ABD) NUBWIT ‘BIUBWIOY

BAOYBAON 'Y ‘Z1L0Z ‘lle 9ABD ‘ane) eliaN ‘uieds

£102-110z usamiaq ‘|eliajew juaned sisoiqy onsAo ‘spuepayiaN
6661 'l10 Apjow ‘euiy)

666 ‘@320 uoow ‘eulyy

peAslid “Or ‘0661 ‘Sepopa snujua] paup ‘ueder

aibesiA ‘W'D ‘010 1Snp snoy ‘edlyy yinos

Jalxeyl Y ‘216 ‘umouun

Jnoyuapinzag 'S ‘0z0z ‘Ueaghos ‘doysexuyy ‘Busines ‘eausy yinos
aibesiA “IN'D ‘020z “Yemojuns ‘Ynidsbuiunay ‘91elg 8a.4 ‘Bdlyy Yinos
BAONBAON Y ‘LLOZ “IIe @ABD ‘AR EliaN ‘Uledg

(10103]j0/101E|0S! ‘UONEIOSI JO JBDA ‘BlRnSqNS ‘Alijed0|) 8duBUBAOId

GEZ THIN

0vZ THIN

G8/% 1SN

s

6Z8% 1S3

£g-8¢1 010

LIS

16250 DONDD

51yl HINA = £2€-01 YSOSHLN
GlES

69-8€L NO = 17985 MIND = 6€ VI-MIND
€H-€0€ 01d

0z.¥ 1SN

(uesus y jo adAi-xe) 00985 THYN
12985 THYN

v681€ 181 =94-61€ O1A

LLES

vECyl dIN4 = G¢¥-60 YSOSHLN

002y} "N4 = 12-01 YSOSHLN

60€ S

6EL S

GL¥ S

v4-1¢€ 01d

1€€50°€ OONDD

G¥€50'¢ OONOD

06'995 S80 = 9v-610 OLd

181€ SYX =60-8/1 01Q

6¢¢ TduN

63-990 NO = G985 MIND = €¢ VI-MIND
va-9LL NO = 9€98G MINO = ¥¢ VI-MINO
9909 400

V'ON ulens

57

www.studiesinmycology.org

ALBIO

WESTERDIJK
DIVERSITY
INSTITUTE

FUNG

so1oadg

‘(panupuog) °}, sjqeL Wr



SKLENAR ET AL.

¢0€808NO
€0€808NO
70€808NO
G0EBOBNO
90€808NO
L0€808NO
80€808NO
60€808NO
01€808NO

11 €808NO

CLE808NO
€1€808NO

71€808NO

G1EB0SNO

91€808NO

L1€808NO

L68EGBNI
81€808NO
61€808NO

LG8EGBNI
02€808NO

12€808NO
8G8ESANI
4asi

6¢0808NO
0€0808NO
1€0808NO
¢€0808NO
€€0808NO
7E€0808NO
GE0BOBNO
9€0808NO
LE0808NO

8€0808NO
6E€0808NO

0%0808NO
170808NO

¢¥0808NO

€70808NO

7¥70808NO

G70808NO

970808NO
L¥0808NO

690vS8NI*
870808NO
6¥70808NO
0G0808NO
001 ¥G8NI*

Ludp

676868N1
9/1808NO
876868N1
996868N1
L/1808NO
€96868N1
8.1808NO
6.1808NO
081808NO

181808NO
CS6868NT

¢81808NO
€81808NO

781808NO

G81808NO

981808NO

/81808NO

18129943

66.EG8NI*
881808NO
6¢6868N1
681808NO
60BEGENI

28dd

G6/868N1
9/8.08NO
76./868N1
C08868N1
L/8/08NO
608868N1
8/8.08NO
6/8.08NO
088208NO

188.08NO
86.868N1

¢88.08NO
€88.08NO

788208NO

G8808NO

988.08NO

/88108NO

G2€68901
888.08NO
688208NO

010¥S8NI*
068.08NO
G//868N1
168208NO
0C0¥S8Nr

wed

CL8868NT
0¥..08NO
}28868N1
6/8868N1
17LL08NO
988868N1
¢vLL08NO
€v.L08NO
vvLL08NO

Gv..08NO
G/8868N1

9v..08NO
L¥//08NO

87.08NO

6¥..08NO

0G£08NO

1GLL08NO

€9€68901
¢SLL08NO
€G.L08NO

0/6€S8NF
¥G1208NO
268868NT
GG//08NO
000¥S8NF

yuaq

"SON U0ISSad9e rgaad/vYNIueguas

81 /868N

L11868N1T
GZ/868N1

CEL868NT

1C/868NT

}G¥¢G943

76810€0r

869868N1

Sll

UopNS "y"q ‘€10 ‘ake - ajdwies [ealulp ‘I N ‘YSN

umouyun J0}98||09 ‘600z ‘@0us ‘euly)

UopNS “v"q ‘110z ‘ofe - ojdwes [eaulo 'vd ‘vSN

uonns 'y'd NSN homm>m_ Jej0dAjeoyduolq hZ_>_ h<wD

ZBUIA 'N % w_mmw_> ‘WO »ONON _._w>>o=c3m _coo._v_wcwo___> _mo_t< yinog
UOWNS "v"@ ‘6007 ‘enssi Bun| ‘LN ‘YN

umouyun 10}98]|09 ‘{00z ‘doId pajuswwIs) ‘euly)

Qouelio] 7 ,wOON _szv asnoy ,O®U_>®Eo_>_ Sm:mED

48BN W “01.0¢ ‘sbop 4o quio} dA63

BAOYBAON 'Y .moom chE_bom 9ABD "wEon_

,BY01ZeY WoQ” ‘oAe) Insjewy MaN ‘1sie)y| UeIABIO| ‘Oljgnday yoaz)
UOHNS "v"@ ‘9002 ‘snuyouoiq ‘NN ‘YSN

BAOEAON 'Y

‘010Z ‘Ule 9ABD ‘0SBID) 02BN\ Bp B[S ‘010S8] [9p BABNY ‘UledS
BAONBAON 'Y ‘600Z ‘1e Joopino ‘aAe) Joq| ap Jeuejse)) Jeau ‘uieds

SMIN "d 8 3SIPON 'O
‘6102 ‘JUsWIpas 8ABD PajeulWeju0d-ouenb ‘9AeY) BGRYIMOL) ‘BUBMS)OY

SMYN "0 3 8SIPON 'O
‘6107 JUSLIPaS 8ABD PajeuIIEJU0d-0UBNG ‘BABD) BORYIMIS) ‘euems]og

SMIN “d B SSIPON 'O
‘6102 ‘JUBWIPaS SABD Pa)eulWB)u0d-0UBNS ‘9ARY) BGRYIMOL) ‘BUBMS]OY

SMIN "d 8 3SIPON 'O
‘6102 ‘JUSLUIPSS SABD PAJEUILIRIU0D-0UBND ‘BABY) BRYIMOL) ‘BUBMS]OF

SIIBH |\’ ‘UMOUNUN 818 UONR|0S! ‘|BLBJewW [BaIUID ‘YO ‘SN
esoqled "y ‘v10Z ‘skejjeinas euodijsyy Jo AeuoH ‘ajioay ‘|izeig
esogleg 'Y ‘10z ‘suejjeinas euodijayy 1o AouoH ‘ejioay ‘|izeig

eddeyiniy g ‘0261 ‘Auiaq 9ay02 ‘eyejeuley ‘elpu|

BAONEAON 'Y ‘010Z ‘Ouenb jeq ‘ejade) ‘ene) peizay\ ‘eluewoy
UORNG "y"Q ‘G002 ‘Wninds ‘NI ‘'YSN

UBW.IBWID-8pUNS “N ‘10Z ‘SUIBY[ES [I0S ‘BIUBAOIS

UMOUMUN J0}JD9]|00 ‘€16 ‘UMOUNUN 8jelisqns ‘wopbury payun

(10108]10/10)€]08! ‘UONR|OS! JO Jeak ‘ajessqns ‘A)ijeoo]) adurUBAOCId

YLyl "IN4 = 81G2-€1 YSOSHLN
LE6€1°€ OONOD

GGyl "N4 = ¥0¢-11 YSOSHLN

0l¢yl dINd = ¥€6-¢) YSOSHLN
¢0-L1L NO = ££€98G MINO = G€ VI-MINO
8EEY| HIN4 = 80.1-60 YSOSHLN
€¢190'¢ O0NOD

¢J-89¢ 01d

19-G¥1 0Ld

€S
G81¥1 HIN4 = 08£¢-90 YSOSHLN

Gl S

7S

9Na=
18791 NO = €985 MIND = ¥ VI-MIND

0ENd =
¢av9l NO = 985 MIND = ¢¥7 VI-MIND

Ly Nd =
var9l NO = 9¥98G MIAID = ¥¥ VI-MIND

98Nd =
98v91 NO = 8¥98G MIND = 9% YI-MINO

17891 DLV = ,0SC THUN = .¥8€}1C
IINI = ,59°€6S SEO = ,5Z TN

L18/ INdN = 2v-€5€ OLd
818/ NdN = 8Q-€9€ OLd

169-6¢¢
010 =.19.571 S8J = ,66685 TN

10¢S

9€1 ¥} HIN4 = 009€-G0 YSOSHLN
€01€¢ 1d1=80-61€ OLd

G¢Z THuN

+'ON ulens

11mopAs v

10J00ISIBAGNS Y

s919adg
‘(penuguo) 1 a|qeL



TAXONOMY OF ASPERGILLUS SERIES VERSICOLORES

/8¢808NO

88¢808NO
68¢808NO

06¢808NO

16Z808NO
¢6¢808NO

€¢6v0001
GI6ESBNI

€6¢808NO
762808NO
96¢808NO

G62808NO

L6¢808NO

LBEGBNI
86¢808NO
G/G¢9.d0

00€808NO
¥/529.d0O
pis|

G0080BNO
900808NO
L00808NO
800808NO
600808NO
12G29.d0
110808NO
¢10808NO
€10808NO
710808NO
G10808NO

910808NO
0£529.d0

880VG8NI
180VS8NI

810808NO
610808NO
020808NO
1C0808NO
¢¢0808NO

€20808NO

6L0VS8NI
7¢0808NO
195¢9.d0
9¢0808NO
L20808NO
995¢9.d0

Ludp

| ¥6868NT
091808NO
191808NO
LE6868NT

G8929.d0
€91808NO
7¥6868N1
791808NO
8E6868NT
G91808NO

991808NO
¥8929.d0

96125943
008ESGSNI

891808NO
691808NO
0£1808NO
}21808NO
}L6868NT

8/1¢9943

18G¢9.d0
€.1808NO
v.1808NO
0852¢9.d0

¢8dd

18/868N1
LG8.08NO
898.08NO
€8/868N1
698.08NO
00909940
198.08NO
06/868N1
¢98.08NO
78.868N1
€98.08NO

798.08NO
0%¥5099d0

¢L€¢5943
LLOVGBNF

998.08NO
198108NO
898.08NO
698208NO
L18868N1

0/8208NO

¥9€29943
}28.08NO
¢/8108NO
€/808NO
v/8/08NO
G/8.08NO

weo

798868N1
}¢LL08NO
¢¢LLO0BNO
098868N1
€¢LL08NO
€9929.d0
G¢/L08NO
198868N1
9¢..08NO
198868NT
L¢//08NO

8¢LL08NO
€9929.d0

¥8¢¢5943
6Y6EGENI

0€.L08NO
1€L208NO
CELL0BNO
€€LL08NO
768868N1

vE€LL08NO

€9€68501
GELL08NO
L€€G//44
LELL08NO
8ELL08NO
GG€G//44

vueq

"SON UOISSa99e rgaad/vYNIMueguas

01£868N1

90£868N1

€1/868NT

L0/868NT

09¥¢5943

0v7.868N1

CyyeS943

Sl

UORNS "v"@d ‘1L0Z ‘Wninds ‘oo “1v 'vSn

1nelinp 'z ‘81,0z ‘Ut Joopul - Bulp(ing 800 ‘uoualL ‘PN 'YSN
BAOXBAON 'Y ‘Z10Z ‘JUSWIPas 8ABD ‘010S3] |8p BASNY ‘Uleds
UORNS "y"Q ‘6007 ‘uswiIoads [eajulo [ewiue 1D ‘YSN

ginelinr "7 ‘g0z ‘sejed enes ‘Wooipaq ‘eIIAUOSYO.r ‘14 ‘YSN
BAOYBAON 'Y ‘€107 ‘1B 9ABD ‘DABD 9|IAO|\ ‘BIUBWIOY

BAOYBAON 'Y ‘Z10Z JUBWIPaS 9ABD ‘010S8] [9p BASN) ‘Uledg
uonng 'y’ ‘900z ‘ebene| Jejoaneoyouolq ‘yYSn

BAONBAON Y ‘LL0Z ‘JUsWIpas aAeD ‘ane) elisN ‘uleds

uopng "y'd ‘110z ‘ebene| Jejosaeoyouoiq | ‘vsn

aimalinp 'Z ‘8102 ‘dems ‘Auoojeq mojaq Buiwey; ‘sjlepume ‘¥ ‘vYSN

IAOIBAD-BIOYBIUN| *
‘9061 J0J8q 'S8|qeD [201}08[8 PAJE0d JagqNn. ‘BIARISOBNA JalLIo)

BAONBAON 'Y ‘L10Z ‘JUBWIPaS 8ARD ‘aAR)) eliaN ‘uleds

QINOY}OAD-BJOYBIUN|
‘IN ‘8961 910jq ‘s8|qeD [BOLI}OB]S POIROD JBGQN ‘BIARISOBNA JoULIO}

UIOH "M'g ‘7861 ‘Po8) aiyea Allep 9ixo} ‘N1 ‘YSN

J8paoIyds ‘M'H ‘7102 ‘10s XL ‘VSN

USYRIGNOH ' 2102 ‘S)0NS ejjiuea ‘Jeasebepe|y woly pauodu|

pusWY "y ‘600z ‘ISnp asnoy ‘e}iinAes ‘0oIxa|

JepIS 'Y ‘210z ‘WooJ Uole)|igeyal [eopau Ul 80euNS ‘BISaUOpU|
UOHNS "y ‘€002 ‘9beAe| 1ej0aA[eoyou0iq 14 ‘YSN

ZBWIIA "N '8 @1BeSIA

"D ‘0202 ‘(eWym) SzIew ‘|BPSORQ ‘8UIN0Id JSB YHON ‘BOLY Uinos

S8lIBYD "Y'/ ‘UOIE|0S] JO Jeak pue sjelsgns umouyun ‘yYSn

UMOUYUN 10}08]|09 pue ajep aje|os! ‘Juied oo}e) ‘spuejiayiaN
BAOYBAON 'Y ‘LL0Z ‘JUBWIpas aABD ‘010S8] [op BASN) ‘Uledg

MET "M ‘6002 ISNP 8SNOY ‘WS|e|\ ‘BISBUOIII JO SBIeIS pajesapa
BuoH g's ‘€00z ‘pIol Joddad woyy Jaddad joy ‘1BuosA ‘©8I0Y YINOS
[BWEH ‘d ‘€00Z ‘UBW JO 191085 [eaydeljopus ‘OnowojQ ‘ljqnday Yoz

(10108]10/10)8]08! ‘UONR|OS! JO Jeak ‘ajessqns ‘Alijeoo]) aduBUBAOId

G0¢yl dNd = GLL¢-LL YSOSHLN
9¥8¥ 1SN

Gv S

8vLvl dIN4 = 9¥¢-60 YSOSHLN
€5.v 1S3

0£€5 400

0S¥ S

8¢EY| HIN4 = L€82-90 YSOSHLN
6¥ S

991yl °N4 = 69¢-11 VSOSHLN
€0L¥ 1S3

8.€81C
INI'=v2'109 S80 = ¥0-610 OL1d

606 400
(snsagmoud " jo adAy-x) 06681
901V =¥.'209 S99 = G06€ TN

€121V TUN = #71EL THUN

¢99¢¢
001V =6¢08¢ 141 = 63-61€ OL1d

6H-v.l 014

1a@-0/¢oLd

vI-lv2 01d

181y HIN = 6,9€-€0 VSOSHLN

G8-¥50 NO = #2985 MIND = ¢ YI-MIND

171€6

HWVN = ,956¥ HAVN = .8520} WOr
=,0,662C INI = .220€€ O4l = 156
001V =,569'¢85 S99 = ,8€C THAN

G/¥811 S0 = 19-¥00 OLd
€909 400

6H-99¢ 014

2211} S8 = €H-¢00 01d
129€ 400

/ON uteng

J0J02ISION Y

sa1oadg
‘(PenunuoD) °} aqeL

59

www.studiesinmycology.org

ALBIO

DIVERSITY
INSTITUTE

WESTERDIJK

FUNG

Y2



SKLENAR ET AL.

€12808NO
7.2808NO

G/2808NO
9/2808NO

80GESENI
L/Z808NO

8.¢808NO
6.¢808NO
082808NO

LOGEGBNI

182808NO
¢8C808NO
€8¢808NO

78500001
75788940
¥8¢808NO

916EG8NI*
G8¢80BNO

982808NO
4asi

€86.08NO
786208NO
G86.08NO
986.08NO
186/08NO
886.08NO
686.08NO

€L0VG8NI
066.08NO

166208NO
¢66.08NO
€66.08NO
766.08NO

vL0VG8NI

G66.08NO
966.08NO
L66.08NO

€8500001
866.08NO
666.08NO

980%G8NI*
000808NO
100808NO

¢00808NO
€00808NO
700808NO

Ludp

€06868N1
¢71808NO
€v71808NO
¥v1808NO
G71808NO
971.808NO
Lv1808NO

CCBEGBNI
806868N1

871808NO
6771.808NO
051808NO
1G1808NO

91¢¢5943

¢S1808NO
€G1808NO
¥S51808NO

81500001
G31808NO
9G1808NO

718EG8NI
9E6868N1
Gy6868N1

1G1808NO
8G1808NO
651808NO

28dd

6v7.868N1
6€808NO
0v78.08NO
1 ¥8L08NO
¢¥8.08NO
€¥8L08NO
y¥8.08NO

€E0VSG8Nr
vS9.868NT

G¥8.08NO
9v¥8.08NO
L¥8.08NO
878.08NO

26€¢5943

6¥808NO
098.08NO
1G8.08NO

G9500001
¢98.08NO
€G8.08NO

GZOVS8Nr
C8.1868NT
16/868NT

v58208NO
GG8L08NO
9G8208NO

wed

9C8868N1
¥0.L08NO
G0.L0BNO
90/L08NO
L0£L08NO
80.L08NO

CSBEGENI
}€8868NT

60.L08NO
01£L08NO
V1 2L08NO
¢LLL08NO

¥0€¢5943

€12.08NO
v1L.08NO
G1/L08NO

¢5500001
91£.08NO
L11/08NO

€96EGBNI
698868N1
898868N1

81£L08NO
61..08NO
0¢LL08NO

yusq

"SON UOISsad9e rgaad/vYNIMueguas

CL9868N1

L/9868N1

08¥¢5943

2928l ¥N

168Locor
G0/868N1
v1.868N1

Sll

UoNNS "v'a ‘900z ‘ebene| Jejoanieoyouolq ‘euljoie) yinos ‘ysn
puswy Y ‘600Z ‘1Snp asnoy ‘enkes ‘0oIxa

QIAB(INF "7 ‘8107 ‘demSs - JusA ‘wooipaq JBIAL ‘X1 'YSN
BAONBAON Y ‘010z ‘ouenb jeq ‘ane) sjeued ‘Bluewoy

eoeT I ‘710z ey ‘wopbury payun

MET "M ‘800Z ‘ISnp 8snoy ‘nja ‘eISaucII JO Sajels pajelapa
MET M ‘8002 ‘ISNp 8snoy ‘Nja ‘eISeuUoIDI JO SeIelS pajelapa

MOPIIM 'L'd
‘b10C ‘alelisne euispoues) J0 Blewolpiseq ‘ejnned exndey ‘|H ‘vSn

UOPNS "v'd ‘6002 ‘anssh Bun| ‘v ‘¥SN

uesz| 'S'S ‘v10Z ‘spees aweses paio)s ‘Al usiiemH ‘uemie]
gialinp "Z '81.0C ‘dems ‘|lem woolyieq ‘usaplaqy ‘aiN ‘vsSn

MET "M ‘8002 ‘ISNp 8SNOY ‘Nja ‘BISBUOIII JO SBIEIS pajelapa
usyeIqnoH ' ‘L0z “ds wnjwbeiydojeuos) ‘eI YINos

Biagoy
‘N ‘0861 ““ds sueqiag Jo Jindy ‘uspleb [edluejoq Jeisunpy ‘Auewion

SMAN "d 3 3SIPON 'O
‘6102 ‘JUSLUIPaS SABD P3JEUILLRIU0D-0UBND ‘BABY) BGRYIMOL) ‘BUEMS]Og

SQOOE "y ‘600 ‘ISNP 8SNOY ‘4OSOqUS|[S]S ‘EOLLY LINOS
BAOYBAON "V ‘2102 “Ile 8ABD ‘0I0S8] [9p BASNY ‘Uledg

€102 ‘|leusoy uewny ‘6uoy BuoH
nemewyey 'y ‘z10z ‘Aeiqi usiinu pue pooyj ‘elexeABo ‘elsauopu
WIUOON d ‘6002 ‘1Snp &snoy ‘epibuos ‘puejiey L

ll4aNNd VA ‘2261 ‘Umoy ade ‘eouy yinog
uopng "y ‘900 ‘eBene| Jejoaneoyouoiq ‘i ‘YSN
uonns 'y'd rmOON .wmm>m_ JejosAjeoyduo.q .OO :QWD

IO EETYe)
-ejoueuN ‘| ‘Umouyun JeaA uone|os! ‘Jajemess ‘[uiojn ‘oibausjuop

pusWY Y ‘6002 ISNP 8snoy ‘eyiinkeg ‘ooIxa
BAONBAON "V ‘010Z ‘1B ©ABD ‘0108 [9p BASNY ‘UledS

(10108]10/10)€]08! ‘UONR|OS! JO Jeak ‘ajessqns ‘A)ijedo]) adueUBAOId

88Lv1 dIN4 = ¥827-90 YSOSHLN
1d-8¥¢ 01d

6Ly TSI

€ees

G¢2960 INI = 6€¥9) 141 = €0-61€ OLd
L¥-69¢ 01d

£4-/9¢ 014

L¥96¢
181 =0099€ TN = ¢3-61€ OLd

89¢¥l dIN4 = ¢8G¢-60 YSOSHLN

ariee
o400 = I¢tle 181 = 6d-61€ OLd

0647 TSI
1I-89¢ 01d

90-9¥Z 01a

(snusowe “y

jo adAy-xa) 6p89L DLV = 00¥112

IINI = #v-610 0L = §9°009 S99 =
Z€'LLL S99 = 962 THAN = 8£8Y THUN

¢GNQd =
Gav9l NO = /985 MIND = G¥ VI-MINO

¢9-/9¢ 01d

Le9s
(sisusBuoybuoy *y Jo adh}-xe) £9-16€

0.0 =09€0€Nd O¥I9 = 0.8 4dON =
€690L1 JYEN = 6VNXMH = 129GVl SED

la-L€¢0L1d
v-89¢ 0Ld

(snueauyeossne "y jo adA1-xe) ga
~G2? 010 = 8v.S¥1 SAD = €€ TUAUN

0¥l¥l dIN4 = ¥0L-90 VSOSHLN
9€eyL dIN4 = ¥/G1-80 VSOSHLN

90-610 014
/3-/¥201d
6€S

+'ON ulens

s919adg
‘(penuguo) 1 a|qeL



TAXONOMY OF ASPERGILLUS SERIES VERSICOLORES

€G¢808NO
7GZ808NO
GGZ808NO
9GZ808NO
LSZ808NO
8GZ808NO
6G¢808NO

09¢808NO

19Z808NO

¢9¢808NO
€9¢808NO
792808NO
G9Z808NO
816EGBNI

99¢808NO

L92808NO
89¢808NO
692808NO

LIBEGBNI

0£2808NO
115¢9/d0
}2¢808NO
¢LZ808NO

LSt

19608NO
¢96208NO
€96.08NO
796.08NO
G96.08NO
996.08NO
196/08NO
896.08NO

696.08NO

0£6.08NO

}26.08NO
¢L6L08NO
€16/08NO
7.6.08NO
L80¥G8NI*

G/6.08NO

9/6.08NO
L1/6/08NO

9L0vS8NIP
816.08NO
6.6.08NO
695¢9.d0
186208NO
I¥71808NO

Ludp

¥Z1808NO
GC1808NO

9¢1808NO
LZ1808NO
8¢1808NO
6¢1808NO
0€1808NO

1€1808NO

886998NM
¢€1808NO

€€1808NO
LC6868NT
7EL808NO
GELBOSNO
0C8EGBNT

9€1808NO

LE1808NO
8€1808NO
189€0611

68129943

v06868N1
€8G¢9.d0
0¥1808NO
¢86.08NO

¢qdd

0¢8.08NO
1¢8208NO
¢C8L08NO
€¢8/08NO
¥¢8L08NO
GZ¢8L0BNO
9¢8.08NO
LZ8L08NO

8¢8.08NO

LGESLLMA
79705940

GOEEL9NM
6¢8.08NO
€L/868N1
0€8.08NO
1€808NO

LE0PGNT

C€8L08NO

€€8.08NO
vE€8.08NO
789€0611

19€25943

GE8L08NO
0G/868N1
68709940
LE8L08NO
8€8.08NO
wed

¥89.08NO
G89/08NO
989.08NO
189/08NO
889.08NO
689.08NO
069208NO
}69.08NO

¢69.08NO

980GLLMM
€69.08NO

LLEELONN
769.08NO
098868N1
G69.08NO
969.08NO
EV6EGBNI

£69208NO

869.08NO
669.08NO
189€0611

€12¢5943
00£L08NO
LC8868N1
196¢9.d0
¢0£L08NO
€0£L08NO

yusq

"SON uoissadde rgaa/vYN3Mueguad

€9GGLLMM

89€€19NM

969868N1

069€06.11

6v¥¢5943

€/9868N1

Sl

ZBW(IA "N '8 d1BESIA "D ‘L.20T ‘Pody [ewIue ‘BOLYY Yinog
puswy 'Y ‘600¢ ‘ISnp asnoy ‘e}linAes ‘0oIxa|

ZBW(IA "N '8 ®1BESIA "D ‘120T ‘Po®) [eWIue ‘BOLYY YInoS
BAOXEAON 'Y ‘6002 ‘0uenf jeq ‘aAeg ejpIZ ‘eluewoy
BAOYEAON °V ‘6002 ‘0uenb jeq ‘aAe ejipiZ ‘eluewoy
UMOUNUN J0}98]09 ‘0107 ‘WalsAs Buiuonipuolle ‘Auewian
yapezieleN 1 ‘c10z ‘obene| Jejoanjeoyouo.q ‘uel|
BAOYBAON 'Y ‘Z10Z ‘Ule 8ARD ‘aAe)) elioN Jeau ‘uledg

SMIN "d 3 SSIPON 'O
‘6102 ‘JUBWIPaS 9ABD PaJeUIB)U0-0UBNG ‘9ARY) BARYIMOD) ‘BUBMS]OY

aBuempy ) 8 PIRYIUM '3 ‘0L0C
“JSNp 8SN0Y ‘PUB|S| SBISOY JO BJSA ‘BISBUOIDI JO SS)eIS Pajeispa4

1ePIS "V ‘24,02 ‘Ualpyo oy oluoAjod ‘eisauopul

Jodsaq 9IS¥er @ ‘Z10Z e Joopu! - [iw urelb ‘gaibez ‘eneoi)

UMOUYUN 10}08]|00 pUB 8}ep UOB|0S! ‘@JajiiA1oep XIuaoyd 10 In ‘v ‘YSN
uopng "v'a ‘Z10z ‘wnipeatiad ‘9 ‘SN

BAONBAON 'V ‘ZL0Z ‘[0S ‘eAe) el Jeau ‘uieds

$O%.( "y ‘6002 1SNP SNOY ‘4ISOGUBJIBIS ‘LY YINOS

Uoo|INDOW T ‘9161 ‘Inus ajeuriBawod ‘umouyun

SMIN "A 3 3SIPON 'O
‘6102 ‘JUSLUIPaS SABD P3JBUILLRIU02-0UBND ‘BABY) BGRYIMOL) ‘BUEMS]Og

peAsliq

"O'M ‘b10Z ‘BjejuspLy eisialy Japun [1os ABunp ‘uosied ‘AM VSN
ZBUWIIA 'N® m_mmw_> ‘WO ,ONON _‘_w>>o_bE:w _H_anmc_cso_-_ _mo_t< yinog
[961y9IS "INV ‘910 ‘l1os ‘eunusbiy

sslig "3' ‘661 ‘(2sefiifoep X1uB0Yd) 1INl B1ep ‘YO ‘YSN
Zew|iA "N % d1BesIA W'D ‘1Z0T ‘Posy [BLIUB ‘BO)Y UINOS
uonng "v"a ‘6002 ‘oBeAe| Jejosnteoyouolq ‘AN ‘YSN
BAOYBAON "V ‘L10Z e 9ABD ‘aAR)) elisN ‘Uledg

BAOYBAON 'V ‘Z10Z ‘JUSWIPSS SABD ‘010S8] [8p BABNY ‘Uledg
BAOYEAON "V ‘0102 ‘JUSWIPSS 8ABD ‘010S8] [ap BASNY ‘Uiedg

(10103]j0/101E|0S! ‘UONEIOSI JO JBDA ‘BlRNSqNS ‘AlIjed0|) 8dUBUBAOId

63-¢€l NO = 6€985 MINO = L€ VI-MINO
6818€1 S8 = G4-G¥¢ 014

69-1€1 NO = 8£98G MIND = 9€ YI-MIND
Gics

vEES

€v-8¢l 01d

64-9/¢ 01d

v S

0¥ Nd =
€dr9l NO = G¥98G MIND = €¥ VI-MIND

(snoenueineossib
jo adA)-xe) 8@-29Z 0LA = 1618€} S

vO-€¥¢ 01d

(dad " jo adA}-xe) ££€ZZ INZS
= X1 9150LLAY 494IN = 82027L S99

¢v-61001d

29yl °INd = ¥61€-¢l VSOSHLN
vEY S

89-/9¢ 01d

¢ TdUN

¢Na=
6Y¥9l NO = ¢¥98G MIND = 0% VI-MIND

va-61€ 0Ld
1@-911 NO = ¥€98G MINO = ¢€ VI-MINO
0v.S1 9N

(snponiy "y J0 8dAi-xs) G8ELLT INI =
95891 9DV 59'¥85 SE9 = 6£Z THAN

Gl-2€1 NO = 07985 MINO = 8€ VI-MINO
86171 N4 = GZ1-60 YSOSHLN

8€09 400

6S¥ S

0lES

V'ON ulens

61

www.studiesinmycology.org

ALBIO

WESTERDIJK
DIVERSITY
INSTITUTE

FUNG

so1oadg

‘(panupuog) °}, sjqeL Wr



SKLENAR ET AL.

“(sainyno jo uoneasasald JusuewJad ou) BAOXBAON 'Y AQ paiejos! Sulelis Jo uoneubisap
[euostad ‘S ANV H8UI0 "YSN ‘OlUojUY UBS ‘I8jua)) 8ouslog UleaH ‘sexal Jo Ausiaaun ‘Alojesoge Bunsal snbun4 Jo uois|o) ‘YSOSHLN ‘lizelg ‘@y0ay ‘oonquieutad Jo ANsIaaun [BJapa4 8y} e LUoios|j0d anynd ‘INHN
‘epeue) ‘0Jucio] ‘0)u0JO] JO AJISIOAIUN ‘BINJiIsu| Ydieasay abes) ‘(wnueglaH pue uoias|jod snbunjoidly euaqly Jo Aisianiun Apawioy) Aysiaaipolg [eBunjosol [BqolS) Jo) auad) HINVN ‘HINYN ‘Atebuny ‘pabazs jo Ausiaaun
‘sojewloju] pue aauaidg Jo Aynoe4 ‘ABojoigouoily Jo Juswiedaq sy} 18 uonoajo) [eaibojoiqosdlpy pabazs ‘DINZS YSN ‘Sloul| ‘Bload ‘Uoias|io0 ainjng 89IAI8S YoIeasay [einynduby ‘THYN YN ‘oisug ‘16ung olusboyed
JO U01}99]|07) [euoneN ayL ‘4dON ‘ueder ‘eqyo ‘nzelesty ‘ABojouyosiolg Jo Juswiedaq ‘Isjus) a2inosay [eaibojoig ‘uonenjea pue Abojouyds) Jo anisul [euoneN ‘(FLIN) DHgN ‘eneosd ‘gaibez jo Ausianiun ‘Aisiweyoolg
pue Aoew.eyd Jo Aynoe4 “ABojoiqouol Jo Juswnedaq ay) JO Uoias|j09 ‘4g4IN ‘epeue) ‘emenQ ‘(epeues poo4-Lby @ ainynouby ‘suonosjion) [ea1BojodAly [euOiEN B} JO UOR9S|I09 3In)nD) DNOVQ 1B UoR99||00 ainynd Bupuom
[BUIBUI ‘UBJIBS "V LIS JO U0ND9|100 [BBuN} ‘Syyy ‘uedep ‘egnyns] ‘swsiuefioosolp o uoidajio) uedepr ‘NOP YN ‘plojbulliepn ‘elsloeq pue 1uny jo uoioalod S, gy ‘IINI {(UonI8]100 J1IN DHEN SU} O} Pa.IajSuBl) 81am SUIBLS
04]1) uedep ‘exesQ ‘uonejuswia4 Joj syl ‘04| yrewusaq ‘AgbuhT ‘suidipawolg pue ABojouydsiolg Jo Juswuedaq ay; 1B uonds|jo) ainyng ‘1 g| ‘buoy BuoH ‘wnuegiaH (2160094 Buoy BuoH jo Ausianiun ayL‘NyH ‘ureds
‘sney ‘Infes €| op sajoual) | BUIPB| 8P JeYNIeH “YINd 'YSN ‘Kesier maN “oul [ednkleuy TSINT TISINT ‘SPUBLBUYION 8YL Jyoaan ‘eaua) Ausienpolg [ebund MYNM-SEO 8us jo AB0jooAN ewisnpul pue paiiddy jo juswiedeq
3} JO U01J99]|07 31Ny N9 [eussiul ‘0L ‘euemsiog ‘ahdejed ‘ABojouyda) pue aousiog Jo AusiaAiun [euoneussiu| euemsiog ‘ABojouyosjolg pue saausiog [eaifojoig Jo Juswiedaq ay) Je pasnoy ‘emyN pIABQ JO U0Ndaj[0d Buiom
‘N ‘BoMlY Uyinos ‘elojald Jo Alsianun ‘edlyy uoneaouu| pue (apnsu| ABojouyosiolg [einynouby pue Aliseiod) |gy4 1B pasnoy SUOI8|[09 aInjnd [ewo} pue Bupuom ‘N 8 VI-MIND ‘MIND ‘BulyD ‘J8jua) uoiosjjo) ainyng
[ea160j0I1qoIDI [BJBUSS) BUIYD ‘DIINDI dlgnday yoaz) ‘enbeid ‘“Ausianiun saiey) jo Auejog jo uswineds( ‘1Bun4 jo uonaajjon ainyng ‘499 ‘SpUBMaYIaN ay} 1Yo ($8inyndjsuiiyds JOOA neaing|eeljua?) Aluauio)) sininsu
Aysianpoig [ebund yip1sjsep ‘S ‘UemIBl ‘NUJUISH ‘18Jua) UdoJeasay pue uopnas|io) 82inosaliolg ‘Qy0g ‘elulblip ‘Sesseuely ‘uonos|jo) ainyng adAL uesuswy ‘99 1Y :Jopio dijegeydie ul Suoios|jo9 ain)nd Jo SwWAUoIY |

- 696028d0 0/6078d0  8S#0S9dO  96028dO - PeASl "O'T ‘P1L0Z ‘UsSng Japun [10s ‘UIH eny ‘puejiey L £3-61£ 010
I¥Z808NO  8¥6/08NO  ¥1L80SNO  018/08NO  7.9/08NO - UMOUSUN J0}08]109 ‘666, ‘Wooiq Apjow ‘euty) 88250°¢ DOWDD
- 6¥6/08NO  0/6868NT 918868NT €68868NT  6E868N1 UOPNS "v"Q ‘800¢ ‘obeAe| Jejoarieoyduoq ‘ysn Z6Zv| Y4 = 8682-80 YSOSHLN
TYZ808NO  0G6/08NO  /96868NT €18868NT  068868NT  9E/868NT UOPNS "v"Q ‘€002 ‘Wninds 14 ‘vSn 6Ly YN = 2611-60 VSOSHLN
€PZ80SNO  1G6Z08NO  GLLBOSNO  LL8Z0SNO  G/9/08NO - BuoH "g'S ‘00z ‘piey Jeddad wioy 10s ‘uosfee( ‘ealoy yINOS 20610 010
(snubew “yen
0Z6ES8NI ~  GZBESBNI  9SOPGSNM  LPBESSNM - INESES A ‘796 ©10j8q ‘80IN0S pUE AIUNOD UMoUNUN J0j09jsien "y 0 8dAI-x8) L£0G THUN
9/629/d0  89529/d0  78529/d0 0EvIS/d4  09529/dO - BA0[eZ8|0Q °I* ‘9007 ‘UBWOM JO [1BUS0} ‘08.8q17 ‘DlIgnday Yosz) 069¢ 400
GyZ808NO  £G6/08NO  LLL80SNO  €18L08NO  229/08NO - BAOXAON ‘10z ‘Aleiqi| ul sjooq ‘enfeid ‘oljgnday Yoezg Mr-9L ANV
9vZ808NO  $G6/08NO  8LL80SNO  #18.08NO  829/08NO - Soueld ‘| ‘p10Z ‘sueaq 9ay0d usaib ‘efesdy ‘elpu| 90897 191 = 93-61€ OLA
[¥Z808NO  GG6/08NO  896868NT  718868NT  168868NT  /E/868NT UORNS "y"Q ‘L00¢ ‘aBenAe| Jejoarieoyouosq ‘ysn 06L¥1 YN = L2v2-20 YSOSHLN
8vZ808NO  996/08NO  611808NO  G18L08NO  69208NO - 9Inaling 7 ‘810z ‘dems ‘WooIpag HIoA MaN ‘AN VSN 0287 1S3
6vZ808NO  /G6/08NO  0ZL80SNO  918.08NO  089208NO - %0BH 'N ‘5102 eded|lem Auewsss 69-,£€ 010
(snuieqey v jo adA-xa)
TTBESONT  ¥BOVGONM 1226943  06€26943 20626943  8/47S943 BMEZEMEN ‘A ‘PE6) 910j3q ‘0008q0} ‘UMOUNUN  860F O4I = 81,22} S99 = L6LF THYN
06Z808NO  8G6/08NO  LZL80SNO  Z18L08NO  189208NO - MET "M ‘600 ISP @SNy ‘nja ‘eISaUOIOIN JO Sejels pajesspad 0618¢} $80 =20-292 014
IGZ808NO  6G6/08NO  ZZL80SNO  818.08NO  Z89208NO - S0BH "N G102 ‘[eHejewW (0oyds ‘Aueisn £0-/££ 01d
7G7808NO  096.08NO  €ZL80SNO  618.08NO  £89208NO - 9Inaline 7 ‘810z ‘dems ‘|lem wooiyjeq ‘suteld SLIO ‘PN ‘YSN €2y 1SN
25 Lwop 794y weo yusq sl
*SON UOISS999e Fgaa/YNI/Nueguas (1oy08)j0/101€0S] “‘UOIE|OS! JO JBBA ‘Bjensgns ‘A}jijeoo]) @dueuaAOld ,'ON ulesns s919adg

(penunuo)) 1, ajqeL



Molecular studies

Total genomic DNA was isolated from 7-d-old cultures with the
NucleoSpin® Soil (Macherey-Nagel, Diren, Germany) DNA
isolation kit and its quality was verified using a NanoDrop 1 000
Spectrophotometer.

Sequences of the ITS region of rDNA were not obtained for the
majority of strains because the variability of this locus within series
Versicolores is low (Jurjevi¢ et al. 2012). A part of the B-tubulin
gene (benA) was amplified using forward primers Bt2a (Glass &
Donaldson 1995) or T10 (O’Donnell & Cigelnik 1997) and reverse
primer Bt2b (Glass & Donaldson 1995). A part of the calmodulin
gene (CaM) was amplified using forward primers CF1L, CF1M
(Peterson 2008) or cmd5 (Hong et al. 2006) and reverse primers
CF4 (Peterson 2008) or cmd6 (Hong et al. 2006). A part of the
Mcm7 gene encoding the minichromosome maintenance factor
7 was amplified using either universal primers Mcm7-709for and
Mcm?7-1348rev (Schmitt et al. 2009) or newly developed primers
specific for the series Versicolores, namely Mcm7-Aver710for
(5-CACGAGTATCAGATGTTAAACCG-3') and Mcm7-Aver1354rev
(5"~ GATTTGGCAACACCAGGGTC -3). A part of the RNA
polymerase Il second largest subunit gene (RPB2) was amplified
using forward primer fRPB2-5F and reverse primer fRPB2-7CR (Liu
et al. 1999). Finally, a part of the Tsr1 gene encoding the ribosome
biogenesis protein was amplified with primers Tsr1-1453for and
Tsr1-2308rev (Schmitt et al. 2009).

The PCR was performed with standard or touchdown protocol
and the PCR products were purified with ethanol and sodium
acetate. All procedures and amplification conditions are described
in detail by Sklenar et al. (2021).

The resulting DNA sequences were assembled in BioEdit v.
7.0.5 (Hall 1999) and deposited in GenBank. Obtained accession
numbers are listed in Table 1. The sequences were aligned in
MAFFT v. 7 (Katoh & Standley 2013) using the G-INS-| strategy.
The best fitting model of evolution for every alignment was
determined in jModelTest v. 2.1.7 (Posada 2008) using Bayesian
information criterion with the following results. For the alignment
of benA sequences, K80+G was selected as the best fitting
model; TrNef+G for the alignment of CaM sequences; K80+G for
the alignment of Mcm?7 sequences; TrNef+G for the alignment of
RPB2 sequences; and TrN+| for the alignment of Tsr1 sequences.
The TrNef+l+G model was chosen as the best fitting model for the
alignment of 518 CaM sequences, and the TrNef model for the
alignment of 48 ITS rDNA sequences. All alignments (together with
input data for phylogenetic methods) were deposited into the Dryad
Digital Repository (https://doi.org/10.5061/dryad.63xsj3v5q).

Phylogenetic analysis and species delimitation

We first assembled CaM sequences of 518 strains belonging to
series Versicolores and calculated a Maximum Likelihood (ML)
tree in IQ-TREE v. 2.1.2 (Minh et al. 2020). The branch support
was determined by 1 000 standard bootstrap replicates. The
graphical output was prepared in iTOL v. 6.5.6 (Letunic & Bork
2016) with colour strips next to the phylogenetic tree representing
the geographic origin and substrate/environment. The provenance
of strains used in the analysis is listed in Supplementary Table S1.

Based on the results of this CaM phylogenetic tree, we selected
213 strains to be used for further analyses and thus obtained
additional sequences from four loci for them. The ML analysis based
on a concatenated dataset was then calculated in IQ-TREE v. 2.1.2.
Each locus was set up as a separate partition and the branch support
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was determined by 1 000 standard bootstrap replicates.

To further demonstrate the relationships between currently
accepted species in series Versicolores, we calculated the species
tree in starBEAST v. 2.0 (Drummond et al. 2012). The strains
were assigned to 17 species according to the best scoring ML tree
calculated from the concatenated dataset. The length of the mcmce
chain was 1 x 10° generations, the molecular clock model was set
to strict clock, and the species tree prior was set to the Coalescent
constant population model. To present the results of this analysis
we employed the program Densitree v. 2.2.7 (Bouckaert & Heled
2014).

To investigate the stability and robustness of identification
across the currently accepted 17 species and different DNA loci,
we performed BLAST (basic local alignment search tool) searches
with all available sequences from all species against the local
BLAST database consisting of only ex-type strains sequences.
To demonstrate the results, we prepared colour strips in iTOL and
plotted them on the ML tree.

Five single-locus species delimitation methods (GMYC,
bGMYC, PTP, bPTP, ABGD) were performed with alignments
reduced to unique sequences. The reduction was carried out in R
v. 4.1.2 (R Core Team 2015) using the haplotype function from the
package Pecas (Paradis 2010). The GMYC method was performed
in R v. 41.2 with the package sputs (Fujisawa & Barraclough
2013) based on the phylogenetic tree calculated in BEAST v. 2.6.7
(Bouckaert et al. 2019) with the chain length of 1 x 107 generations,
strict molecular clock, and tree prior set to Yule model. The same
source material was used for the bGMYC method, but instead of
using one consensus tree, we used 100 randomly selected trees
after discarding the initial 25 % of trees as burn-in. The analysis was
performed in R v. 3.4.1 using the package semyc (Reid & Carstens
2012). PTP and bPTP utilized one thousand ML standard bootstrap
trees calculated in IQ-TREE v. 2.1.2. Both PTP and bPTP analyses
were performed in Python v. 3 (van Rossum & Drake 2019) with the
package pTP (Zhang et al. 2013). The ABGD (Automatic Barcode
Gap Discovery) (Puillandre et al. 2012) was performed on the
ABGD web server (available online: http://wwwabi.snv.jussieu.fr/
public/abgd/abgdweb.html). Alignments of unique sequences were
used as input and the distance matrix was calculated on the server
with the K2P model of evolution. The default value of parameter
X (1.5) resulted in all strains delimited as one species, so a lower
value (1.2) was used. Since ABGD analysis results in a number
of different delimitation schemes, the decision on which result to
consider was based on the recommendation of Puillandre et al.
(2012) and Kekkonen & Hebert (2014) and therefore we chose the
results of the initial partition which was closest to P = 0.01.

To prepare input for the multilocus method STACEY, we first
merged all single-locus alignments into one, then we reduced this
alignment to unique sequences using the haplotype function (the
number of strains was reduced from 214 to 195), and finally we
split the concatenated dataset back into separate single-locus
alignments. The analysis was performed in BEAST v. 2.6.7 with the
STACEY v. 1.2.5 add-on (Jones 2017). The following settings were
selected: the length of meme chain was 1 x 10° generations, the
molecular clock model was set to strict clock, 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 (a = 1, p = 1 000). The output
was processed with SpeciesDelimitationAnalyzer (Jones 2017).
The results of STACEY are presented in two ways. Firstly, we

63



SKLENAR ET AL.

created a plot to show how the number of delimited species
and the probability of the most probable and the second most
probable scenario change in relation to the value of collapseheight
parameter (the input data and the R script written for the production
of this plot can be found in the Dryad Digital Repository: https://
doi.org/10.5061/dryad.63xsj3v5q). Secondly, we created similarity
matrices using code from Jones et al. (2015) with three different
values of collapseheight parameter (0.005, 0.007 and 0.009)
chosen from the plot.

Finally, we formulated six hypotheses about species boundaries
based on the current taxonomy of the series and the results of the
species delimitation methods, and we tested them with DELINEATE
software (Sukumaran et al. 2021). The dataset was split into
hypothetical populations with “A10” analysis in BPP v. 4.3 (Yang
2015) and the species tree of these populations was created in
starBEAST v. 2.0 (Drummond et al. 2012) implemented in BEAST v.
2.6.7. Then we set up six scenarios, lumping some populations into
defined species and leaving others to be delimited as either part of
those defined species or separate species. The analysis was run in
Python v. 3 with the package peLNeaTE (Sukumaran et al. 2021).

Morphology

The macromorphological characters of colonies were observed
on eight cultivation media, namely malt extract agar (MEA; Oxoid,
Melbourne, Australia), Czapek yeast autolysate agar (CYA; Fluka,
Buchs, Switzerland), Czapek-Dox agar (CZA), yeast extract
Sucrose agar (YES), dichloran 18 % glycerol agar (DG18), oatmeal
agar (OA; Difco, La Ponte de Claix, France), CYA supplemented
with 20 % sucrose (CY20S), and creatine sucrose agar (CREA)
(Samson et al. 2014). The strains were inoculated at three
equidistant points on 90 mm Petri dishes and incubated at 25 °C
in darkness. For the description of colony colours, we used the
hexadecimal colour codes and the names were assigned according
to website https://coolors.col. After 14 d incubation, the plates were
photographed, and strains incubated for a further one wk to check
Huille cells production. The strains were also grown on MEA for 14
dat 10, 15, 20, 25, 30, 35, 37, and 40 °C, in darkness, to determine
cardinal temperatures.

Micromorphological characters were observed from 14-d-old
colonies grown on MEA. Every character (conidia length and width,
stipe length and width, vesicle diameter, length of phialides and
metulae) was measured at least 35 times for each strain. Lactic acid (60
%) was used as the mounting medium. Photographs were taken on an
Olympus BX51 microscope equipped with an Olympus DP72 camera.
Based on the measurements, we created boxplots using R v. 4.1.2
and the package carLoT2 (Wickham 2016). The statistical differences
in phenotypic characters between species were calculated using one-
way ANOVA followed by Tukey’s honest significant difference (HSD)
testin R v. 4.1.2 and displayed using the package cesienF (Ahimann-
Eltze & Patil 2021). The linear discriminant analysis based on the
measurements of the above-mentioned micromorphological features
was performed in R v. 4.1.2 with the packages mass (Venables & Ripley
2002) and cGoro (Beck 2017).

Physiology

To test the osmotic tolerance of strains/species, we cultivated
strains at 25 °C on MEA supplemented with 0 %, 5 %, 10 %,
and 15 % NaCl. The growth increment was measured each day
for ten days. Based on these measurements, we created primary
growth curves for every strain and NaCl concentration. Then we
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extracted the slope values from these curves and used them to
create secondary growth curves which represent the growth rate
of the strains in relation to the NaCl concentration. The secondary
growth curves were calculated using the loess functionin Rv. 4.1.2
with the package capLoT2.

RESULTS

Phylogeny and ecology

A Maximum Likelihood (ML) phylogenetic tree based on CaM
from 518 strains is presented in Fig. 1, with geographic origin and
substrate (if known) plotted on the tree using the colour strips.
The phylogenetic reconstruction shows full support for four large
clades, but then the support is lost towards the terminal branches.
There was no clear pattern in the distribution of localities or
substrates of isolation. The two most common combinations
overrepresented throughout the tree included, i.e., North America /
indoor environment and Europe / cave, but this condition is caused
by sampling bias and is not limited to particular species or group
of species.

Figure 2 shows the ML reconstruction based on a concatenated
alignment of five loci from the representative dataset of 213 strains
covering genetic and ecological variability (mostly selected based
on CaM genotype, locality and substrate). There are still four main
fully supported lineages in the tree corresponding to those in the
CaMtree. For practical reasons, we named these lineages based on
the priority rules as follows: A. subversicolor lineage and A. sydowii
lineage contain only single species, while the A. versicolor lineage
contains nine species (A. amoenus, A. austroafricanus, A. fructus,
A. griseoaurantiacus, A. hongkongensis, A. pepii, A. protuberus, A.
tabacinus, and A. versicolor), and the A. creber lineage contains six
species (A. creber, A. cvjetkovicii, A. jensenii, A. puulaauensis, A.
tennesseensis, and A. venenatus). The bootstrap support values in
the combined tree are high on many branches even for the small
terminal clades. It is however well-known that bootstrap values in
the concatenated trees are often falsely high (Kubatko & Degnan
2007, Seo 2008). If only the monophyly and statistical support of
branches in this tree would be considered, all currently recognized
species could be accepted. To retain monophyly, however, several
new species would have to be described in the A. versicolor
lineage, especially in the proximity of A. austroafricanus/A.
hongkongensis/A. amoenus and also in the clade containing A.
griseoaurantiacus and A. tabacinus. The geography and substrate
of isolation showed no clear patterns that could be associated with
particular species similarly to CaM tree.

A species tree calculated in starBEAST (Drummond et al.
2012) is shown in Fig. 3 with strains assigned to species based on
the current taxonomy. The visualization by Densitree (Bouckaert &
Heled 2014) demonstrates the incongruences in the dataset, which
are apparent in both the A. versicolor lineage (within the clade
containing A. pepii, A. fructus, and A. versicolor, and within the
clade containing the remaining species) and the A. creber lineage
(between all species except A. venenatus).

Incongruences between single gene datasets:
evidence from species tree and BLAST searches

To show practical consequences of incongruences between single-
gene datasets, we created a local BLAST database containing
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Fig. 1. Phylogenetic tree of 518 series Versicolores strains based on CaM. The tree was calculated in IQ-TREE with 1 000 standard bootstrap replicates.
The tree is split into three parts for better readability: A. Aspergillus versicolor lineage and A. subversicolor. B. A. sydowii, and C. A. creber lineage. Coloured
stripes placed to the right of the strain codes represent the geographic origin of strains (continent) and source of isolation (substrate or environment). Tree
branches are coloured according to their bootstrap supports, red colour representing bootstrap value of 0 and green colour bootstrap value of 100. Ex-type
isolates are highlighted with bold font.
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Fig. 2. Multilocus phylogeny of Aspergillus series Versicolores based on five loci (benA, CaM, RPB2, Mcm?7, Tsr1) and comprising 213 strains. The displayed
tree was calculated employing a Maximum likelihood method in IQ-TREE using partitioned analysis. The support was assessed by 1 000 standard bootstrap
replicates, only values higher than 70 % are displayed. Coloured stripes next to strain codes represent the geographic origin of strains (continent) and the
source of isolation (substrate or environment). Ex-type isolates are highlighted with bold font.
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Fig. 3. Species tree inferred with starBEAST and visualized in DensiTree. All trees created in the analysis with the exception of the first 25 % (burn-in) are
displayed on the left side. Trees with the most common topology are depicted by blue lines, trees with the second most common topology by red, trees with
the third most common topology by light green, and all other trees by dark green. The consensus trees of the three most common topologies are displayed

on the right side.

sequences from five genes of all 17 ex-type strains. Then we
performed BLAST searches for all sequences from five loci we
gathered for 213 isolates against this database. The results of
BLAST searches and the closest similarities to the ex-type strains
are presented in Fig. 4. We can see that sequences of different
genes from the same strain frequently resulted in closest sequence
similarities with ex-type strains of different species and this results in
different species identifications. This phenomenon does not involve
A. subversicolorand A. sydowii. In the A. creber lineage, the switching
between different accepted species is present in A. cvjetkovicii and
A. tennesseensis, while in the A. versicolor lineage, the unstable
identification is very prevalent and present among all species except
A. pepii and A. versicolor. At first glance, A. protuberus seems to be
isolated from other species and well-defined phylogenetically in the
combined ML free, but there are conflicts in identification of some
strains as well, suggesting the ongoing recombination with other
representatives of the A. versicolor lineage. This is apparent for
strains S 627 and DTO 267-G2, identified as A. austroafricanus and
A. hongkongensis using benA, CaM, and RPB2, which had closest
hits to A. protuberus using Tsr1. Similarly, strains S 465, S 334, and
S 214, which belong to the clade containing ex-type strains of A.
griseoaurantiacus and A. tabacinus, were identified as A. protuberus
using CaM. The most extreme situation is present in the intermediate
clade located between A. austroafricanus/A. hongkongensis and A.
amoenus comprising strains DTO 319-E3, S 385, S 441, S 438, and
S 431A. BLAST searches of almost every locus in this clade resulted
in the closest hit to different species. This clearly demonstrates that
there are no barcode gaps between many species and that there are
phylogenetic conflicts between individual loci.
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There are also 13 cases of benA sequences with equal similarity
to three or more ex-type strains. This number is high in comparison
with other loci (2 cases in CaM, no cases in any other locus), but it
is most likely caused by shorter length of benA sequences and thus
also their lower discriminatory power compared to the other loci.

Species delimitation

The results of various species delimitation methods, mostly based
on the MSC model, are displayed in Fig. 5. The majority of methods
and their various settings (19 out of 28) support the delimitation
of four species in series Versicolores, i.e., A. subversicolor, A.
sydowii, A. versicolor (lineage containing nine species names), and
A. creber (lineage with six species names). Two out of 28 analyses
delimited less than four species, and seven delimited more than
four species. The highest number of delimited species by any
method was seven. The GMYC and ABGD methods based on
RPB2 sequences delimited only A. subversicolor and lumped all
the remaining strains into one hypothetical species. Few methods
delimited more than one species within the A. versicolor and A.
creber lineages. Namely, STACEY delimited three species in the A.
creber lineage with collapseheight value 0.005 and two species in
the A. creber lineage with collapseheight value 0.007; GMYC and
bGMYC based on benA sequences delimited two species in the
A. creber lineage and three species in the A. versicolor lineage;
bPTP based on RPB2 sequences delimited two species in the A.
versicolor lineage; bGMYC based on Mcm7 sequences delimited
two species in the A. creber lineage and two species in A. versicolor
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Fig. 4. The results of BLAST similarity searches of five unlinked loci (benA, CaM, RPB2, Mcm7 and Tsr1) derived from 195 strains (only unique multilocus
haplotypes were used) across the genetic diversity of series Versicolores. Coloured rectangles represent the closest hits to one of the 17 ex-type strains
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rhombus, respectively. Blank spaces represent missing sequences. Ex-type isolates are marked with bold font and coloured background. The phylogenetic
tree was calculated in IQ-TREE using partitioned analysis and 1 000 ultrafast bootstrap replicates.
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Fig. 5. Schematic representation of results of species delimitation methods in the series Versicolores. One multilocus method (STACEY) and five single-
locus methods (ABGD, bPTP, PTP, bGMYC and GMYC) were applied on a dataset consisting of five loci (benA, CaM, RPB2, Mcm7 and Tsr1). The dataset
was reduced to strains with unique multilocus haplotypes. The results are depicted by coloured circles (blank spaces are missing sequence data for specific
isolates) with different colours indicating tentative species delimited by each method. All ex-type isolates are highlighted with a bold font and the species are
epithets written with black colour. The results of STACEY are presented with three different values of collapseheight parameter (0.005, 0.007 and 0.009). The
phylogenetic tree was calculated during the STACEY analysis and is used solely for the comprehensive presentation of the results from different methods.

lineage; bPTP based on Tsr1 sequences delimited two species in
the A. versicolor lineage. Among the seven methods/settings which
supported more than four species in series Versicolores, there was
only very low agreement on the arrangement of these species.
Most commonly, A. protuberus and A. venenatus gained support
as additional species (3/28 methods).

The results of the multilocus method STACEY are presented in
Fig. 6. Subfigure A illustrates the effect of collapseheight parameter
value on the number of delimited species. This parameter is plotted
on the x-axis, while on the y-axis on the left side, there is the number
of delimited species with the given collapseheight value (black
line). The support for the most probable scenario (red line), and
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the support for the second most probable scenario (turquoise line)
are shown; other less supported scenarios were omitted. When the
collapseheight value is low (0.001-0.005), the number of delimited
species is high, but the probability for each delimitation is very low
(the probabilities are plotted on the y-axis on the right side; the
sum of probabilities of all scenarios at each collapseheight value
is equal to one). The scenario with six species (three species in A.
creber lineage) only received support slightly higher than 0.25, with
several other scenarios receiving similar support at the respective
collapseheight value. The scenario with five species (A. venenatus
separated from A. creber lineage) is the first scenario with a
relatively high support separating itself from the other scenarios at
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Fig. 6. The results of species delimitation by STACEY. A. Dependence of delimitation results on collapseheight parameter. The black solid line represents the
number of delimited species (left y-axis) depending on the changing value of collapseheight parameter (x-axis). The red line represents the probability (right
y-axis; range from 0 to 1) of the most probable scenario at specific collapseheight value. The turquoise line represents the probability of the second most
probable scenario at specific collapseheight value. Dashed vertical lines mark three values (0.005, 0.007 and 0.009) of collapseheight parameter whose
results are shown in detail by similarity matrices (B, C, D). The similarity matrices give the posterior probability of every two isolates belonging to the same
multi-species coalescent cluster (tentative species). Black colour corresponds to a posterior probability of 1, while the white colour is equal to 0. Thicker
horizontal and vertical lines in the similarity matrices depict the approximate boundaries of species in their narrow concept.
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Fig. 6. (Continued).
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collapseheight parameter around 0.006. At the collapseheight value
of 0.0075, the delimitation of four species (A. creber, A. sydowii, A.
versicolor, A. subversicolor) becomes the most supported scenario
and its probability rises to almost 1.0 with increasing collapseheight
value. The vertical dashed lines in Fig. 6A represent the scenarios
illustrated in detail in subfigures B, C, and D in the form of similarity
matrices. At the collapseheight of 0.005 (Fig. 6B), there are three
species in the A. creber lineage (A. venenatus; A. puulaauensis
+ A. creber; A. cvjetkovicii + A. tennesseensis + A. jensenii) and
there is also some visible structure in the A. versicolor lineage (A.
austroafricanus + A. hongkongensis + A. amoenus + A. fructus
+ A. pepii + A. versicolor; A. griseoaurantiacus + A. tabacinus +
A. protuberus). At collapseheight of 0.007 (Fig. 6C), the structure

TAXONOMY OF ASPERGILLUS SERIES VERSICOLORES

within A. versicolor and A. creber lineages disappears except for
the strains of A. venenatus which remain separate from the A.
creber lineage. At collapseheight of 0.009 (Fig. 6D), A. venenatus
becomes part of the broad A. creber species.

The species hypotheses were independently tested with
DELINEATE (Sukumaran et al. 2021) and the results are
summarized in Fig. 7. We set up six models with A. subversicolor
and A. sydowii always fixed as separate species and various parts
of the A. versicolor and A. creber lineages left to be delimited. All
populations from the A. creber lineage were left unassigned in
models 1 and 2. In the first model, we assigned all populations from
the A. versicolorlineage to one species, and in the second model, we
split the A. versicolor lineage into three hypothetical species based

HH

A. creber
lineage

Scenario/model number: 1 2 3 4 5 6
—{ H H }— A. subversicolor pop 1
‘A. protuberus’ pop 1 7] i i i
‘A. tabacinus’ pop 1 . . .
spl ‘A. tabacinus’ pop 2 . . .
‘A. griseoaurantiacus’ pop 3 . . .
‘A. griseoaurantiacus’ pop 1 . . .
A. icol ‘A. griseoaqurantiacus’ pop 2
poammiolr LI
| _{ H }_ ‘A. pepii’ pop 1 . .
A. icol 1
<02 versicolor pop . .
‘A. fructus’ pop 1 . .
‘A. fructus’ pop 4 . .
L ‘A. fructus’ pop 3 . .
‘A. fructus’ pop 2 . .
‘A. amoenus’ pop 2 . .
~H— sp3 ‘A. amoenus’ pop 1 . .
‘A. hongkongensis’ pop 1 . .
‘A. hongkongensis’ pop 2 . .
‘A. austroafricanus’ pop 1 . .
A. sydowii pop 1 B E EE
A. sydowii
lineage A. sydowii pop 2
A. sydowii pop 3
A. sydowii pop 4

‘A. venenatus’ pop 1

‘A. puulaauensis’ pop 1
A. creber pop1

‘A. tennesseensis’ pop 1
‘A. cvjetkovicii’ pop 1

‘A. jensenii’ pop 1

‘A. jensenii’ pop 2

Fig. 7. Overview of species delimitation by DELINEATE. The populations were delimited with BPP and the species tree was calculated in starBEAST. The
bars depict the setting and result of every scenario/model (numbered 1 to 6). The grey bars represent the predefined species (locked in the specific model),
the brown bars represent unassigned populations, which were left free to be delimited. The red rectangles represent the species boundaries proposed by
DELINEATE.
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on the tree from starBEAST (Fig. 3) and the results of STACEY with
a low collapseheight parameter of 0.005 (Fig. 6B): “versicolor sp1”
(A. protuberus, A. tabacinus, and A. griseoaurantiacus) “versicolor
sp2” (A. pepii, A. versicolor, and A. fructus) and “versicolor sp3” (A.
amoenus, A. hongkongensis, and A. austroafricanus) (Fig. 7). Both
models 1 and 2 resulted in delimitation of a single wide species in
A. creber lineage.

Models 3-6 focused on A. versicolor lineage. In model 3,
there were three fixed species: the whole A. creber lineage, clade
“versicolor sp1”, and clade “versicolor sp3”, while the populations of
“versicolor sp2” were left unassigned. In model 4, A. creber lineage
was split into six currently accepted species, clade “versicolor sp3”
was fixed as one species and all other populations in A. versicolor
lineage were left to be delimited. In models 5 and 6, clade
“versicolor sp2” was fixed as one species and all populations of
clades “versicolor sp1” and “versicolor sp3” were left unassigned.
The difference between models 5 and 6 was in the setting of A.
creber lineage, where A. venenatus was set as separate species in
model 5 and lumped together with the rest of the lineage in model 6.
Models 3-6 resulted in lumping all the populations in A. versicolor
lineage into a single wide species.

Morphology

Figures 8 and 9 and Supplementary Table S2 demonstrate the
macromorphological variability within the series Versicolores. The
conclusion we can draw from this comparison is that the strains in
this series are extremely variable in terms of colony obverse and
reverse colour and colony dimensions, and it is extremely hard to
differentiate the phylogenetically defined clades/species from this
series based on macromorphology. Even A. sydowii, a species
usually considered as morphologically and physiologically well-
defined can produce colonies with very different colours and texture
on some media, e.g., CYA, CZA, OA, CREA (Figs 8, 9). On the other
hand, its typical blue-green colonies seem to be almost always
present on MEA with exception of several strains examined by us,
isolated from clinical material and caves which constantly produced
light pink colonies on MEA (not shown). Aspergillus subversicolor
generally produced smaller colonies than other species, but not
exclusively and it could be in some cases misidentified as a member
of the A. creber lineage based solely on macromorphological
characters. Even phylogenetically very closely related strains of
the same species frequently produce dissimilar colonies under the
same conditions and vice versa, phylogenetically distant strains
sometimes produce similar pattern of colonies (Figs 8, 9). Some
differences, e.g., the lack of sporulation, can be attributed to the
long-term preservation of some strains (NRRL 238 or NRRL 227).
On the other hand, in some other recently isolated strains, the lack
of sporulation on some media seems to be rather random than
specific to media. The production of Hiille cells is also rather random
and not limited to some clades or media (Supplementary Table S3).
The strain NRRL 239 was the only examined strain which produced
Hille cells regularly on all media except CREA. In conclusion, it is
difficult to find macromorphological patterns specific for the narrow
species or even for the main lineages. The variability within the two
main lineages of A. versicolor and A. creber is extreme and largely
overlapping between themselves.

Figures 10 and 11 display an overview of the dimensions of
micromorphological characters separately for each strain and for
the four main lineages. The plot showing the results of Linear
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Discriminant Analysis in Fig. 10 suggests that it is possible
to differentiate the A. versicolor lineage, A. sydowii and A.
subversicolor based on micromorphological measurements, but
that the A. creber lineage interferes with all other lineages. The
characters most useful for the discrimination were the length and
width of conidia. Although the differences in measurements between
the main lineages were mostly small, they were often evaluated as
significant even using Tukey’s HSD test, probably due to a large
number of measurements. The variability of micromorphological
characters between individual strains showed sometimes large
differences even between phylogenetically closely related strains.
The length and width of conidia were the most stable characters
throughout the main lineages (smaller conidia in A. versicolor
lineage compared to other lineages). The degree of stability within
species/lineage is much lower in measurements of phialides and
metulae, and completely lost in vesicle diameters and stipe lengths.
The stipe width is rather similar throughout the whole series.

Physiology

The growth rates at variable temperatures and in osmotic gradient
were measured for the same set of strains that were characterized
macromophologically (Supplementary Tables S2, S3). The ability
to grow at different temperatures differentiates A. sydowii and A.
subversicolor from the remaining species/lineages (Fig. 12). Only
some isolates of A. sydowii are capable of growing at 37 °C and
this species grows moderately at 35 °C. Aspergillus subversicolor
differs from all species by its inability of growing at 10 °C. It grows
at 35 °C in contrast to strains from A. creber and A. versicolor
lineages. All tested isolates of the A. versicolor and A. creber
lineages grew restrictedly at 10 °C and none of them grew at 35
°C. There are very small differences between the A. versicolor and
A. creber lineages in colony dimensions at 10, 15 and 30 °C. The
strains of the A. versicolor lineage attained on average slightly
larger colony diameters (in mm) after 14 d at 30 °C than A. creber
lineage strains (minimum-average-maximum; A. versicolor: 18-
30-43; A. creber: 10-20-32), and slightly smaller colony diameter
at 10 °C (A. versicolor. 2-4.5-7; A. creber. 7-8.5-10) and 15 °C
(A. versicolor. 10-13-17; A. creber. 15-17-19). The temperature
optimum of the A. versicolor lineage is therefore higher than the
optimum of the A. creber lineage.

The growth pattern in an osmotic gradient (Fig. 13) was similar
to the growth rates at different temperatures, i.e., A. sydowii and
A. subversicolor being clearly different from other species, while
A. versicolor and A. creber lineages expressed a similar growth
profile (Fig. 13B). The biggest differences between the strains
can be observed at 5 % NaCl concentration. Aspergillus sydowii
grows much faster at this concentration than other species, while
A. subversicolor is on the other side of the spectrum. Similar results
but with less pronounced differences can be seen on MEA without
NaCl and on MEA with 10 % NaCl. All tested strains grew very
restrictedly at 15 % NaCl concentration. Figure 13A displays the
variable growth rate within the A. versicolor and A. creber lineages.
The differences between representatives of different clades/
species are more distinct within the A. versicolor lineage with A.
hongkongensis growing the fastest at 5 % and 10 % NaCl and A.
tabacinus and A. fructus growing at the slowest rate. The fastest
growing species in the A. creber lineage at 5 % and 10 % NaCl
were A. cvjetkovicii and A. tennesseensis but the differences from
other species were very small.
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Fig. 8. Overview of macromorphological characters (obverse side of Petri dishes) within series Versicolores on eight cultivation media (MEA, CYA, CZA,

YES, DG18, OA, CY20S, CREA) grown for 14 d at 25 °C.
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Fig. 9. Overview of macromorphological characters (reverse side of Petri dishes) within series Versicolores on eight cultivation media (MEA, CYA, CZA, YES,

DG18, OA, CY20S, CREA) grown for 14 d at 25 °C.
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Fig. 10. Overview of dimensions of seven micromorphological characters. Box plots and violin plots of measurements distributed into four broadly defined
species. Box plots show interquartile range, values within + 1.5 of interquartile range (whiskers) and outliers. Asterisks on the right side of each plot express
the statistical significance of pairwise comparisons using the Tukey’s HSD test (* < 0.05; ** < 0.01; *** < 0.001). The lower right subfigure shows the results
of linear discriminant analysis based on micromorphological measurements distributed into four broadly defined species.
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Fig. 11. Dimensions of seven micromorphological characters across isolates of narrowly defined species in the series Versicolores shown in the form of box
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SPECIES: isolate

A. amoenus:
CCF 5038

A. austroafricanus:
DTO 268-Al

A. fructus:
NRRL 2397, DTO 267-G8

A. griseoaurantiacus:
CBS 1381917, DTO 267-D2

A. hongkongensis:
CBS 1456717

A. pepii:

CBS 1420287, DTO 243-G4

A. protuberus:
DTO 019-D6, CCF 5055

A. tabacinus:
DTO 019-D2, CCF 3690

A. versicolor:
NRRL 2387, DTO 174-H9

A. sydowii: CCF 5063,
CBS 593.65", CCF 3621

A. subversicolor:
NRRL 589997

A. creber:NRRL 58592",
EMSL 4844, DTO 319-D6
A. cvjetkovicii:

NRRL 2277, DTO 019-A3
A. jensenii:

NRRL 586007, EMSL 4720

A. puulaauensis:
NRRL 356417, CCF 5173

A. tennesseensis:
NRRL 131507, CCF 5066

A. venenatus:
NRRL 13149, EMSL 4847

plots and violin plots. Box plots show interquartile range, values within + 1.5 of interquartile range (whiskers) and outliers.
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temperature 10°C 15°C 20 C 30 C 35°C 37 °C
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A. creber

A. subversicolor

CCF 5370 A. protuberus
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CBS 145671 A. hongkongensis
NRRL 233 A. austroaf ricanus
DTO 268-Al A. austroafricanus
CCF 5038 A. amoenus

DTO 267-D2 A. griseoaurantiacus
CBS 138191 A. griseoaurantiacus
NRRL 4791 A. tabacinus

CCF 3690 A. tabacinus

NRRL 239 A. fructus

DTO 319-D4 A. fructus

CBS 142028 A. pepii

NRRL 238 A. versicolor

DTO 241-14 A. versicolor

NRRL 254 A. sydowii

CCF 5063 A. sydowii

CCF 3621 A. sydowii

NRRL13147 A.venenatus
EMSL 4847 A.venenatus
NRRL 35641 A. puulaauensis
NRRL 58592 A. creber

EMSL 4844 A. creber

NRRL 227 A. cvjetkovicii
NRRL13150 A. tennesseensis
CCF 5066 A. tennesseensis
NRRL 58600 A. jensenii

EMSL 4720 A. jensenii

NRRL 58999 A. subversicolor

Fig. 12. Comparison of growth rates on MEA at temperatures ranging from 10 °C to 37 °C after 14 d of cultivation. Phylogenetic tree is based on the CaM
sequences of selected strains and calculated in IQ-TREE; bar plots representing the colony size at specific temperature are displayed on the right.
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Fig. 13. Growth rates of species in osmotic (NaCl) gradient. Each point represents the slope value of the linear trendline from the growth curve of strains
and NaCl concentration (0, 5, 10, 15 % w/v). The curve was created using the LOESS function in R package ggplot2, grey zones represent 95 % confidence
intervals. A. Strains distributed into 17 narrow species. B. Strains distributed into four main lineages.
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Aspergillus creber Jurjevi¢, S.W. Peterson & B.W. Horn, IMA
Fungus 3: 69. 2012. MycoBank MB 800598. Fig. 14.

= Aspergillus cvjetkovicii Jurjevi¢, S.W. Peterson & B.W. Horn, IMA
Fungus 3: 69. 2012. MycoBank MB 800599.

= Asperqgillus jensenii Jurjevi¢, S.W. Peterson & B.W. Horn, IMA
Fungus 3: 70. 2012. MycoBank MB 800601.

= Aspergillus puulaauensis Jurjevi¢, S.W. Peterson & B.W. Horn,
IMA Fungus 3: 71. 2012. MycoBank MB 800602.

= Aspergillus tennesseensis Jurjevié, S.W. Peterson & B.W. Horn,
IMA Fungus 3: 73. 2012. MycoBank MB 800604.

= Aspergillus venenatus Jurjevi¢, S.W. Peterson & B.W. Horn, IMA
Fungus 3: 73. 2012. MycoBank MB 800605.

Typus: BPI 800912. Culture ex-type: CBS 145749 = NRRL 58592 = DTO
225-G7 = IBT 32277.

Colony diam, 25 °C (if not otherwise stated), 14 d (mm): MEA: 25—
40; CYA: 18-38; CZA: 21-30; YES: 23-52; DG18: 25-51; OA: 22-
36; CY20S: 26-47; CREA: 22-31. MEA 10 °C: 7-10; MEA 15 °C:
15-19; MEA 20 °C: 26-34; MEA 30 °C: 10-32; MEA 35 °C: 0.

Culture characteristics, 25 °C, 14 d: MEA: Colonies centrally raised,
in some strains radially wrinkled; texture velutinous, floccose
in the centre; margins entire to delicately filiform; mycelial areas
white (#ffffff); sporulation bottle green (#006a4e) or viridian green
(#40826d), at first white; orange yellow crayola patches with Hiille
cells occasionally present; reverse centrally windsor tan (#a75502)
to maximum vyellow red (#2ba49) in margins. CYA: Colonies
centrally raised, radially wrinkled in some strains; texture velutinous;
margins undulate; mycelial areas white to wheat (#f5deb3);
sporulation at first white to wheat (#f5deb3), xanadu (#738678) or
fern green (#4d744d); reverse centrally ochre (#cc7722) to gold
crayola (#e6be8a) in margins, saddle brown (#964b00) when
sporulation is dense. CZA: Colonies centrally raised, radially
wrinkled in some strains; texture velutinous to floccose; margins
undulate; exudate in the form of clear droplets present in some
strains; bistre (#3d2b1f) soluble pigment present in some strains;
mycelial areas jasmine (#f8de7e) or white; sporulation middle
green (#4d8c57) or viridian (#40826d); reverse centrally seal
brown (#59260b) or maximum yellow red (#2ba49), in margins
alloy orange (#c46210) or bistre (#3d2b1f) when soluble pigment
is present. YES: Colonies centrally raised, significantly, irregularly
wrinkled; texture floccose; margins entire, delicately undulate in
some strains; mycelial areas white, in some strains bright yellow
crayola (#ffaa1d); sporulation russian green (#679267), asparagus
(#87a96b) or ash gray (#b2beb5); reverse centrally saddle
brown (#964b00) or sepia (#704214) to naples yellow (#fada5e)
in margins. DG18: Colonies flat or umbonate; texture velutinous;
margins undulate to filiform; mycelial areas white; sporulation at
first white, dark sea green (#8fbc8f) or green sheen (#6eaeal);
reverse alloy orange (#c46210) to orange yellow crayola (#f8d568),
in margins flax (#eedc82). OA: Colonies centrally raised; texture
floccose to granular; margins entire, irregular in some strains;
sporulation brunswick green (#1b4d3e) to yellow green crayola
(#c5e384), in margins white; reverse orange peel (#ff9f00) to flax
(#eedc82) in margins. CY20S: Colonies centrally raised, radially
wrinkled; texture velutinous to floccose; margins entire to filiform;
bistre (#3d2b1f) soluble pigment present in some strains; mycelial
areas white in margins, maize crayola (#f2c649) in central areas;
sporulation russian green (#679267), asparagus (#87a96b), ash
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gray (#b2beb5) or white; reverse centrally alloy orange (#c46210)
or golden brown (#996515), in margins maize crayola (#f2c649) or
medium champagne (#f3e5ab). CREA: Colonies centrally raised;
texture velutinous to floccose; margins entire to delicately filiform;
exudate in the form of clear droplets present in some strains;
bistre (#3d2b1f) soluble pigment present in some strains; mycelial
areas white; sporulation dark sea green (#8fbc8f) or cambridge
blue (#a3c1ad); reverse dark purple (#301934), fuchsia crayola
(#c154c1) or bistre (#3d2b1f); no acid production.

Micromorphology: Ascomata absent. Hiille cells present in some
strains, most commonly on MEA or CZA (Supplementary Table
S3), hyaline, subglobose, usually 18-21 x 16-19 pm. Conidial
heads radiate, remaining compact, conidiophores biseriate. Stipes
smooth, hyaline or light brown, (200-)250-350(—400) x 4-6 pm;
vesicles hyaline, pyriform to subglobose, (10-)12-16 um diam;
metulae hyaline, cylindrical to barrel-shaped, 5-7 ym long, covering
three quarters of the vesicle; phialides hyaline, flask-shaped, 6.5
7.5 um long. Conidia globose to subglobose, verrucose, hyaline
25-3(29+0.2)x2-25(2.4+0.2) pm.

Cardinal temperatures: Aspergillus creber grows at 10 °C, and
the optimum growth temperature is between 20 and 25 °C. This
species is able to grow well at 30 °C but does not grow at 35 °C.

Distinguishing characters: Aspergillus creber and A. versicolor are
two species that possess huge genetic and phenotypic variability.
It is impossible to distinguish these two species, because all
morphological and physiological characters measured in this
study largely overlap. The conidia of A. versicolor tend to be the
smallest among the series members (A. versicolor 2.6 + 0.2 x 2.1
+ 0.1 pm vs A. creber 2.9 £ 0.2 x 2.4 + 0.2 ym). The strains of
A. versicolor are usually growing slightly faster than those of A.
creber on MEA supplied with 5 % NaCl (Fig. 13). The temperature
optimum of these two species is also slightly different: A. versicolor
strains grows faster at 30 °C and strains of A. creber grows faster
at 10 and 15 °C. (Fig. 12) For distinguishing characters from A.
subversicolor and A. sydowii, see the respective paragraphs below.

Aspergillus subversicolor Jurjevi¢, S.W.Peterson & B.W. Horn,
IMA Fungus 3: 69. 2012. MycoBank MB 800603. Fig. 15.

Typus: BPI 880918. Culture ex-type: CBS 145751 = NRRL 58999 = DTO
225-G9.

Colony diam, 25 °C (if not otherwise stated), 14 d (mm): MEA: 22;
CYA: 31; CZA: 12; YES: 29; DG18: 22; OA: 19; CY20S: 25; CREA:
17. MEA 10 °C: 0; MEA 15 °C: 7; MEA 20 °C: 18; MEA 30 °C: 26;
MEA 35 °C: 8.

Culture characteristics, 25 °C, 14 d: MEA: Colonies centrally raised,
moderately wrinkled; texture velutinous; margins undulate; mycelial
areas white (#ffffff); sporulation verdigris (#43b3ae); reverse
centrally alloy orange (#c46210) to jasmine (#f8de7e) in margins.
CYA: Colonies centrally raised, moderately wrinkled; texture
floccose; margins undulate; mycelial areas white; sporulation
polished pine (#5da493); reverse centrally burnt orange (#cc5500)
to flax (#eedc82) in margins. CZA: Colonies crateriform (raised with
central depression), significantly wrinkled; texture floccose; margins
undulate; exudate present in the form of clear droplets; mycelial
areas white; sporulation pine green (#01796f) to olivine (#9ab973);
reverse saddle brown (#964b00) with medium champagne
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Fig. 14. Macromorphology and micromorphology of Aspergillus creber. A. Top row left to right: colonies on CYA, MEA, YES and OA after 14 d at 25 °C;
bottom row left to right: colonies on CZA, CY20S, DG18 and CREA after 14 d at 25 °C (all colonies from strain NRRL 58592). B. Conidia. C. Conidia in air
bubble. D, E. Hiille cells. F-1. Conidiophores. Scale bars = 10 ym.

(#f3e5ab) margins. YES: Colonies crateriform (raised with central
depression), significantly wrinkled; texture velutinous to floccose;
margins undulate to lobate; mycelial areas white to linen (#faf0e6);
sporulation dark sea green (#8fbc8f) to green sheen (#6eaeal);
reverse centrally earth yellow (#e1a95f) to black bean (#3d0c02), in
margins alloy orange (#c46210). DG18: Colonies centrally raised,
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moderately radially wrinkled; texture velutinous; margins undulate to
lobate; mycelial areas hyaline; sporulation green sheen (#6eaea);
reverse saddle brown (#964b00) to alloy orange (#c46210) to
naples yellow (#fada5e) in margins. OA: Colonies centrally raised;
texture irregularly floccose; margins delicately undulate; mycelial
areas hyaline; sporulation deep jungle green (#004b49); reverse
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Fig. 15. Macromorphology and micromorphology of Aspergillus subversicolor. A. Top row left to rlght colonies on CYA, MEA, YES and OA after 14 d at
25 °C; bottom row left to right: colonies on CZA, CY20S, DG18 and CREA after 14 d at 25 °C (all colonies from strain NRRL 58999). B. Conidia. C. Conidia
in air bubble. D-G. Conidiophores. Scale bars = 10 ym.

centrally alloy orange (#c46210) to medium champagne (#f3e5ab)
in margins. CY20S: Colonies crateriform (raised with central
depression), radially wrinkled; texture floccose; margins undulate
to delicately filiform; mycelial areas white; sporulation dark sea
green (#8fbc8f); reverse centrally alloy orange (#c46210) to sunray
(#e3ab57), in margins jasmine (#f8de7e). CREA: Colonies centrally
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raised; texture floccose; margins undulate; exudate present in the
form of clear droplets; mycelial areas white to beige (#f5f5dc);
sporulation viridian (#40826d) to russian green (#679267); reverse
raisin black (#242124), pink lavender (#d8b2d1) in margins; no acid
production.



Micromorphology: Ascomata absent. Hiille cells absent. Conidial
heads radiate, remaining compact, conidiophores biseriate. Stipes
smooth, hyaline or light brown, 350-450 x 5-6 pm; vesicles hyaline,
pyriform to spatulate, 14-17 pym diam; metulae hyaline, cylindrical
to obovate, 6-7 pm long, covering three quarters of the vesicle;
phialides hyaline, flask-shaped, 7-8 um long. Conidia subglobose
to ovoid, verrucose, hyaline 3 (3 £ 0.1) x 2-2.5 (2.3 £ 0.1) um.

Cardinal temperatures: Aspergillus subversicolor does not grow at
10 °C, but grows at 15 °C, and its optimum growth temperature is
30 °C. This species is able to grow restrictedly at 35 °C but not at
37 °C.

Notes: Aspergillus subversicolor is phylogenetically distant from
other species in the series Versicolores, but clearly belongs to the
series (Houbraken et al. 2020). It is easily distinguishable from
other members of the series by its slower growth on almost all
cultivation media and on MEA supplied with 5 % NaCl (Fig. 13).
Unlike other species, it is unable to grow at 10 °C, but contrary to
A. creber and A. versicolor, it grows restrictedly at 35 °C (Fig. 12).

Aspergillus sydowii (Bainier & Sartory) Thom & Church, Aspergilli:
147.1926. MycoBank MB 279636. Fig. 16.

Typus: IMI 211384. Culture ex-type: CBS 593.65 = NRRL 250 = IM1 211384
=NRRL 254 = ATCC 16844.

Colony diam, 25 °C (if not otherwise stated), 14 d (mm): MEA:
34-48; CYA: 36-50; CZA: 32-40; YES: 45-48; DG18: 49-54;
OA: 28-39; CY20S: 38-61; CREA: 38-43. MEA 10 °C: 3-5; MEA
15 °C: 11-13; MEA 20 °C: 20-35; MEA 30 °C: 39-50; MEA 35 °C:
10-17; MEA 37 °C: 0-5.

Culture characteristics, 25 °C, 14 d. MEA: Colonies centrally
raised, moderately radially wrinkled; texture velutinous; margins
undulate; mycelial areas white (#ffffff); sporulation celadon green
(#2f847c¢) to dark cyan (#008b8b); reverse centrally dark brown
(#654321) to medium champagne (#f3e5ab) in margins or centrally
rust (#b7410e) to yellow crayola (#fce883) in margins. CYA:
Colonies centrally raised, moderately radially wrinkled in some
strains; texture velutinous; margins entire to delicately filiform;
exudate present in some strains in the form of clear droplets;
mycelial areas white; sporulation centrally deep space sparkle
(#4a646c¢), dark cyan in margins (#008b8b); reverse centrally seal
brown (#59260b), in margins windsor tan (#a75502) or banana
mania (#fae7b5). CZA: Colonies centrally raised, wrinkled in some
strains; texture floccose; margins undulate to delicately filiform;
exudate present in the form of clear droplets; bistre (#3d2b1f)
soluble pigment present in some strains; mycelial areas white to
linen (#faf0e6); sporulation brunswick green (#1b4d3e) to celadon
green (#2f847c); reverse centrally bistre (#3d2b1f) or seal brown
(#59260b) to banana mania (#fae7b5) in margins. YES: Colonies
raised, moderately wrinkled; texture floccose, cottony in margins;
margins undulate to irregular; mycelial areas white; sporulation
ash gray (#b2bebb) or celadon green (#2f847c); reverse copper
(#b87333) to jasmine (#f8de7e). DG18: Colonies centrally raised;
texture velutinous; margins entire to delicately filiform; mycelial
areas white; sporulation deep jungle green (#004b49) to ash gray
(#b2beb5); reverse centrally camel (#c19a6b) to beige (#5f5dc)
in margins. OA: Colonies centrally raised, moderately wrinkled in
some strains; texture velutinous to floccose; margins undulate to
irregular; mycelial areas white or hyaline; sporulation centrally deep
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jungle green (#004b49) or russian green (#679267) to ash grey
in margins (#b2bebb); reverse centrally saddle brown (#964b00)
to medium champagne (#f3e5ab) in margins. CY20S: Colonies
centrally raised or crateriform (raised with central depression),
radially or irregularly wrinkled; texture centrally floccose to cottony
in margins; margins undulate to delicately filiform; mycelial areas
white to linen (#faf0e6); sporulation celadon green (#2f847¢) or ash
gray (#b2bebb); reverse centrally French bistre (#856d4d) to beige
(#f5fodc) in margins. CREA: Colonies centrally raised; texture
velutinous to floccose; margins entire to delicately filiform; exudate
present in the form of clear droplets; mycelial areas white to tan
(#d2b48c); sporulation dark cyan (#008b8b) to middle blue green
(#8dd9cc); reverse centrally raisin black (#242124) to charcoal
(#36454f), in margins pink lavender (#d8b2d1); no acid production.

Micromorphology: Ascomata absent. Hiille cells absent. Conidial
heads radiate, remaining compact, conidiophores biseriate. Stipes
smooth, hyaline or light brown 250-400 x 4-6 um; vesicles hyaline,
spatulate to clavate, 10-17(-25) ym diam; metulae hyaline,
cylindrical to barrel-shaped, 6-7 um long, covering three quarters of
the vesicle; phialides hyaline, flask-shaped, 6.5-8 um long. Conidia
subglobose to ovate, verrucose, hyaline 3-3.5 (3.1 £ 0.1) x 2.5-3
(2.7£0.1) um.

Cardinal temperatures: Aspergillus sydowii grows restrictedly at
10 °C, and the optimum growth temperature is 30 °C. Some strains
of this species are able to grow restrictedly at 37 °C but not at
40 °C.

Distinguishing characters: Aspergillus sydowii exhibits some
genetic variability, however it was never split into more species
and the concept of this species remains the same since its original
description in 1926 (Thom & Church). It can be distinguished from
other species in series Versicolores by its typically blue-green to
turquoise colony colours on MEA, CYA, and CZA. Additionally, this
species is more osmotolerant than other members of the series
as it grows the fastest on media supplied with 5 and 10 % of NaCl
(Fig. 13). It is also the only species of the series with some strains
capable of growing at 37 °C (Fig. 12).

Aspergillus versicolor (Vuill.) Tirab., Ann. Bot., Roma 7: 9. 1908.
MycoBank MB 172159. Fig. 17.

= Aspergillus amoenus M. Roberg, Hedwigia 70: 138. 1931.
MycoBank MB 250654.

= Aspergillus austroafricanus Jurjevi¢, S.W. Peterson & B.W. Horn,
IMA Fungus 3: 67. 2012. MycoBank MB 800597.

= Aspergillus fructus Jurjevi¢, S.W. Peterson & B.W. Horn, IMA
Fungus 3: 70. 2012. MycoBank MB 800600.

= Asperqillus griseoaurantiacus Visagie, Hirooka & Samson, Stud.
Mycol. 78: 112. 2014. MycoBank MB 809197.

= Aspergillus hongkongensis C.C. Tsang et al., Diagn. Microbiol.
Infect. Dis. 84: 130. 2016. MycoBank MB 810279.

= Aspergillus pepii Despot et al., Mycol. Prog. 16: 67. 2017.
MycoBank MB 817073.

= Aspergillus protuberus Munt.-Cvetk., Mikrobiologiya 5: 119. 1968.
MycoBank MB 326650.

= Aspergillus tabacinus Nakaz. et al., J. Agric. Chem. Soc. Japan
10: 177. 1934. MycoBank MB 539544.

Typus: CBS 583.65. Culture ex-type: CBS 583.65 = NRRL 238 = ATCC
9577 = IFO 33027 = IMI 229970 = JCM 10258 = UAMH 4956 = QM 7478
=Thom 5519.57 = WB 238.
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Fig. 16. Macromorphology and micromorphology of Aspergillus sydowii. A. Top row left to right: colonies on CYA, MEA, YES and OA after 14 d at 25 °C;

bottom row left to right: CZA, CY20S, DG18 and CREA after 14 d at 25 °C (all colonies from strain NRRL 254). B. Conidia. C. Conidia in air bubble. D-G.
Conidiophores. Scale bars = 10 ym.

Colony diam, 25 °C (if not otherwise stated), 14 d (mm): MEA:
20-48; CYA: 26-46; CZA: 22-38; YES: 25-60; DG18: 30-49; OA:
22-49; CY208S: 26-60; CREA: 22-45. MEA 10 °C: 2-7; MEA 15
°C: 10-17; MEA 20 °C: 20-32; MEA 30 °C: 18-43; MEA 35 °C: 0.

Culture characteristics, 25 °C, 14 d: MEA: Colonies centrally raised,
in some strains radially wrinkled; texture velutinous, floccose in
the centre; margins entire to delicately filiform; exudate present in
the form of clear droplets; mycelial areas white (#ffffff); sporulation
forest green crayola (#5fa777), russian green (#679267), viridian
(#40826d) or myrtle green (#317873); flax (#eedc82) patches with




Fig. 17. Macromorphology and micromorphology of Aspergillus versicolor. A. Top row left to right: colonies on CYA, MEA, YES and OA after 14 d at 25 °C;

TAXONOMY OF ASPERGILLUS SERIES VERSICOLORES

bottom row left to right: CZA, CY20S, DG18 and CREA after 14 d at 25 °C (all colonies from strain CCF 3690). B. Conidia. C. Conidia in air bubble. D, E.

Huille cells. F-I. Conidiophores. Scale bars = 10 um.

Hlle cells present in some strains; reverse centrally alloy orange
(#c46210) or dark brown (#654321) to flax (#eedc82) in margins.
CYA: Colonies centrally raised, radially wrinkled; texture velutinous
to floccose, with cottony centre in some strains; margins entire,
less commonly undulate; exudate present in the form of clear
droplets; mycelial areas white; sporulation bottle green (#006a4e),
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pine green (#01796f) or fern green (#4d744d); reverse centrally
bistre brown (#967117) or copper (#b87333) to beige (#f5f5dc) in
margins. CZA: Colonies centrally raised, radially (in some strains
also concentrically) wrinkled; texture velutinous to floccose; margins
entire, seldom undulate; bistre (#3d2b1f) soluble pigment present in
some strains; exudate present in the form of clear droplets; mycelial
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areas white; sporulation brunswick green (#1bdd3e) or hunter
green (#355e3b), seldom white to ash grey (#b2beb5); gold metallic
(#d4af37) patches with Hiille cells present in some strains; reverse
centrally saddle brown (#964b00) to windsor tan (#a75502) or black
bean (#3d0c02) in strains producing soluble pigment, in margins
wheat (#f5deb3). YES: Colonies centrally raised, significantly,
irregularly wrinkled, texture velutinous to floccose; margins entire,
seldom undulate or irregular; exudate present in some strains in
the form of clear droplets; mycelial areas white; sporulation deep
jungle green (#004b49) shiny shamrock (#5fa778) or cambridge
blue (#a3c1ad), seldom white to ash gray (#b2beb5); yellow crayola
(#fce883) patches with Hille cells present in some strains; reverse
centrally liver chestnut (#987456) to alloy orange (#c46210), in
margins jasmine (#f8de7e). DG18: Colonies centrally raised; texture
velutinous, in some strains cottony in the center; margins entire, in
some strains irregular; mycelial areas white; sporulation illuminating
emerald (#319177) or xanadu (#738678), seldom white to ash gray
(#b2bebb); yellow crayola (#fce883) patches with Hiille cells present
in some strains; reverse centrally saddle brown (#964b00) to alloy
orange (#c46210), in margins straw (#e4d96f). OA: Colonies centrally
raised; texture floccose; margins entire to irregular; rust (#b7410e)
to ecru (#c2b280) soluble pigment present in some strains; mycelial
areas white or hyaline; sporulation deep jungle green (#004b49),
fern green (#4d744d) or green sheen (#6eaea1), in some strains with
vegas gold (#c5b358) patches formed by conidiophores, not by Hiille
cells; reverse centrally dark brown (#654321) to copper (#087333)
or rust (#b7410e) in strains producing soluble pigment, in margins
flax (#eedc82). CY20S: Colonies centrally raised, radially wrinkled;
texture floccose with cottony patches; margins entire to irregular;
mycelial areas white; sporulation green sheen (#6eaea1), fern green
(#4d744d) or ash grey (#b2beb5), in some strains with gold metallic
(#d4af37) patches (formed by conidiophores, not Hlle cells); canary
(#ffff9a) to yellow crayola (#fce883) patches with Hiille cells present
in some strains; reverse centrally alloy orange (#c46210) to yellow
crayola (#fce883) in margins or centrally olive green (#b5b35c¢) to
beige (#f5f5dc) in margins. CREA: Colonies centrally raised, in some
strains moderately wrinkled; texture velutinous to floccose; margins
entire to delicately filiform; exudate present in some strains in the
form of clear or fire opal (#e95c4b) droplets; mycelial areas white
to medium champagne (#f3e5ab); sporulation cambridge blue
(#a3clad), xanadu (#77897c) or fern green (#4d744d), in some
strains ash grey (#b2bebb); reverse centrally dark purple (#301934)
to fuchsia crayola (#c154c1) in margins, or centrally charcoal
(#36454f) to tuscany (#c09999) in margins; no acid production.

Micromorphology: Ascomata absent. Hiille cells present in some
strains, most commonly on MEA, YES or DG18 (Supplementary
Table S3), hyaline, subglobose, usually 18-21 x 15-20 ym. Conidial
heads radiate, remaining compact, conidiophores biseriate. Stipes
smooth, hyaline or light brown, 300-600 x 4-6 um; vesicles hyaline,
pyriform to spatulate, (10-)12-16(—20) um diam; metulae hyaline,
cylindrical to barrel-shaped, 5-6 pm long, covering three quarters
to the entire vesicle; phialides hyaline, flask-shaped, 6-7.5 pm
long. Conidia subglobose to ovate, finely verrucose, hyaline 2.5-3
(26+£0.2) x2-25(2.1£0.1) ym.

Cardinal temperatures: Aspergillus versicolor grows restrictedly at
10 °C, and the optimum growth temperature is between 25 and 30 °C.
This species is able to grow well at 30 °C but does not grow at 35 °C.

Distinguishing characters: See respective paragraphs of the
species above.
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DISCUSSION

Larger amounts of molecular data led to a higher rate of description of
new species, with phylogenetically defined/cryptic species becoming
increasingly common (Struck et al. 2018). This is also the case in
Aspergillus, where the number of accepted species was steadily
rising for the last twenty years (Houbraken et al. 2020). Recently,
studies employing the species delimitation methods often resulted in
a reduction in the number of species (Hubka et al. 2018, Wang et al.
2018, Boluda et al. 2019, Li et al. 2019, Feng et al. 2021, Nguyen et
al. 2021), even when phylogenomic approaches were used (Parker
et al. 2022). These studies usually advocate for an integrative
approach using as much data of different types as possible.
Enough variability in the dataset is often a requirement from species
delimitation methods (Mason et al. 2020, Burbrink & Ruane 2021,
Cicero et al. 2021, Magoga et al. 2021). Unfortunately, this condition
is frequently hard to follow in taxonomic studies because obtaining
large numbers of genetically similar isolates from different localities is
difficult to achieve especially in uncommon species. Such efforts are
often hampered in practice by administrative (e.g., Nagoya protocol),
financial and other barriers. A logical outcome in practice is that the
fungal species are frequently described based on a low number of
isolates with a limited variability due to insufficient sampling. In such
cases where intraspecific variability is low or not present at all, it is
usually easy to find phenotypic features distinguishing small clusters
of strains, or single strains representing different populations/
species. True intraspecific variability is often uncovered much later
when enough strains representing a broader species variability is
collected. In the meantime, however, the species can already be
fragmented into several newly described species, which are often
cryptic and sometimes introduced only to preserve the monophyly
of the other species in the phylogeny. Over time, the concept will
become unsustainable until the next overhaul.

The taxonomy of A. versicolor and its relatives has been
a subject of many taxonomic re-arrangements and repeated
expansions followed by reductions in the number of species.
Currently, the species number is again at one of the historical
peaks and involves 17 species, most of which can be considered
cryptic. Over time, the evidence began to accumulate that some
isolates cannot be identified satisfactorily to the species level
even with the help of molecular methods. Contradictory species
identification results based on sequences of different genes were
the initial signal that the species concept in series Versicolores is
becoming unsustainable. To verify this assumption, we gathered a
much larger collection of series Versicolores members compared
to previous taxonomic studies. Most species delimitation methods
have consistently suggested a significant reduction in the number
of species as summarized below.

Phylogenetic support of species reduction

The species delimitation methods employed in this study broadly
agreed on the distinction of four species (A. creber, A. subversicolor,
A. sydowiiand A. versicolor). Only seven out of 28 methods resulted
in the delimitation of more than four species but without clear
agreement on the arrangement of the additional species. Such
conclusive results are probably caused by a sufficient sampling in the
majority of subclades. In general, if there are only a few individuals
with large genetic distances in the dataset, the species delimitation
methods may overestimate the species number, but with a large
set of individuals covering genetic diversity and closing the gaps
between clades, the probability of methods to delimit species in



their correct boundaries increases (Pante et al. 2015, Chambers &
Hillis 2020). The multilocus method STACEY gave similar support
to the delimitation of four or five species with A. venenatus treated
as separate species in the setting with a lower collapseheight
parameter. The uncertainty about A. venenatus can probably be
attributed to underrepresentation of isolates from this clade (only
two strains from similar localities). Delimitation of A. protuberus as
separate species from A. versicolor was also supported by several
single-locus delimitation methods but with different arrangements.
The incongruences and probable recombination were detected
between A. protuberus and other species in benA and Tsr1 loci
(Fig. 4). Considering all results together with the inability to reliably
distinguish these species morphologically, we suggest treating
A. venenatus as a synonym of A. creber and A. protuberus as a
synonym of A. versicolor.

For the independent testing of species hypotheses proposed
by delimitation methods, we used a recently developed program
DELINEATE (Sukumaran et al. 2021), which gives more relevant
results compared to the program BPP as discussed previously
(Sukumaran & Knowles 2017, Sklenaf et al. 2021). The results
of the analysis were stable, supporting the broad concept of
the species in all scenarios (Fig. 7). The tendency to lump the
populations into broad species was always present, even in less
probable and meaningful scenarios which were tested by us and
not shown in Fig. 7. DELINEATE needs some a priori defined
species that are certainly correctly delimited in the dataset. This
requirement is problematic in the series Versicolores since the only
species that could be conclusively a priori defined were A. sydowii
and A. subversicolor. We overcame this fact by setting up more
scenarios with additionally defined delimitations in the A. creberand
A. versicolor lineages (both lineages were divided into subgroups
based on the species trees calculated by starBEAST - see Fig.
3). Another solution could be the inclusion of several well-defined
species from other related series in section Nidulantes.

We also compared the amount of intraspecific variability
between the broadly defined species and other accepted species
from Aspergillus with described intraspecific variability. The resulting
graph (Fig. 18) shows that the majority of examined species express
the phylogenetic variability of up to 4 % (we can also see that there
are only a few species of Aspergillus that possess intraspecific
genetic variability and have the sequences of Mcm7 and Tsr1 genes
available and some species gather a large amount of variability in
the benA gene, which is caused by intronic sequences). The species
from series Versicolores exhibit different amounts of variability with A.
sydowii having approximately 1 % maximum phylogenetic distance
between its strains, A. creber between 2 and 3 %, and A. versicolor
accumulating more than 3 % of variability in all studied loci. However,
even this amount of variability does not make A. versicolor an outlier
among other Aspergillus species.

Morphological and physiological aspects

High morphological variability has always been connected with A.
versicolor and its relatives (Raper & Fennell 1965, Klich et al. 1993,
Jurjevi¢ et al. 2012, Géry et al. 2021). This fact also contributed
to many re-arrangements in this group before the molecular era.
We demonstrated the high intraspecific variability of the series
Versicolores in  macromorphological and micromorphological
characters (see Figs 8-11). Itis clear from both the colony colours,
texture, and dimensions, as well as from boxplots representing
micromorphological features that even phylogenetically closely
related isolates can exhibit very different phenotypic characteristics.
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Fig. 18. Graphical representation (jitter plot) of maximum sequence
dissimilarity between strains of series Versicolores (coloured points) and
other Aspergillus species (grey points). The comparison includes only
species with strains isolated at least from three countries to ensure the
presence of representative intraspecific genetic variability. Basic data used
for construction of the jitter plot are listed in the Supplementary Table S4.

These observations further support reducing the number of species
accepted in the series. The linear discriminant analysis (Fig. 10)
shows that it is almost impossible to distinguish A. creber and
A. versicolor lineages based on micromorphological characters.
The growth curves in the osmotic gradient displayed the same
pattern (Fig. 13), i.e., A. sydowii and A. subversicolor were easily
distinguishable, but lineages of A. creber and A. versicolor grew
similarly under changing conditions. From a practical point of view,
this means that even after this drastic reduction in the number of
species there are still two species that can be considered cryptic
from the phenotypic point of view and can only be reliably identified
using molecular methods.

Updated taxonomy of series Versicolores

Molecular analyses performed in this study indicated that the
current species number is overestimated and not sustainable. With
a high level of agreement, the majority of methods supported only
A. creber, A. subversicolor, A. sydowii, and A. versicolor in the
series. If we were to consider maintaining the current taxonomic
scheme despite the results mentioned above, then we would
have to describe at least one new species in the A. creber lineage
and up to ten new species in the A. versicolor lineage (Figs 1, 2).
Alternative solutions would be to synonymize some species and
describe fewer new species. These solutions were not supported
by phenotypic data and receive no or negligible support from
phylogenetic methods.
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Fig. 19. Taxonomic re-arrangement of series Versicolores into four species with marked synonyms. The new taxonomy is schematically shown in the form

of the radial tree (ML tree identical to that from Fig. 2).

As a result, a total of 13 species were put in synonymy, five
with A. creber (A. cvjetkovicii, A. jensenii, A. puulaauensis, A.
tennesseensis, and A. venenatus) and eight with A. versicolor (A.
amoenus, A. austroafricanus, A. fructus, A. griseoaurantiacus, A.
hongkongensis, A. pepii, A. protuberus, and A. tabacinus). The
naming of the two broad species follows the priority rules of the
International Code of Nomenclature for algae, fungi, and plants
(Turland et al. 2018). Aspergillus versicolor is the oldest published
name in the A. versicolor lineage and A. creber, simultaneously
published with several other new species in its lineage (Jurjevic et al.
2012), was the highest placed name in the taxonomy section of that
article. This new taxonomy is schematically shown by a phylogenetic
tree in Fig. 19. This tree is identical to the tree in Fig. 2 but displayed
in a radial form, which nicely shows the presence of four wide clades
and many small ones representing some of the 17 species accepted
before this revision. Additionally, a new species belonging in series
Versicolores, A. qilianyuensis, was described by Wang & Zhuang
(2022) based on single strain, but we did not include the species in
this study, since it was published during the final preparations of this
article and we were unable to obtain the ex-type strain.
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We believe that the user community will benefit from this
new taxonomy with a lower number of cryptic species. Simplified
classification with only four species will facilitate species
identification in practices that was complicated by inconsistent
identification results when using sequence data of different
genes (Fig. 4) and the impossibility of finding species-specific
mass spectra within Aspergillus when using the MALDI-TOF
method (Shao et al. 2022). The four supported species in series
Versicolores can be identified by all of the five genes we used in this
study, however identification based on ITS remains problematic. To
test the discriminatory power of ITS in the series, we obtained 48
ITS sequences of strains used in this study that are available in the
GenBank database (Table 1; alignment available from the Dryad
Digital  Repository:  https://doi.org/10.5061/dryad.63xsj3v5q).
There are several substitutions distinguishing A. sydowii and A.
subversicolor from the remaining species, however there is only
one substitution separating A. creber and A. versicolor at the
beginning of the ITS1 region and this position is not known for all
the strains. A phylogenetic tree based on this dataset calculated
by Maximum Likelihood in IQ-TREE (Supplementary Fig. S1) was



poorly resolved, and neither A. creber, nor A. versicolor formed
separate clades. Overall, we cannot recommend ITS as a reliable
marker for the identification of series Versicolores species, unlike
all other loci used in this study.
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Fig. S1. Phylogenetic tree based on 48 ITS sequences of series
Versicolores strains available from the NCBI GenBank database (Table
1). The tree was calculated in IQ-TREE v. 2.1.2 with 100 000 ultrafast
bootstrap replicates (only support values higher than 70 % are shown).
TrNef was selected as the most suitable model of evolution by jModelTest
v 2.1.7. The ex-type strains are designated with a superscript T.

Table S1. Strains from Aspergillus series Versicolores used for calculation
of phylogenetic tree based on the partial calmodulin sequences (Fig. 1).
Table S2. Growth rates of selected strains on eight cultivation media after
14 d in mm (average values from at least three measurements).

Table S3. Production of Hiille cells on eight cultivation media after 3 wk of
cultivation at 25 °C in the dark.

Table S4. Maximum sequence dissimilarity between isolates of the
same Aspergillus species whose species limits have been delimited
using methods based on multispecies coalescent model; only species
represented by isolates from at least three countries were included.
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Reducing the number of accepted species in Aspergillus series Nigri
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Abstract: The Aspergillus series Nigri contains biotechnologically and medically important species. They can produce hazardous mycotoxins, which is
relevant due to the frequent occurrence of these species on foodstuffs and in the indoor environment. The taxonomy of the series has undergone numerous
rearrangements, and currently, there are 14 species accepted in the series, most of which are considered cryptic. Species-level identifications are, however,
problematic or impossible for many isolates even when using DNA sequencing or MALDI-TOF mass spectrometry, indicating a possible problem in the
definition of species limits or the presence of undescribed species diversity. To re-examine the species boundaries, we collected DNA sequences from
three phylogenetic markers (benA, CaM and RPB2) for 276 strains from series Nigri and generated 18 new whole-genome sequences. With the three-
gene dataset, we employed phylogenetic methods based on the multispecies coalescence model, including four single-locus methods (GMYC, bGMYC,
PTP and bPTP) and one multilocus method (STACEY). From a total of 15 methods and their various settings, 11 supported the recognition of only three
species corresponding to the three main phylogenetic lineages: A. niger, A. tubingensis and A. brasiliensis. Similarly, recognition of these three species
was supported by the GCPSR approach (Genealogical Concordance Phylogenetic Species Recognition) and analysis in DELINEATE software. We also
showed that the phylogeny based on benA, CaM and RPB2 is suboptimal and displays significant differences from a phylogeny constructed using 5 752
single-copy orthologous proteins; therefore, the results of the delimitation methods may be subject to a higher than usual level of uncertainty. To overcome
this, we randomly selected 200 genes from these genomes and performed ten independent STACEY analyses, each with 20 genes. All analyses supported
the recognition of only one species in the A. niger and A. brasiliensis lineages, while one to four species were inconsistently delimited in the A. tubingensis
lineage. After considering all of these results and their practical implications, we propose that the revised series Nigri includes six species: A. brasiliensis,
A. eucalypticola, A. luchuensis (syn. A. piperis), A. niger (syn. A. vinaceus and A. welwitschiae), A. tubingensis (syn. A. chiangmaiensis, A. costaricensis, A.
neoniger and A. pseudopiperis) and A. vadensis. We also showed that the intraspecific genetic variability in the redefined A. niger and A. tubingensis does
not deviate from that commonly found in other aspergilli. We supplemented the study with a list of accepted species, synonyms and unresolved names, some
of which may threaten the stability of the current taxonomy.

Key words: Aspergillus luchuensis, Aspergillus niger, Aspergillus tubingensis, clinical fungi, indoor fungi, infraspecific variability, multigene phylogeny,
multispecies coalescence model, ochratoxin A, species delimitation.
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INTRODUCTION

et al. 2019) and may produce mycotoxins such as ochratoxin A,
fumonisins and oxalic acid (Frisvad et al. 2011, 2018). Aspergillus
niger, A. tubingensis and their lesser known cryptic species
(phylogenetically supported but phenotypically nearly identical or
undistinguishable) can also act as opportunistic pathogens that
cause invasive mycoses in immunocompromised patients and non-
invasive mycoses (aspergilloma, allergic aspergillosis, fungal otitis
externa and keratomycosis) in otherwise healthy patients (Hubka
etal. 2012, D’hooge et al. 2019, Hashimoto et al. 2017, Salah et al.

Aspergillus niger and its relatives play important roles in food
mycology (Taniwaki et al. 2018), biotechnology (Schuster et al.
2002, Yang et al. 2017), the fermentation industry (Hong et al.
2014) and medical mycology (Howard et al. 2011). Consequently,
A. niger is the most frequently cited species name in the genus
Aspergillus (Samson et al. 2017). Since, on most occasions,
species in section Nigri have been classified as GRAS (generally

regarded as safe) by the Food and Drug Administration of the US
government, they are suitable organisms for genetic manipulation
and thus are used by biotechnology industries to produce hydrolytic
enzymes (such as amylases and lipases) or organic acids (such
as citric acid and gluconic acid) (Ward 1989, Bennett & Klich
1992, Andersen et al. 2011). On the other hand, Aspergillus
section Nigri species (including some A. niger strains) cause food
spoilage or contaminate a wide variety of food products (Samson

2019, Vidal-Acufia et al. 2019, Gits-Muselli et al. 2021, Nargesi et
al. 2022). Some previous studies also demonstrated that different
antifungal susceptibility patterns to azole derivates are present
between A. niger and A. tubingensis complexes (Alcazar-Fuoli et
al. 2009, Hendrickx et al. 2012, Szigeti et al. 2012).

The infrageneric classification of Aspergillus has a long history
with Thom & Church (1926), Thom & Raper (1945) and Raper
& Fennell (1965) recognizing that its species could be classified

© 2022 Westerdijk Fungal Biodiversity Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/bync-nd/4.0/).
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into “groups” based on their morphological similarities. This
infrageneric classification was formalised when Gams et al. (1986)
introduced names as subgenera and sections in Aspergillus, e.g.,
all black aspergilli were classified in section Nigri in the subgenus
Circumdati. Recently, Houbraken et al. (2020) reviewed this
infrageneric classification with the help of multigene phylogenies,
and showed that it mostly agreed with the infrageneric classification
proposed by Gams et al. (1986). They introduced series rank and
subdivided section Nigri into five series. The most economically
important section Nigri species, including A. niger, A. tubingensis
and A. luchuensis belong to the series Nigri.

The taxonomy of section Nigri at the species level has been
turbulent over time. Originally, Mosseray (1934) proposed 35
species. This number was reduced by Raper & Fennell (1965),
who recognized 12 species and two varieties, and provided
detailed morphological characteristics to distinguish among
their accepted species. Al-Musallam (1980) revised the species
limits using cluster analysis based on morphological and cultural
parameters, suggesting at least seven species, including A.
carbonarius, A. ellipticus, A. helicothrix, A. heteromorphus, A.
japonicus, A. foetidus and A. niger. In this classification, A. niger
was subdivided into six varieties and two forms. Kozakiewicz
(1989), who drew her taxonomic conclusions from conidial
ornamentation under scanning electron microscopy, distinguished
16 taxa, among which three belong to the current series Nigri,
namely, A. acidus, A. niger with six varieties and A. citricus with
two varieties. Early molecular genetic studies indicated that A.
niger consisted of at least two cryptic species, A. niger and A.
tubingensis (Kusters-van Someren et al. 1991, Varga et al. 1994,
Peterson 2000), which are morphologically undistinguishable (Pitt
& Hocking 2009, Crous et al. 2009). Using a polyphasic approach
combining morphological features, extrolite profiling and B-tubulin
DNA sequences, Samson et al. (2004) accepted 15 species in the
section, comprising eight species in the clade currently known as
series Nigri, i.e., A. brasiliensis, A. costaricensis, A. foetidus, A.
lacticoffeatus, A. niger, A. piperis, A. tubingensis and A. vadensis.
Subsequent phylogenetic studies supported the recognition of
several cryptic phylogenetic species in the series Nigri, such as
A. awamori (Perrone et al. 2011), later synonymized with another
cryptic species, A. welwitschiae (Hong et al. 2013). Similarly,
Varga et al. (2011) recognized A. acidus, which was later
synonymized with the resurrected species A. luchuensis (Hong
et al. 2013). Another two cryptic species related to A. tubingensis,
i.e., A. eucalypticola and A. neoniger, were described by Varga et
al. (2011), who also synonymized A. foetidus and A. lacticoffeatus
with A. niger. As a result, the last overview of accepted Aspergillus
species (Houbraken et al. 2020) assigned ten species to the
series Nigri: A. brasiliensis, A. costaricensis, A. eucalypticola, A.
luchuensis, A. neoniger, A. niger, A. piperis, A. tubingensis, A.
vadensis and A. welwitschiae. Four novel cryptic species have
been proposed since. Silva et al. (2020) introduced A. vinaceus
as a close relative of A. niger and Khuna et al. (2021) introduced
A. chiangmaiensis, A. pseudopiperis and A. pseudotubingensis
as close relatives of A. tubingensis.

Vesth et al. (2018) and de Vries et al. (2017) de novo sequenced
the genomes of the majority of accepted section Nigri species
and performed phenotypic and genomic comparative analyses.
The whole genomes of the ex-neotype strain of A. niger (CBS
554.65) and 24 A. niger sensu stricto strains were subsequently
sequenced, and the mating-type distribution was analysed (Ellena
et al. 2021, Seekles et al. 2022). Isolates with both MAT1-2-1
and MAT1-1-1 mating-type gene idiomorphs were found among
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genome-sequenced strains of A. niger, in agreement with previous
PCR-based detection studies (Varga et al. 2014, Mageswari et al.
2016). This fact indicates that the species might have a cryptic
sexual cycle, as previously observed in A. tubingenis (Horn et al.
2013). Additionally, recent phylogenomic studies indicated that
section Nigri might belong to the subgenus Nidulantes (de Vries
et al. 2017, Steenwyk et al. 2019) and not subgenus Circumdati
(Jurjevi¢ et al. 2015, Kocsubé et al. 2016).

The reliable identification of section Nigri species is of great
importance, as evidenced by their diverse positive and negative
significances for humans. However, there is an increasing number
of isolates that cannot be satisfactorily classified into the currently
recognized species despite using multilocus sequence data
(Howard et al. 2011, Negri et al. 2014, D’hooge et al. 2019). This
fact also resulted in the recent description of several cryptic species
related to A. niger and A. tubingensis (Silva et al. 2020, Khuna et
al. 2021). The narrow species definition in the series Nigri is also
associated with unsatisfactory identification results of MALDI-
TOF MS (matrix-assisted laser desorption ionization time-of-flight
mass spectrometry), a widely used identification tool in diagnostic
laboratories and applied spheres (Gautier et al. 2016, D’hooge et
al. 2019, Ban et al. 2021). All of the abovementioned problems
may indicate that the species limits are not defined correctly and
that the species definitions applied in the series are too narrow.
This situation prompted the initiation of this study, where we
are concerned with the verification of species boundaries at the
molecular level based on a large number of strains.

A common requirement of species delimitation methods is
proper sampling (a high number of strains of all studied species
ideally isolated from a wide range of substrates and localities) and
the presence of intraspecific variability (Carstens et al. 2013). This
condition is, however, frequently difficult to fulfil in fungal taxonomy
(Ahrens et al. 2016). From this point of view, series Nigri represents
a perfect model group for studying species limits on a large scale
due to the frequent occurrence of its species in many habitats and
a high representation of molecular data in public databases. To do
so, we have gathered extensive sequence data and applied a wide
range of phylogenetic methods. The synthesis of the resulting data
and the consideration of its practical taxonomic implications have
led to a significant reduction in the number of species, as detailed
below.

METHODS

Molecular studies

The DNA sequences of three loci, B-tubulin (benA), calmodulin
(CaM) and the RNA polymerase Il second largest subunit (RPB2),
were gathered for a total of 276 strains from series Nigri. For this
process, we removed short sequences or those that contained
obvious errors. Additional species from other series of section
Nigri were selected as outgroups or reference species depending
on the analysis. The sequences were either downloaded from the
GenBank database and mostly originated from previous studies, or
they were taken from genes amplified and sequenced in this study.
Sequences downloaded from the GenBank database were mostly
from studies by D’hooge et al. (2019), Peterson (2008), Jurjevi¢
et al. (2012), Fungaro et al. (2017) and Hashimoto et al. (2017).
Sequence alignments from the Silva et al. (2020) study were kindly
provided by the authors. Information about the provenance of all
strains is listed in Table 1.



Table 1. List of Aspergillus series Nigri strains included in the phylogenetic analyses.

Species

A. brasiliensis

A. niger

YV

WESTERDIJK
FUNGALBIO
DIVERSITY
INSTITUTE

Strain No."

CBS 101740 = IMI 381727
=ATCC MYA 4553 = IBT

219467

PPRI 26017 = CMV 007D1
PPRI 3388 = CMV 010B8

PPRI 3328 = CMV 00418

NRRL 26651
NRRL 26650
NRRL 35542
NRRL 26652

CBS 121619 = DTO 24-D5

=ITEM 6139

CBS 121618 = DTO 24-D2

=ITEM 4539

NBRC 9455 = ATCC 16404
=CBS 733.88 = DSM 1387
=DSM 1988 = KCTC 6317
=MUCL 29039 = MUCL

30113 = CECT 2574 = IFO
9455 = NCPF 2275 = IHEM

3766

NBRC 105650 = ATCC
9642 = CBS 246.65 =

JCM 16265 = NRRL 3536
= ATHUM 2856 = CECT
2700 = DSM 63263 = IFO
6342 = IMI 091855 = MUCL

19001 = IHEM 3797
IFM 66950 = CCF 3991

IFM 66951 = CCF 4962

[HEM 23046
[HEM 23047

[HEM 5185 = NRRL 2276

IHEM 23049
IHEM 3766

[HEM 3797

CBS 554.65 = ATCC 16888
=1FO 33023 = IHEM 3415

=JCM 10254 = NRRL

326 = CCFC 222006 = IMI
050566 = NBRC 330237

CBS 101883 = CECT
20581 = IBT 22031™

PPRI 8682 = CMV 005B2
PPRI 8734 = CMV 005B7
PPRI 26011 = CMV 005G9
PPRI 18719 = CMV 00413

PPRI 3640 = CMV 00416

IFM 63326
IFM 63604
IFM 59636
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Country
Brazil

South Africa
South Africa

South Africa
USA

USA

USA

USA
Portugal

Portugal

USA

Australia

Spain
Romania
Belgium
Belgium
Unknown
Belgium
USA

Australia
USA

Indonesia

South Africa
South Africa
South Africa
South Africa

South Africa
Japan
Japan
Japan

Brazil

Substrate
soil

onion

garlic (Allium
sativum)

mangrove leaves
unknown
unknown

peanut seed
unknown

grapes

grapes (Tinta
barroca)

blueberry
(Vaccinium sp.)

wireless set

cave air

microbial mat in cave
unknown

unknown

unknown

unknown

fruit, Vaccinium subg.
Cyanococcus

radio set

tannin-gallic acid
fermentation

coffee bean

mopane debris
mopane debris
soil

frass of Busseola
fusca feeding inside
maize stems

old photo paper
human sputum
human sputum

human abdominal
drain

coffee bean

MOLECULAR TAXONOMY OF ASPERGILLUS SERIES NIGRI

GenBank/ENA/DDBJ accession Nos.2

benA
genome?

MK451119
MK451152

MK451015
EF661094
EF661079
EF661096
EF661095
AM295185

AM295182

genome

genome

genome
genome

MH614413
MH614444
MH614565
MH614414
MH614415

MH614416
EF661089

genome

MK451027
MK451032
MK451060
MK451010

MK451013
MK854742
MK854748
OP081896

OP081838

CaM
genome

MK451325
MK451326

MK451324
EF661160
EF661159
EF661162
EF661161

AM295176

AM295179

genome

genome

genome
genome

MH644886
MH644887
MH644892
MH644889
MH644891

MH644890
EF661154

genome

MK451462
MK451464
MK451468
MK451458

MK451459
OP081973
OP081974
OP081969

OP081913

RPB2
EF661063

MK450774
MK450775

MK450773
EF661064
EF661062
EU021641
EF661063
OP081976

OP081975

genome

genome

genome
genome

0P081977
OP081978
OP081982
OP081979
0OP081980

OP081981
EF661058

genome

MK450792
MK450793
MK450794
MK450789

MK450790
genome
genome
genome

0OP082051

ITS
MH862749

MK450631
MK450632

MK450630
KC796389
EF661196
EF661199
EF661198
AM295181

MH613107
MH613108
MH613109
MH613081
MH613079

MH613110
FJ629337
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Table 1. (Continued).
GenBank/ENA/DDBJ accession Nos.?

Species Strain No.! Country Substrate benA CaM RPB2 ITS
A. niger 1400 Brazil brazil nuts OP081842  OP081917  OP082055 —
1551 Brazil brazil nuts OP081848  OP081923  OP082061 —
2334 Brazil brazil nuts OP081860  OP081935 OP082073 —
2504 Brazil brazil nuts OP081861  OP081936 OP082074 —
417 Brazil grapes OP081863  OP081938 OP082076 —
4.18 Brazil grapes OP081864  OP081939  OP082077 —
643 Brazil coffee bean OP081878  OP081953  OP082091 —
6504 Brazil brazil nuts OP081879  OP081954  OP082092 —
7061 Brazil brazil nuts OP081884  OP081959  OP082097 —
8219 Brazil coffee bean OP081888  OP081963 OP082101 —
902 Brazil brazil nuts OP081890  OP081965 (OP082103 —
1.2 Brazil grapes OP081836  OP081911  OP082049 —
1357 Brazil brazil nuts OP081841  OP081916  OP082054 —
23.115 Brazil onions OP081859  OP081934  OP082072 —
CBS 117.80 Unknown unknown OP081891  GU195632 OP082104 —
IHEM 18069 French soil under palmtree ~ MH614489 ~ MH645000 OP082110 MH613155
Guiana,
France
IHEM 2312 Belgium cosmetics MH614521  MH645010 OP082127 MH613218
IHEM 17892 Belgium chronic sinusitus MH614520  MH644877 OP082108 KP131598
IHEM 23979 Belgium otitis MH614500  MH645005 OP082139 MH613182
IHEM 25482 France human MH614474  MH644860 OP082150 MH613113
bronchoalveolar
lavage
IHEM 23907 Belgium human ear MH614492  MH645003 OP082136 MH613168
IHEM 24459 India otitis MH614502  MH645006 OP082144 MH613185
IHEM 5788 Unknown Chinese gall MH614437  MH645007 OP082169 MH613213
IHEM 21604 Cuba outdoor air MH614478  MH644996 OP082117 MH613124
IHEM 5844 Unknown unknown MH614434  MH645002 OP082170 MH613157
IHEM 5296 Unknown leather MH614519  MH645009 OP082167 MH613217
IHEM 6126 Belgium human sputum MH614453  MH644998 OP082171 MH613135
IHEM 5622 Unknown unknown MH614451  MH645001 OP082168 MH613156
IHEM 4023 Belgium mycotic ofitis externa  MH614496 ~ MH645004 OP082162 KP131606
IHEM 9673 France dwelling environment  MH614523 ~ MH645012 OP082176 MH613219
dust
IHEM 25481 France human MH614473  MH644859 OP082149 MH613112
bronchoalveolar
lavage
IHEM 21605 Cuba nickel deposit MH614479  MH644997  OP082118 MH613125
I[HEM 6147 Belgium human nose MH614439  MH645008 OP082172 MH613215
IHEM 9709 France cement MH614522  MH645011  OP082177 MH613084
IFM 56816 Japan human ear OP081895  OP081968 genome —
26 Brazil grapes OP081856 ~ OP081931  OP082069 —
2.8 Brazil grapes OP081858  OP081933  OP082071 —
102.2706 Brazil grapes OP081837  OP081912  OP082050 —
13.09 Brazil coffee bean OP081840  OP081915 OP082053 —
148.727 Brazil onions OP081846  OP081921  OP082059 —
ITAL 47.456 = IBT 35556™  Brazil surface of grape MN583579  MN583580 MN583581 MN575692
berries
ITAL 49.577 Brazil grapes 0P081869  OP081944 0OP082082 —
ITAL 57.1243 Brazil grapes OP081875  OP081950 OP082088 —
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Table 1. (Continued).
GenBank/ENA/DDBJ accession Nos.?

Species Strain No." Country Substrate benA Call RPB2 ITS

A. niger ITAL 62.1583 Brazil grapes OP081877  OP081952  OP082090 —
ITAL 66.1929 Brazil grapes OP081881  OP081956  OP082094 —
ITAL 48.545 Brazil grapes OP081867  OP081942  OP082080 -
47.514 Brazil grapes OP081865  OP081940 OP082078 —
48.544 Brazil grapes OP081866 ~ OP081941  OP082079 -
49.580 Brazil grapes OP081870 ~ OP081945 0OP082083 —
55.1175 Brazil grapes OP081874  OP081949  OP082087 —
58.1292 Brazil grapes OP081876 ~ OP081951  OP082089 —
CBS 139.54™ Namibia Welwitschia mirabilis ~ MN969369  genome MN969100 MH857271
PPRI 23385 =CMV 00415  South Africa  animal feed MK451012  MK451548  MK450816 MK450663
PPRI 4966 = CMV 00411 South Africa  Chrysomelidae beetle  MK451008  MK451546  MK450814 MK450661
PPRI 13255 = CMV 00412 South Africa  chicken house MK451009  MK451547  MK450815 MK450662

bedding, mostly
sunflower husks

PPRI 26014 = CMV 006G2  South Africa  soil MK451097  MK451562 MK450819 MK450669
PPRI 9362 = CMV 005D1  South Africa twigs and leaves from MK451039 ~ MK451556  MK450818 MK450666

Colophospermum

mopane
IFM 50267 Japan human sputum OP081894  OP081967 genome —
IFM 63309 Japan human, MK854741  OP081972  genome —

bronchoalveolar

lavage fluid
IFM 49718 Japan human sputum OP081893  OP081966 genome —
IFM 62618 Japan human, MK854725  OP081971  genome —

bronchoalveolar

lavage fluid
IFM 60653 Japan human sputum OP081897  OP081970  genome —
15477 Brazil onions OP081847  OP081922 OP082060 —
15580 Brazil onions OP081849  OP081924 OP082062 —
15646 Brazil onions OP081850  OP081925 OP082063 —
16158 Brazil onions OP081851  OP081926  OP082064 —
16285 Brazil onions OP081852  OP081927 OP082065 —
171804 Brazil onions OP081854  OP081929 OP082067 —
181832 Brazil onions OP081855  OP081930 OP082068 —
27 Brazil grapes OP081857  OP081932 OP082070 —
48282 Brazil onions OP081868  OP081943  OP082081 —
53295 Brazil onions OP081871  OP081946  OP082084 —
53a Brazil yerba mate OP081872  OP081947  OP082085 —
54298 Brazil onions OP081873  OP081948 OP082086 —
6573 Brazil brazil nuts OP081880  OP081955 OP082093 —
69363 Brazil onions OP081883  OP081958 OP082096 —
714 Brazil brazil nuts OP081885  OP081960 OP082098 —
77390 Brazil onions OP081837  OP081962 OP082100 —
88430 Brazil onions OP081889  OP081964 OP082102 —
127a Brazil yerba mate OP081839  OP081914  OP082052 —
145723 Brazil onions OP081843  OP081918 OP082056 —
146.724 Brazil onions OP081844  OP081919  OP082057 —
146725 Brazil onions OP081845  OP081920 OP082058 —
361 Brazil brazil nuts OP081862  OP081937 OP082075 —
670 Brazil brazil nuts OP081882  OP081957  OP082095 —
716 Brazil brazil nuts OP081886  OP081961 OP082099 —
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Table 1. (Continued).
GenBank/ENA/DDBJ accession Nos.?

Species Strain No.! Country Substrate benA CaM RPB2 ITS
A. niger 17.179 Brazil grapes OP081853  OP081928  OP082066 —
DTO 267-13 Thailand house dust OP081892  KP330149  OP082105 —
IHEM 22373 India otomycosis MH614468  MH644935 OP082121 KP131600
IHEM 17902 Belgium chronic sinusitus MH614508  MH644965 OP082109 KP131599
IHEM 25483 France human sputum MH614447  MH644929 OP082151 MH613114
IHEM 3095 Mauritius soil MH614488  MH644942  OP082160 MH613151
IHEM 3090 Mauritius soil MH614487  MH644884 OP082159 MH613150
IHEM 20620 Cuba soil MH614516 ~ MH644973  OP082115 MH613208
IHEM 23644 India otitis MH614435  MH644948 OP082129 MH613171
IHEM 6727 France bronchopulmonary MH614450  MH644972 OP082174 KP131609
cancer
IHEM 21970 Mauritius soil MH614484  MH644938 OP082120 MH613111
IHEM 24434 India otitis MH614498  MH644952 OP082141 MH613179
IHEM 18351 French bark kapok tree MH614481  MH644934 OP082112 MH613128
Guiana,
France
IHEM 23822 India otitis MH614493  MH644947  OP082132 MH613169
IHEM 23651 India otitis MH614491  MH644946 OP082131 MH613167
IHEM 24707 Belgium otitis MH614503 ~ MH644957 OP082145 MH613189
IHEM 25101 Belgium Unknown MH614441  MH644961 OP082147 MH613194
IHEM 21697 Belgium onion MH614448  MH644939 OP082119 MH613137
IHEM 23892 Belgium human MH614570  MH644944 OP082134 MH613161
IHEM 23965 France otitis MH614497  MH644951  OP082138 MH613178
IHEM 15980 Belgium ball from Pakistan MH614518  MH644976  OP082107 MH613210
IHEM 20621 Cuba soil MH614480  MH644933  OP082116 MH613126
IHEM 18080 French soil of riverside MH614513  MH644969 OP082111 MH613077
Guiana,
France
IHEM 25485 France human MH614477  MH644932 OP082153 MH613116
bronchoaspiration
IHEM 5077 Belgium human ear MH614515  MH644971  OP082166 MH613078
IHEM 25340 Belgium human toenail MH614506  MH644962 OP082148 MH613195
IHEM 18676 Peru guano MH614446 ~ MH644928 OP082113 MH613082
[HEM 24328 Unknown horse (crust) - clinical MH614499  MH644953 OP082140 MH613180
sample
IHEM 2951 Belgium mycotic otitis externa  MH614569  MH644963 OP(082156 KP131605
IHEM 2969 India soil MH614449  MH644941  OP082157 MH613149
IHEM 22432 Somalia otitis MH614509  MH644966 OP082126 KP131604
IHEM 26623 Belgium human ear MH614486  MH644940 OP082155 MH613146
IHEM 26214 Belgium otitis MH614505  MH644960 OP082154 MH613192
IHEM 23648 India otitis MH614495  MH644950 OP082130 MH613174
IHEM 24450 India otitis MH614469  MH644955 OP082142 MH613184
IHEM 25484 France human MH614476 ~ MH644931  OP082152 MH613115
bronchoaspiration
IHEM 22377 Belgium conjunctivitis - human MH614483  MHG644937  OP082123 KP131602
eye
IHEM 22378 Somalia human auditory canal MH614510  MH644967 OP082124 MH613076
IHEM 23913 Belgium human ear MH614501  MH644954 OP082137 MH613183
IHEM 4781 Belgium mycotic otitis externa  MH614454 ~ MH644974 OP(082165 KP131608
IHEM 22374 India otomycosis MH614482  MH644936 OP082122 KP131601
IHEM 23642 India otitis MH614452  MH644861 OP082128 MH613170
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Table 1. (Continued).

Species
A. niger

A. eucalypticola

A. luchuensis

A. pseudotubingensis

A. tubingensis

—
» DIVERSITY

Strain No."
IHEM 4063

IHEM 23895
IHEM 14389

IHEM 18678
[HEM 3710
[HEM 24767
IHEM 9388
[HEM 3019

[HEM 24454
[HEM 22379
[HEM 4461
IHEM 23888
IHEM 6350

CBS 122712=DTO 53-A2
=BT 292747

CBS 205.80 = IFM 47726
=NBRC 4281 = [FO 428 =
KACC 46772 = RIB 2642"

NRRL 4750 = CBS 128.52
= KACC 47005™

RIB 2601 = IFO 4033 =
NBRC 111188 = ATCC
38854 = IFM 46994

IFO 4308 = NBRC 4308
[HEM 26285

IHEM 25486

CBS 112811 = CECT
20582 = IBT 26239™

IHEM 23904

PPRI 13091 = CMV 01013

IHEM 5316

PPRI 9197 = CMV 005C9

PPRI 13230 = CMV 011A9
PPRI 8983 = CMV 005C2

SDBR CMUO2T
SDBR CMUO8
SDBR CMU20

CBS 133056 = DTO 213-F6
= NRRL 48757

PPRI 8683 = CMV 005B3
PPRI 8733 = CMV 005B6

PPRI 21344 = CMV 00414

IFM 57258

www.studiesinmycology.org

Country
Bahamas
Belgium
Belgium

Peru
Unknown
India
France
Zaire

India
India
Belgium
Belgium
Belgium
Australia

Unknown

USA

Unknown

Unknown
France

France
Denmark

India

South Africa
Belgium
South Africa
South Africa
South Africa

Thailand
Thailand
Thailand

Unknown

South Africa
South Africa
South Africa

Nagasaki,
Japan

Substrate
sea water
human ear secretions

chronic obstructive
bronchopneumopathy
(bronchoalveolar
lavage)

guano
unknown

ofitis

air

soil from palm grove
(Elaeis guineensis)
ofitis

otomycosis

mycotic otitis externa
otitis

dried food for fish

leaves of Eucalyptus
sp.
awamori-oji

unknown

unknown

unknown

human broncho-
aspiration
human trimming
liquid

black pepper

ofitis

soil

human ear
soil

maize roots

twigs and leaves from
Colophospermum
mopane

rhizosphere soil
rhizosphere soil
rhizosphere soil

unknown

soil

plant debris from
Colophospermum
mopane

seed of soybean
(Glycine max)

soil

MOLECULAR TAXONOMY OF ASPERGILLUS SERIES NIGRI

GenBank/ENA/DDBJ accession Nos.2

benA

MH614440
MH614584
MH614517

MH614475
MH614490
MH614507
MH614438
MH614514

MH614470
MH614511
MH614585
MH614494
MH614471

genome

JX500062

EF661087

genome

genome
MH614561

MH614563

genome

MH614551
MK451175
MH614562
MK451038
MK451187
MK451035

MK457206
MW602908
MW602913
EF661086

MK451028

MK451031

MK451011

OP081902

CaM

MH644995
MH644945
MH644975

MH644930
MH644943
MH644964
MHG44979
MHG44970

MH644956
MH644968
MH644978
MHG44949
MH644977

genome

JX500071

EF661152

genome

genome
MH644869

MH644862

genome

MH644990
MK451492
MH644893
MK451491
MK451493
MK451490

MK457205
MW602907
MW602912
EF661151

MK451452

MK451453

MK451448

OP081909

RPB2

OP082163
OP082135
OP082106

OP082114
OP082161
OP082146
OP082175
0OP082158

OP082143
0OP082125
OP082164
0OP082133
OP082173

genome

MN969081

EF661052

genome

genome
OP082038

OP082030

genome

0P082022
MK450797
OP082046
MK450796
MK450798
MK450795

MK457208
MW602909
MW602914
EF661055

MK450786
MK450787

MK450782

genome

ITS

MH613152
MH613163
KP131597

MH613074
MH613158
MH613198
MH613220
MH613206

MH613186
KP131603
KP131607
MH613173
MH613214
OL711732

JX500081

MH856956

LC573600

AB573884
MH613141

MH613118

OL711715

MH613164

MH613216
MK450641

MK450640

EF661193

101



BiaN ET AL.

Table 1. (Continued).

Species
A. tubingensis

102

Strain No.!
IHEM 18329

[HEM 18205

IHEM 21599
IHEM 18097

IHEM 21607
IHEM 18042

IHEM 21597
IHEM 2463

IHEM 21593
IHEM 18136

IHEM 21592
IHEM 21606
IHEM 21590
[HEM 22375
IHEM 22376
IHEM 18106

IHEM 21602
PPRI 21345 = CMV 005A8

PPRI 21347 = CMV 005A9

IHEM 21971
IHEM 25327

IHEM 21601
PPRI 7393 = CMV 005A5

NRRL 4851 = ATCC 16879
=CBS 115.48 = CBS
558.65

CBS 134.48 = ITEM 7040
IHEM 5802

[HEM 22772

PPRI 25991 = CMV 001B7

PW3161
PPRI 6720 = CMV 005A3

IFM 54640
IFM 55763
IFM 57143
IFM 56815

Country

French
Guiana,
France

French
Guiana,
France

Cuba

French
Guiana,
France

Cuba

French
Guiana,
France

Cuba

Belgium

Cuba

French
Guiana,
France

Cuba
Cuba
Cuba
India
India

French
Guiana,
France

Argentina
South Africa

South Africa

Mauritius

Belgium

Argentina
South Africa

Wisconsin,
USA

Unknown
Unknown
Belgium
South Africa

Hong Kong
South Africa

Japan
Japan
Japan
Japan

Substrate
rotten mango

soil

rail feather

rotten mango

indoor environment

soil under mango tree

indoor air

nutmeg (Myristica
fragrans)

cotton cloth

soil under palm tree

human ear

indoor environment
indoor air
otomycosis
otomycosis

leaf of mango tree

clinical material

seed of soybean
(Glycine max)

seed of soybean
(Glycine max)

soil

laboratory
contaminant

clinical material
unknown
unknown

unknown
unknown
human ear

walnut kernels
(Juglans regia)

human nail

beetle (Aspidimorpha
areata)

human sputum
vineyard
human

human ear

GenBank/ENA/DDBJ accession Nos.2

benA
MH614467

MH614419

MH614458
MH614417

MH614464
MH614462

MH614457
MH614465

MH614460
MH614456

MH614420
MH614466
MH614418
MH614461
MH614463
MH614455

MH614459
MK451024

MK451025

MH614546
MH614421

MH614564
MK451021
EF661085

AY820007

MH614558
MH614545
MK450891

LC000547
MK451019

0OP081898
OP081899
OP081901
OP081900

CaM RPB2
MHG44992  OP082002

MH644865 OP082001

MH644985
MH644981

0P082008
OP081998

MH644988
MH644980

0P082012
OP081997

MH644984
MH644989

0P082007
0P082028

MH644987
MH644983

0OP082006
0P082000

MH644866
MH644991
MH644986
MH644867
MH644868
MH644982

OP082005
OP082011
0P082004
OP082015
OP082016
OP081999

MH644864
MK451450

0P082010

MK450784
MK451451  MK450785

MH644993
MH644994

0P082013
0P082029

MH644917
MK451542
EF661150

0P082009
MK450813
EF661054

AJ964876

MH644919
MH644871
MK451540

EF661055
0P082048
0P082018
MK450811

LC000560
MK451541

LC000573
MK450812

OP081905
OP081906
OP081908
OP081907

genome
genome
genome
genome

ITS
MH613202

MH613127

MH613073
MH613119

MH613133
MH613117

MH613122
MH613147

MH613131
MH613121

MH613130
MH613199
MH613129
KP131633
KP131634
MH613083

MH613123

MH613134
MH613139

MK450660

FJ629354

MH613204
MH613132
MK450658

AB987902
MK450659



MOLECULAR TAXONOMY OF ASPERGILLUS SERIES NIGRI

Table 1. (Continued).
GenBank/ENA/DDBJ accession Nos.?

Species Strain No." Country Substrate benA Call RPB2 ITS
A. tubingensis IFM 61612 Japan human, OP081903  OP081910  genome —
bronchoalveolar
lavage fluid
IHEM 22370 Belgium otitis MH614525  MH644894 OP082014 KP131632
[HEM 1941 Belgium dust from mattress MH614550  MHG644900 OP082003 MH613159
IHEM 17170 Belgium chronic sinusitus MH614537  MH644923  OP081989 KP131625
IHEM 25487 France environment MH614524  MH644879 OP082031 MH613120
IHEM 23971 Belgium mycotic ofitis externa  MH614555 ~ MH645013  OP082025 MH613181
IHEM 17440 Belgium chronic sinusitus MH614540  MH644924 OP081991 KP131627
IHEM 23890 Belgium human ear MH614530  MH644905 OP082020 MH613172
IHEM 16879 Morocco otitis human ear MH614559  MH644921 OP081986 MH613211
IHEM 26291 Belgium unknown MH614552  MH644903 OP082039 MH613165
[HEM 17439 Belgium chronic sinusitus MH614539  MH644876 OP081990 KP131626
[HEM 13662 Belgium hospital environment  MH614553 ~ MH644898 OP081985 MH613153
IHEM 17033 Belgium mycotic otomycosis ~ MH614536  MH644922 OP081987 KP131623
externa
IHEM 23911 Belgium otitis MH614566 ~ MH644908 OP082024 MH613177
IHEM 17904 Belgium chronic sinusitus MH614538  MH644875 OP081996 MH613212
IHEM 17893 Belgium chronic sinusitus MH614542  MH644926 OP081994 KP131630
IHEM 25949 France human sputum MH614528  MH644873 OP082034 MH613144
IHEM 26200 Belgium otitis MH614568  MH644901 OP082036 MH613160
IHEM 26645 Belgium human ear secretions MH614549  MH644897 OP082043 MH613148
IHEM 26163 Belgium otitis externa MH614527  MH644872  OP082035 MH613140
IHEM 23900 Belgium otitis MH614529  MH644904 OP082021 MH613166
IHEM 26661 Belgium onychomycosis MH614556  MH644911  OP082044 MH613193
human toe nail
IHEM 17903 Belgium chronic sinusitus MH614543  MH644927 OP081995 KP131631
IHEM 17441 Belgium chronic sinusitus MH614541  MH644925 OP081992 KP131628
IHEM 26350 France air MH614548  MH644883 OP082040 MH613143
IHEM 17168 Belgium chronic sinusitus MH614534  MH644920 OP081988 KP131624
IHEM 26622 Belgium human ear MH614567  MH644896 OP082042 MH613145
IHEM 25777 Belgium human wound MH614423  MH644913  OP082033 MH613197
IHEM 25773 Belgium otitis externa MH614472  MH644912  OP082032 MH613196
IHEM 4379 unknown unknown MH614554  MH644899 OP082045 MH613154
IHEM 23985 Belgium otitis MH614531  MH644907 OP082026 MH613176
IHEM 26215 Belgium otomycosis MH614433  MH644914  OP082037 MH613200
IHEM 17442 Belgium chronic sinusitus MH614533  MH644915  OP081993 KP131629
IHEM 10349 China grains MH614535  MH644918 OP081984 MH613207
IHEM 23886 Belgium otitis MH614424  MH644910 OP082019 MH613188
IHEM 5615 Unknown unknown MH614425  MH644916 OP082047 MH613201
IHEM 24447 India otitis MH614532  MH644909 OP082027 MH613187
CBS 115574 = IBT 23401 =  Costa Rica  soil genome genome HE984361 MH862988
ITEM 7555 = CECT 20579
CBS 553.65=NRRL5121  CostaRica  soil FJ629278 OP081904 OP081983 FJ629327
=ATCC 16880 = IMI 23599
CBS 115656 = IBT 20973 = Venezuela ~ mangrove water KC796361  KC796377  genome OL711719
NRRL 62634
IHEM 23909 India otitis MH614422  MH644906 OP082023 MH613175
IHEM 22394 India conjunctivitis - human  MH614544 ~ MH644870 OP082017 KP131635
eye
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Table 1. (Continued).

Species
A. tubingensis

A. vadensis

A. carbonarius

Strain No.!
SDBR CMUI4™
SDBR CMU15
SDBR CMUI1™
SDBR CMUI7

CBS 113365 = IMI 142717
= CECT 20584 = IBT
246587

IHEM 26351

CBS 111.26 = ITEM 4503
=NRRL 369 = ATCC 1025
= ATHUM 2854 = CBS
556.65 = IMI 016136 =
MUCL 13583 = NCTC 1325
=NRRL 1987 = NRRL 369
= [TEM 50107

NRRL 67 = NBRC 5864 =
ATCC 8740 = CBS 420.64
=DSM 872 = IFO 5864 =
IMI 41875 = MUCL 30479
=NRRL 1737 = NRRL 605

NRRL 4849 = CBS 114.29

NRRL 346 = ATCC 6277 =
CBS 146284

Country
Thailand
Thailand
Thailand
Thailand

Egypt

France
Unknown

Unknown

USA
Honduras

Additional strains used only in DELINEATE and STACEY analyses

A. carbonarius

A. ibericus

A. ellipticus

A. heteromorphus

A. sclerotiicarbonarius
A. sclerotioniger

A. japonicus

104

[HEM 661
[HEM 1931
IHEM 25902
DTO 179-F4
DTO 179-C6
CCF 3388

144-3-K2
A-1759
G187
A-2160

NRRL 35644 = CBS
121593 = IMI1 391429 =
DTO 24-F1 = ITEM 4776 =
IHEM 234987

NRRL 35645 = ITEM 6601
= IMI 391430

CBS 707.79 = IMI 172283"

CBS 677.79 = IMI 278383
= ITEM 4499™0

NRRL 4747 = CBS 117.55
=ATCC 12064 = IMI
172288 = IHEM 5801 =
ITEM 70457

IHEM 18645

CBS 121057 = IBT 1210577

CBS 115572 = IBT 22905 =
ITEM 75607

CBS 114.51 = ITEM 70347
PPRI 4286 = CMV 005H7
ITEM 14787

France
Belgium
France
South Africa
South Africa

Czech
Republic

Unknown
Israel
Slovakia
Spain
Portugal

Portugal

Unknown

Costa Rica

Brazil

France,
Martinique

Unknown
Unknown

Unknown
South Africa
USA

Substrate

rhizosphere soil
rhizosphere soil
rhizosphere soil

rhizosphere soil

arr

human sputum
paper

unknown

unknown

unknown

indoor air in bakery

dust from mattress
human sputum
house dust

house dust

toenails, human
clinical material

unknown
grape

dried vine fruits
grape

wine grapes

wine grapes

unknown

unknown

culture contaminant

indoor wall

culture contaminant

unknown

unknown
soil

indoor air

GenBank/ENA/DDBJ accession Nos.2

benA
MK457200
MW602898
MK457194
MW602903
AY585531

MH614547
EF661099

EF661097

EF661100
EF661098

MH614442
MH61458

MH614575
KP329846
KP329845
HE577803

KJ599604
KC520549
MT166308
KC520550
EF661102

EF661101

AY585530
AY819993

EF661103

MH614573

EU1569229
FJ629304

HE577804
MK451062
HE984413

Call

MK457199
MW602897
MK457193
MW602902

genome

MH644878
EF661167

EF661165

EF661168
EF661166

MH645014
MH644880
MH645015
KJ775280
KJ775278
HE649500

KJ599576
KC520552
MK046876
KC520553
EF661163

EF661164

EF661170
AM117810

EF661169

MH645030

EU159235
FN594557

AJ964875
MK451430
HE984430

RPB2
MK457202
MW602899
MK457196
MW602904
HE984371

0P082041
EF661068

EF661066

EF661069
EF661067

XM_025715438

EF661065

EF661051
HE984363

EF661050

MN969091
HE984369

MN969079
MK450779
HE984377

ITS

MH613142
EF661204

EF661202

EF661205
EF661203



MOLECULAR TAXONOMY OF ASPERGILLUS SERIES NIGRI

Table 1. (Continued).
GenBank/ENA/DDBJ accession Nos.?

Species Strain No." Country Substrate benA Call RPB2 ITS
A. japonicus ITEM 14805 USA indoor air HE984416  — HE984378 —
CBS 123.27 =NRRL 360 =  Puerto Rico  soil HE577805  EF661141  EF661047 —
ATCC 1042 = IFO 4106 =
IMI 358697
NRRL 1782 = ATCC Panama soil — EF661144  EF661048 —
16873 = CBS 568.65 = IMI
211387
NRRL 35494 = ITEM Unknown unknown — EU021690 EU021639 —
15926
NRRL 35541 USA peanut field soil EF661104 EF661143  EU021640 —
NRRL 4839 = [HEM 5627  Unknown unknown MH614586  EF661142  EF661049 —

=NCTC 3792 = MUCL
13578 = IMI 312983 = CBS

113.48
IHEM 26043 France human sputum MH614587  MH645026 — —
CBS 115571 Bahamas marine environment  EU482434  EU482432 — —
AJPO1 Unknown unknown JX103558  JX103559 — —
CCF 4079 Unknown unknown HE577811 FR751423 — —
ITEM 14789 USA indoor air HE9844174 HE984432 — —
NBRC 4408 Unknown soil LC573650 LC573708 — —
NBRC 32856 Japan living leaf LC573651 LC573709 — —
A. aculeatus CBS 172.66 = IHEM Unknown tropical soil HE577806  EF661148  XM020198603 —

5796 = NRRL 5094 = IMI
211388 = CCRC 32190 =
ATCC 16872 = ITEM 7046"

PPRI 7513 = CMV 005A6  Unknown unknown MK451022  MK451291  MK450752 —
PPRI 26016 = CMV 007C9  South Africa  soil MK451118  MK451296 MK450756 —
F-719 Unknown unknown HE577810  HE578093 — —
PPRI 4070 = CMV 005F1  South Africa  soil MK451044  MK451292 MK450753 —
ITEM 14807 USA indoor air HE984409  HE984424 HE984372 —

"Acronyms of culture collections in alphabetic order: ATCC, American Type Culture Collection, Manassas, Virginia; ATHUM, Athens Collection of Fungi,
University of Athens, Athens, Greece; CBS, Westerdijk Fungal Biodiversity Institute (formerly Centraalbureau voor Schimmelcultures), Utrecht, the
Netherlands; CCF, Culture Collection of Fungi, Department of Botany, Charles University, Prague, Czech Republic; CCFC,Canadian Collection of Fungal
Cultures, living fungal collection associated with the DAOM herbarium (Agriculture and Agri-Food Canada), Ottawa, Canada; CCM (F-), Czech Collection
of Microorganisms, Brno, Czech Republic; CCRC (=BCRC), Bioresources Collection and Research Center, Food Industry Research and Development
Institute, Hsinchu, Taiwan; CECT, Coleccion Espariola de Cultivos Tipo, Universidad de Valencia, Edificio de Investigacion, Burjassot, Spain; CMV, working
and formal culture collections housed at FABI (Forestry and Agricultural Biotechnology), Innovation Africa, University of Pretoria, South Africa; DSM, Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany; DTO, internal culture collection of the Department
Applied and Industrial Mycology of the Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; IBT, Culture Collection at the Department
of Biotechnology and Biomedicine, Lyngby, Denmark; IFM, Culture Collections for Pathogenic Fungi and Actinomycetes, Medical Mycology Research
Center, Chiba University, Chiba, Japan; IFO, Institute for Fermentation, Osaka, Japan (IFO strains were transferred to the NBRC NITE collection); IHEM
(BCCM/IHEM), Belgian Coordinated Collections of Micro-organisms, Fungi Collection: Human and Animal Health, Sciensano, Brussels, Belgium; IMI,
CABI's collection of fungi and bacteria, Wallingford, UK; JCM, Japan Collection of Microorganisms, Tsukuba, Japan; KACC, Korean Agricultural Culture
Collection, Wanju, South Korea; KCTC, Korean Collection for Type Cultures, Korea Research Institute of Bioscience and Biotechnology, Jeongeup, South
Korea; MUCL (BCCM/MUCL), Agro-food & Environmental Fungal Collection, Louvain-la-Neuve, Belgium; NBRC (NITE), National Institute of Technology
and Evaluation, Biological Resource Center, Department of Biotechnology, Kisarazu, Chiba, Japan; NCTC, National Collection of Type Cultures, Central
Public Laboratory Service, London, UK; ITEM, Agri-Food Toxigenic Fungi Culture Collection, Institute of Sciences of Food Production, Bari, Italy; NRRL,
Agricultural Research Service Culture Collection, Peoria, lllinois, USA; PPRI, culture collection of the National Collections of Fungi, housed at the
Agricultural Research Council - Plant Health and Protection, Roodeplaat, South Africa; RIB, National Research Institute of Brewing, Tax Administration
Agency, Higashihiroshima, Hiroshima, Japan; SDBR, Sustainable Development of Biological Resources Laboratory, Faculty of Science, Chiang Mai
University, Chiang Mai Province, Thailand. Other acronyms represent personal strain numbers (without permanent preservation).

ZAccession numbers to genomic sequences analysed in this study are listed in Supplementary Table S3.

Tex-type strain. ™ = A. lacticoffeatus; ™ = A. vinaceus; ™ = A. welwitschiae; ™ = A. nakazawae; ™ = A. piperis; ™ = A. costaricensis; ™ = A. neoniger, ™ = A.
chiangmaiensis; ™ = A. pseudopiperis; T = A. helicothrix.
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Total genomic DNA was isolated from 5-d-old cultures using
the Zymo Research Fungal/Bacterial DNA Kit™ (Zymo Research,
Irvin, CA, USA) or the Invisorb Spin Plant Mini Kit (Invitek, Berlin,
Germany). PCR amplification of CaM was performed using the
primer pairs cmd5 and cmd6 (Hong et al. 2006) or CF1L and CF4
(Peterson 2008); benA with Bt2a and Bt2b (Donaldson et al. 1995)
or Ben2f (Hubka & Kolarik 2012) and Bt2b; and RPB2 with fRPB2-
5F and fRPB2-7CR (Liu et al. 1999). Samples were amplified using
the following cycling parameters: one initial step of 10 min at 95
°C followed by 35 cycles of 1 min at 95 °C, 1 min at 55 °C, and 1
min at 72 °C and a single extension step of 10 min at 72 °C. The
PCRs were performed in 25 L volume containing 2 pL of DNA
(2 pM), 2 L of forward primer, 2 uL of reverse primer, 19 uL of
H,O, and PuReTaq Ready-To-Go PCR beads (GE Healthcare UK,
Little Chalfont, UK). The PCR products were sequenced using the
BigDye Terminator cycle sequencing ready reaction kit (Applied
Biosystems, Foster City, CA, USA) using the same primers used for
PCR and analysed on an ABI Prism 3130 genetic analyser (Applied
Biosystems) according to the manufacturer’s instructions.

Newly obtained DNA sequences were inspected and assembled
in Geneious Prime v. 2020.2.4 (Biomatters Ltd.). Sequences were
deposited into GenBank with the accession numbers listed in Table 1.

Phylogenetic analyses and species delimitation

Alignments of benA, CaM and RPB2 were performed using the
FFT-NS-i option implemented in the MAFFT online service (Katoh
etal. 2019). The alignments were trimmed, concatenated, and then
analysed using maximum likelihood (ML), maximum parsimony
(MP) and Bayesian inference (Bl) methods. The final alignments
are available from the DRYAD digital repository (https://doi.
org/10.5061/dryad.866t1g1td).

Suitable partitioning schemes and substitution models for
the analyses were selected based on the Bayesian information
criterion using a greedy strategy implemented in PartitionFinder
2 (Lanfear et al. 2017) with settings allowing introns, exons and
codon positions to be independent datasets (Supplementary Table
S1). ML trees were constructed with IQ-TREE v. 1.4.4 (Nguyen et
al. 2015) with nodal support determined by ultrafast bootstrapping
(BS) with 105 replicates. Bayesian posterior probabilities were
calculated using MrBayes v. 3.2.6 (Ronquist et al. 2012). The
analysis ran for 107 generations, two parallel runs with four chains
each were used, every 1 000" tree was retained, and the first 25
% of trees were discarded as burn-in. The convergence of the runs
and effective sample sizes were checked in Tracer v. 1.6 (http://
tree.bio.ed.ac.uk/software/tracer). Maximum parsimony (MP) trees
were calculated using PAUP* v. 4.0b10 (Swofford 2003). Analyses
were performed using the heuristic search option with 100 random
taxon additions; tree bisection-reconnection (TBR); maxtrees were
set to 1 000. Branch support was assessed by bootstrapping with
500 replications.

The rules for the application of the GCPSR approach were
adopted from Dettman et al. (2003a, b) and slightly modified for the
different design of this study (different numbers of loci and methods
used). To recognize a clade as an “evolutionary lineage”, it had to
satisfy one of two criteria: (a) genealogical concordance - the clade
was present in the majority (2/3) of the single-locus genealogies;
(b) genealogical nondiscordance - the clade was well supported
in at least one single-locus genealogy, as judged by ML ultrafast
bootstrap proportions =95 %, MP bootstrap proportions =70 % and
Bl posterior probabilities =95 %, and was not contradicted in any
other single-locus genealogy at the same level of support. When
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deciding which evolutionary lineages represent “phylogenetic
species”, two additional criteria were applied and evaluated
according to the combined phylogeny of three genes: (a) genetic
differentiation - species had to be relatively distinct and well
differentiated from other species to prevent minor tip clades from
being recognized as a separate species; (b) all individuals had to
be placed within a phylogenetic species, and no individuals were to
be left unclassified.

Species delimitation analyses based on the multispecies
coalescent model were performed as described previously (Sklenaf
et al. 2021). In brief, the haplotype function from R v. 4.0.2 (R Core
Team 2016) package PEGAS (Paradis 2010) was used to retain only
unique sequences in the alignments. The best fitting models were
obtained in jModelTest v. 2.1.7. Parameters and the other settings
of the STACEY, GMYC, bGMYC, PTP, and bPTP methods were
consistent with previous studies (Sklenaf et al. 2021, Gléssnerova
et al. 2022). Two different settings were used for the GMYC method.
The ultrametric input trees for this method were calculated in BEAST
v. 2.6.6 (Bouckaert et al. 2014) with a chain length of 107 generations.
As a model for creating input trees, we set up the coalescent constant
population prior and performed two tree reconstruction methods: one
with the common ancestor height (CAh) setting and a second with
the median height (Mh) setting. We only show the delimitation results
of both settings when they were different. The results of all analyses
are graphically summarised in iTOL v. 6 (Interactive Tree of Life)
(Letunic & Bork 2021).

The multilocus species delimitation method STACEY was
performed in BEAST (Bouckaert et al. 2014) using the STACEY v.
1.2.5 add-on (Jones 2017). For this and the DELINEATE analysis
(see below), we added several additional species from other series
of section Nigri (Table 1). We set up the length of MCMC chain to
10° generations, the species tree prior was set to the Yule model,
the molecular clock model was set to a strict clock, the growth rate
prior was set to a lognormal distribution (M = 5, S = 2), the clock
rate priors for all loci were set to a lognormal distribution (M = 0,
S = 1), the PopPriorScale prior was set to a lognormal distribution
(M =-7, S = 2) and the relative DeathRate prior was set to a beta
distribution (a = 1, B = 1 000). The substitution models were as
follows: benA - K80+l; CaM - TrNef+G; RPB2 - TrNef+G. The
output was processed with SpeciesDelimitationAnalyzer (Jones
et al. 2015). For the presentation of the STACEY results, we first
created a plot showing how the number of delimited species and
the probability of the most likely scenarios changed in relation to
the value of the collapseheight parameter, and then we created
similarity matrices using code from Jones et al. (2015) with different
values of collapseheight chosen from the plot (see the Results
section).

Independent testing of various species boundary hypotheses
was performed in the DELINEATE software (Sukumaran et al.
2021). After splitting the dataset into hypothetical populations
(Supplementary Table S2) using the “A10” analysis in BPP v. 4.4
(Yang 2015), the species tree for these populations was estimated
in starBEAST (Heled & Drummond 2010) implemented in BEAST v.
2.6.7 (Bouckaertetal. 2014). The analysis was runin the Python (van
Rossum & Drake Jr FL 2014) package DELINEATE (Sukumaran et
al. 2021). In every simulated model, some populations delimited
by BPP were assigned to tentative (fixedly defined) species based
on the species delimitation results from previous analyses or were
based on the common species definitions from previous studies.
Other populations were left free to be delimited (unassigned to any
species). As a result, the algorithm implemented in DELINEATE
can either recognize the unassigned population as a separate



species, define a wider monophyletic species composed of several
unassigned populations, or merge unassigned populations with
some of the predefined species.

Whole genome sequencing and assembly

Whole-genome 100 bp paired-end (PE) sequencing was performed
in 18 strains with the aid of HiSeq 1500 (lllumina, San Diego, CA)
using the HiSeq reagent kit v. 1, according to the manufacturer’s
instructions. A 300 bp PE sequencing was performed on a MiSeq
(Ilumina) using the MiSeq Reagent Kit v. 3, according to the
manufacturer’s instructions. Long read sequencing of IFM 61612
was performed on the MinlON platform (ONT; Oxford Nanopore
Technologies, Cambridge, UK). A DNA library for ONT sequencing
was prepared using a short-read eliminator kit (Nippon Genetics,
Tokyo, Japan) and a ligation sequencing kit (SQK-LSK109), and
sequencing was performed with a FLO-MIN106D flow cell (R9.4.1)
for 48 h, according to the manufacturer’s instructions. A total of 83
443 ONT reads were generated with a mean length of 12 011 bp
using ONT Guppy v. 2.3.5.

Adapters and low-quality bases of lllumina reads were trimmed
by Trim Galore v. 0.6.4 (Krueger 2015) with the default settings
selected (http:/www.bioinformatics.babraham.ac.uk/projects/
trim_galore). The mitochondrial genomes were assembled using
GetOrganelle v. 1.6.4 (Jin et al. 2020) with trimmed reads. To filter
the mitochondrial reads, the trimmed reads were aligned against the
mitochondrial genomes by BWA v. 0.7.17-r1188 (Li & Durbin 2009),
and the mapped reads were filtered by SAMtools v. 1.9 (Li et al.
2009) and SeqKit (Shen et al. 2016). For eight isolates sequenced
by MiSeq, the filtered reads were used to assemble the nuclear
genomes using SPAdes v. 3.14.0 (Bankevich et al. 2012) with the
options ‘--cov-cutoff auto’ and --careful’. For six isolates sequenced
by HiSeq 1500, the assembly of nuclear genomes was carried out
as follows: (1) the filtered reads were used to assemble the contigs
using VelvetOptimiser v. 2.2.6 (Zerbino & Birney 2008); (2) the
contigs were used to generate in silico long mate-pair reads with
inserts of 3 000+300bp using Wgsim v. 0.3.1-r13 (https://github.
com/Ih3/wgsim) with the options - 0-1 100 -2 100 -r0-R 0-X 0 -d
3000 -s 300 -N 4000000’; (3) lllumina PE and simulated mate-pair
(MP) reads were assembled by ALLPATHS-LG v. 52488 (Gnerre et
al. 2011). The genome of IFM 61612 was assembled using NECAT
v. 0.0.1_update20200803 (Chen et al. 2021), and polished with the
ONT reads by using Racon v. 1.4.20 (Vaser et al. 2017) and Medaka
v. 1.4.4 (https://github.com/nanoporetech/medaka) and with Illumina
PE reads by using HyPo v. 1 (Kundu et al. 2019). Most tools were
obtained through Bioconda (Griining et al. 2018).

Genome annotation

The annotation of assembled genomes was performed using the
Funannotate pipeline v. 1.7.4 (https:/funannotate.readthedocs.
iolen/latest/). Following the identification of repeat sequences
by RepeatModeler v. 1.0.11 (http://lwww.repeatmasker.org/
RepeatModeler.html) and RepeatMasker v. 4.0.7 (https://www.
repeatmasker.org), Funannotate ab initio prediction was performed
with the option ‘--busco_seed_species=aspergillus_oryzae’ by
Augustus v. 3.3.3 (Stanke et al. 2006), GeneMark-ES v. 4.38 (Ter-
Hovhannisyan et al. 2008), GlimmerHMM v. 3.0.4 (Majoros et
al. 2004), and SNAP v. 2006-07-28 (Korf 2004) using exon hints
from the proteins of A. niger CBS 513.88 and A. oryzae RIB40
downloaded from the Aspergillus Genome Database (Bairoch &
Apweiler 2000, Cerqueira et al. 2014). The functional annotations
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of predicted genes were performed using the Swiss-Prot, InterPro
v. 5.42-78.0 (Jones et al. 2014), eggNOG v. 4.5.1 (Buchfink et al.
2015, Huerta-Cepas et al. 2016), MEROPS v. 12.0 (Rawlings et
al. 2018, Mitchell et al. 2019), and the dbCAN v. 8.0 (Yin et al.
2012) databases. Genome annotations of the reference strains
were obtained from the Joint Genome Institute (http://genome.jgi.
doe.gov/) (Supplementary Table S3). The completeness of the draft
genomes and predicted proteins were evaluated using BUSCO v.
4.0.6 (Seppey et al. 2019) with the database “eurotiales_odb10”.

Phylogenetic analyses based on the genomic
sequences

Orthologous genes among the 31 strains (18 newly sequenced and
13 available from previous studies) were identified by OrthoFinder v.
2.3.12 (Emms & Kelly 2019). Then, the amino acid sequences of 5
752 single-copy orthologous proteins were aligned using the G-INS-i
option in MAFFT v. 7.471 and concatenated into one long protein
sequence. A phylogenetic tree was constructed using multithreaded
RAXML (Stamatakis 2014), selecting the PROTGAMMAWAG model
and using 100 bootstrap replicates to determine node support.

The predicted protein sets of 31 strains were evaluated with
BUSCO protein mode. A total of 2 754 genes present at a single
copy were identified among all strains. From these, 200 genes were
randomly selected for analyses using the STACEY method and
randomly distributed into ten independent analyses, each containing
20 genes (Supplementary Table S4). Coding regions (exons) of the
corresponding 200 nucleotide sequences were extracted for each
strain from the de novo assemblies. Each sequence matrix was
aligned using MAFFT, and well-aligned regions were extracted
using Gblocks v. 0.91b (Talavera & Castresana 2007) with settings
allowing no gap positions.

RESULTS

Combined phylogeny based on three loci

A maximum likelihood (ML) phylogenetic tree based on three
loci in 280 strains (276 belonging to the series Nigri and four A.
carbonarius strains used as outgroups) is presented in Fig. 1, with
the geographic origin and substrate plotted on the tree in the form
of colour strips. The topology of the trees inferred by the maximum
parsimony (MP) and Bayesian inference (Bl) methods was similar
to ML and the bootstrap support values and posterior probabilities,
respectively, were appended to the nodes.

There are three main lineages in the tree and for practical
reasons, we named them based on the priority rules. The A.
brasiliensis lineage (ABL) only contains the ex-type isolate of
A. brasiliensis, while the A. niger lineage (ANL) contains the ex-
type isolates of A. lacticoffeatus, A. niger, A. vinaceus and A.
welwitschiae (the old species names, which are usually considered
synonyms, are omitted). The Aspegillus tubingensis lineage
(ATL) contains ex-types of ten species: A. chiangmaiensis, A.
costaricensis, A. eucalypticola, A. luchuensis, A. neoniger, A.
piperis, A. pseudopiperis, A. pseudotubingensis, A. tubingensis and
A. vadensis. The sequences of the three recently described species,
A. chiangmaiensis, A. pseudopiperis and A. pseudotubingensis
(Khuna et al. 2021), were of poor quality and contained a large
number of errors (indels) in the coding regions and probably also in
the noncoding regions of all three genes. Due to this fact and the
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Fig. 1. Multilocus phylogeny of Aspergillus series Nigri based on three loci (benA, CaM, RPB2) and 276 isolates (and four A. carbonarius isolates as an
outgroup). The best-scoring maximum likelihood (ML) tree inferred in the IQ-TREE is shown; ultrafast bootstrap support values (ML bs) are appended to
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S

/99/*

LF

96/-/*

98/-/-

/o8/*

82/*

98/

96/84/-

90/*

97/*
99/74/0.97 /86/0.97

-/-*

98/97/0.95

*97/*

/82/0.96

NRRL 67
NRRL 4849
NRRL 346
CBS 111.26

A. carbonarius (outgroup)

PPRI 26017
CBS 121618
IHEM 5185
PPRI 3388
NBRC 105650
IHEM 3797
IFM 66950
CBS 121619
NRRL 26650
NRRL 26652
CBS 101740
NRRL 26651
PPRI 3328
IHEM 23046
IHEM 23049
NRRL 35542
NBRC 9455
IHEM 23047
IHEM 3766
IFM 6695
IHEM 26351
CBS 113365
- . CBS 55365
costaricensis CBS 115574

R o SDBR-CMUI5
chiangmaiensis SDBR-CMUI4
neoniger CBS 115656

IHEM 23909

IHEM 22394
CBS 122712
SDBR-CMU20
SDBR-CMUO2
SDBR-CMUO8
IHEM 26285
IHEM 25486
IFO 4308
RIB 2601
NRRL 4750
CBS 205.80
IHEM 23904
CBS 112811
IHEM 5316
PPRI 9197
PPRI 13230
PPRI 13091
PPRI 8983
IHEM 25327
IHEM 21971
SDBR-CMUII
SDBR-CMUI7
IFM 57258
PPRI 8733
PPRI 8683
IHEM 21602
IHEM 21593
IHEM 21590
IHEM 21597
IHEM 22375
IHEM 22376
IHEM 21599
PPRI 21345
PPRI 21347
PPRI 21344
IHEM 18106
IHEM 18136
IHEM 2463
IHEM 18042
IHEM 18205
IHEM 18329
IHEM 21606
IHEM 21607
IHEM 21592
IHEM 18097
PPRI 25991
IHEM 4379
IHEM 26350
IHEM 23971
IHEM 1941
IHEM 13662
IHEM 25949
IHEM 25487
IHEM 10349
IHEM 26163
IFM 55763
JHEM 23911
IFM 54640
IHEM 24447

99/72/*

vadensis

>

eucalypticola
A. pseudotubingensis

A. luchuensis
A. piperis

A. pseudopiperis

o)

|

PPRI 6720
IHEM 21601
PPRI 7393
IHEM 5802
IHEM 22772
CBS 134.48
CBS 133056
IHEM 25773
IHEM 5615
IFM 61612
IHEM 25777
IHEM 16879
NRRL 4851
IHEM 26291
IFM 56815
IHEM 23886
IHEM 26645
IHEM 26661
IFM 57143
IHEM 23890
PW3l6l
IHEM 23900
IHEM 23985
IHEM 17033
IHEM 26622
IHEM 26200
IHEM 17168
IHEM 17439
IHEM 17441
IHEM 17440
IHEM 17903
IHEM 26215
IHEM 17442
IHEM 17904
IHEM 17893
IHEM 22370
IHEM 17170

A. tubingensis

\\‘i

(9]

EO

tree (see legend). Alignment characteristics, partitioning schemes and substitution models are listed in Supplementary Table S1.

108

(7))

uB



MOLECULAR TAXONOMY OF ASPERGILLUS SERIES NIGRI

o
m
(o}
%)
c
o

99/98/0.97 IHEM 3019
98/89, IHEM 17902
IHEM 22373
97/77/0.97 IEEM 22223

IFM 63604
IFM 63326
-/78/O.ﬂ|: IHEM 18351
DTO 267-13

A. vinaceus ITAL 47.456

IHEM 18080
o ITAL 49.577

581292

551175

ITAL 66.1929

ITAL 621583

ITAL 48.545
) 49580

ITAL 571243

—

9/98/0.98

A. niger lineage o
- E
99/97/*

o

IHEM 9709
IHEM 5296
IHEM 25482
IHEM 24459
IHEM 6126
IHEM 23907
IHEM 4023
. IHEM 21604
A. niger cBs 554.65
IHEM 17892
IHEM 5622
o IHEM 9673
IHEM 6147
PPRI 3640
IHEM 23979
IHEM 5844
PPRI 18719
. IHEM 5788
A. lacticoffeatus &BS 101883

0.01

S
w
HASID
RESS]

GEOGRAPHY 1REm 21605

- IHEM 2312

s Europe IHEM 18069
I Asia
I N. America i
[ S, America

1 .2
I Africa B 1y some

Australia PPRI 26014
[ ] unknown o
27
26
102.2706

IHEM 4063
98/75/- | — IHEM 24707

SUBSTRATE
=
L . /-/0.95 /- IHEM 6727
B clinical / hospital IHEM 21697

2334
2315

PPRI 9362
food / feed IHEM 23895
/ 99/82/* IHEM 26623
mmmmm plant material b IEM 53578
IHEM 20620
B 16158
. soil Y90/ 53795
g0k
other 488>
© | unknown gess.
714
IHEM 23642
670
361
17179
|FM 50267
IFM 63309
PPRI 4966
IHEM 23913
IHEM 3090
15477
IHEM 24767

IHEM 3710
IHEM 25484

ML bs/MP bs/BI pp

A. carbonarius (outgroup) IHEM 4781

e o IHEM 23965

A. brasiliensis IHEM 2214

lineage IHEM 22432

— PPRI 13255
16285

A. tubing 716
lineage 15580

PPRI 23385
IFM 62618
IHEM 18678
77777777777777777777777 \ IHEM 23644
IHEM 15980

IHEM 22374
IHEM 25340
IFM 60653

|
|
|
|
!
|
!
s | IHEM 22377
A. n’ger : IHEM 24328
lineage !
|
|
|
|
|
|

IHEM 22379
IHEM 23892
i
A. welwitschiae cBs139.54

Fig. 1. (Continued).

@ wevre www.studiesinmycology.org 109



BiaN ET AL.

absence of genomic sequences, we excluded these species from
most analyses. However, we manually corrected some apparent
errors in the exonic regions (partially revised sequences can be
found in the alignments deposited in the Dryad digital repository:
https://doi.org/10.5061/dryad.866t1g1td) and added these species
to the classical phylogenetic trees based on the ML, MP and BI
methods. In these phylogenies, the positions of A. chiangmaiensis
and A. pseudotubingensis differ significantly from the tree
presented by Khuna et al. (2021). The combined phylogeny without
these species is shown in Supplementary Fig. S1.

The bootstrap support values in the combined trees (Fig. 1
and Supplementary Fig. S1) are high on many terminal branches
in ATL, and the majority of the currently accepted species form
their own well-supported terminal clades. On the other hand, some
deeper nodes are poorly supported and the relationships among
the species in ATL are mostly unresolved. If only the monophyly
and statistical support of branches in these combined phylogenetic
trees were considered, all currently recognized species in ATL could
be accepted. Bootstrap values in the trees based on concatenated
datasets are, however, often falsely high and are not a suitable
criterion for deciding about species limits (Kubatko & Degnan 2007,
Seo 2008). The boundaries between currently accepted species
in ANL are much less clear, as there are several poorly supported
clades in the proximity of A. vinaceus, A. niger and A. welwitschiae
whose species identification is unclear.

The geography and substrate of isolation showed no clear
patterns that could be associated with particular species, although
clinical isolates from European countries (mostly strains from
the study of D’hooge et al. (2019)) were overrepresented in the
clade containing the A. tubingensis ex-type strain CBS 133056,
while isolates from food and South America were more common
throughout ANL (strains predominantly from Silva et al. (2020)).

Incongruences between single gene trees:
consequences for the GCPSR approach and BLAST
similarity searches

Single-gene trees based on benA, CaM and RPB2 loci are shown
in Fig. 2 and Supplementary Fig. S2 (only one isolate per unique
multilocus haplotype was included). The coloured connecting lines
show changes in the positions of isolates between single-gene
trees (Fig. 2); the branches were rotated so that the trees maximally
correspond to each other; the trees without connecting lines are
shown in Supplementary Fig. S2. There was no conflict in topology
among the three main lineages, i.e., there was no isolate changing
position between ABL, ANL and ATL in different single-gene trees.
When applying the rules of the GCPSR approach in ABL and ANL,
only one phylogenetic species (PS) can be recognized in each
lineage because the composition of their subclades is variable in
terms of the isolates resolved in them, while the statistical support
of the subclades is low or unstable between phylogenies. A more
complicated situation is present in the ATL, where some clades can
be recognized as evolutionary lineages, as they are well supported
in at least two phylogenetic trees. For example, the clade containing
the two strains of A. vadensis (CBS 113365 and IHEM 26351) was
present and supported in all phylogenies, while the clade containing
seven strains attributed to A. luchuensis/A. piperis was present
and supported in the benA and CaM trees. The singleton lineage
containing the ex-type of A. eucalypticola (CBS 122712) was also
present in all trees, but it cannot be evaluated by the GCPSR
criteria as there are no isolates clustering with this strain. Although
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the abovementioned evolutionary lineages were recognized by the
grouping criteria, they cannot be recognized as PS because doing
so would have resulted in a situation where other strains belonging
to the ATL and forming several nonmonophyletic clades in the
combined tree (Fig. 1) could not be assigned to any phylogenetic
species and were left unclassified. As a result, applying GCPSR
criteria in the ATL would also lead to the recognition of only one
phylogenetic species.

To show the practical consequences of the incongruences
between single-gene datasets, we created a local BLAST database
containing sequences of benA, CaM and RPB2 of the ex-type
strains belonging to the series Nigri. Then, we performed BLAST
searches for all sequences of these genes against this database
(only one isolate per unique multilocus haplotype was used) in
Geneious PRIME v. 2020.2.4 (https://lwww.geneious.com). The
results of the BLAST searches and the closest similarities to the ex-
type strains are presented in Fig. 3. It is apparent that sequences
of different genes from the same strain frequently resulted in
the closest sequence similarities with ex-type strains of different
species and thus resulted in variable species identifications. This
phenomenon does not involve A. brasiliensis.

In the ANL, different species identifications commonly resulted
for different loci, which was observed in 21 out of 53 haplotypes
(39.6 %). In seven haplotypes (13 %; CBS 117.80, IFM 63326, IFM
63604, IHEM 6350, 148.727, 2.8 and 102.2706), the three BLAST
searches resulted in three different identifications, i.e., A. niger, A.
vinaceus and A. welwitschiae. This demonstrates that there are
phylogenetic conflicts throughout the entire clade and that there
is no barcode gap for these species at any of these loci. These
incongruences are also visible in the single-gene phylogenetic
trees shown in (Fig. 2, Supplementary Fig. S2).

In ATL, unstable identification based on different genes was
less prevalent than in ANL, but was still present in 14 out of 54
haplotypes (24 %). It occurred mostly between A. tubingensis, A.
costaricensis, A. neoniger, A. pseudopiperis, A. luchuensis and A.
piperis. Four haplotypes (7 %; IHEM 23904, IHEM 25327, IHEM
21971 and IFM 57258) were identified as a different species for
each gene region. This phenomenon also has its basis in the
single-gene tree incongruences (Fig. 2, Supplementary Fig. S2).

Phylogenomic tree

In Fig. 4, the topology of the phylogenomic tree was compared
to the topology of the three-locus ML tree (alignment reduced to
unique multilocus haplotypes; A. chiangmaiensis, A. pseudopiperis
and A. pseudotubingensis were excluded; list of haplotypes in
Supplementary Table S5) and to the topology of the species tree
constructed in starBEAST. The phylogenomic tree was based
on 5 752 protein orthologues extracted from 30 whole-genome
sequences of series Nigriand one sequence of A. carbonarius as an
outgroup. Nine out of 18 newly sequenced genomes (Supplementary
Table S3; designated by bold print in Fig. 4) belonged to ANL, six
to ATL and three to ABL. Aimost all clades in the phylogenomic
tree gained full statistical support, in contrast to the trees based on
the benA, CaM and RPB2 loci. The topologies among the different
analyses were mostly congruent, but several incongruences were
observed (most of them were present at unresolved nodes with
low statistical support). For example, A. vadensis was resolved
as a separate branch sister to all other species in the ATL in the
phylogenomic and species tree but clustered with A. costaricensis
and A. neoniger with a high support of 95 % in the ML tree. In the
phylogenomic and species tree, A. neoniger and A. costaricensis
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Fig. 2. Comparison of single-gene genealogies based on the benA, CaM and RPB2 loci and created by three different phylogenetic methods (only one isolate
per unique multilocus haplotype is included in each phylogeny). The coloured connecting lines show changes in the positions of isolates between single-gene
trees (the branches were rotated so that the trees maximally correspond to each other). Best-scoring single-locus maximum likelihood (ML) trees are shown;
ML ultrafast bootstrap support values (ML bs), maximum parsimony bootstrap support values (MP bs) and Bayesian inference posterior probabilities (BI
pp) are appended to nodes. Only support values =95 %, =70 % and =0.95, respectively, are shown. A dash indicates lower statistical support for a specific
node, or the absence of a node in the phylogeny, while an asterisk indicates full support. The ex-type strains are designated with a bold print. Alignment
characteristics, partitioning schemes and substitution models are listed in Supplementary Table S1.
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Fig. 4. Comparison of topologies of phylogenetic trees constructed on the basis of different methods and data. Incongruences between phylogenies are
designated with red circles. Maximum likelihood (ML) tree constructed based on the 5 752 orthologous proteins extracted from the 31 whole genome
sequences (WGS; Supplementary Table S3) (left side); ML tree based on benA, CaM and RPB2 loci estimated in IQ-TREE (top right); species tree based
on benA, CaM and RPB2 loci estimated in starBEAST (bottom right); the last two mentioned trees were constructed from combined three-gene alignments
reduced to unique multilocus haplotypes (Table S5), and A. chiangmaiensis, A. pseudopiperis and A. pseudotubingensis were excluded. The most significant
differences can be observed in the positions of A. neoniger, A. costaricensis and A. eucalypticola. Bootstrap support values or posterior probabilities are
appended to the nodes, the support values equal to 100 % and 1.00, respectively, are designated with an asterisk; the ex-type strains are designated with
the letter “T". Isolates for which whole genomic sequences were generated in this study are designated with a bold print; mating-type gene idiomorphs are
plotted on the tree based on the WGS data.
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clustered with A. tubingensis isolates, in contrast to the ML tree,
where they clustered distantly from the latter. Last, A. eucalypticola
clusters with A. luchuensis and A. piperis in the phylogenomic tree,
while in ML and species trees, it formed a long separate branch.

Both MAT1-2-1 and MAT1-1-1 mating-type gene idiomorphs
were found in the genomes of strains belonging to the ANL and
ATL, while only the MAT1-2-1 idiomorph was found in the A.
brasiliensis strains (Fig. 4).

Multispecies coalescent model-based

methods

(MSC)

The results of the species delimitation using four single-locus
species delimitation methods (GMYC, bGMYC, PTP and bPTP) and
one multilocus method, STACEY, are summarised in Fig. 5. For the
GMYC and STACEY methods, we showed the results of two different
settings, as they differed in the number of delimited species.

All methods and their settings delimited the entire ANL as
a single species without any exception. The method STACEY
and all single-locus methods except for three delimited only one
species in the A. brasiliensis lineage. Three methods (GMYC with
a common ancestor height (CAh) setting; bPTP based on benA,
and bPTP based on CaM) recognized isolate PPRI 26017 as a
singleton species separated from A. brasiliensis. All single-locus
methods except for two unequivocally proposed that ATL should
be considered a single broad species. The first exception was the
GMYC method based on benA with a CAh setting that divided the
ATL into three species: A. vadensis and another two species that
are not monophyletic in any multigene phylogeny that are shown in
Figs 1 and 3. The second was the bPTP method based on CaM,
which divided ATL into eight species corresponding to A. vadensis,
A. eucalypticola, A. tubingensis, a species comprising both A.
piperis and A. luchuensis, and four additional species whose
delimitation has no support in the multigene phylogeny as they are
not monophyletic (Figs 1 and 3).

The multilocus method STACEY was performed using two
different datasets. The first dataset contained unique multilocus
haplotypes from the Nigri series and the second dataset was
supplemented with eight additional species outside the Nigri
series. The results of both analyses were identical and supported
the delimitation of one or four species in the ATL depending on the
value of the collapseheight parameter. Detailed results of STACEY
based on the second dataset are presented in Fig. 6, where
subfigure A illustrates the effect of the collapseheight parameter
value on the number of delimited species. On the y-axis on the
left side, there is the number of delimited species with the given
collapseheight value (black line). The support for the most likely
scenario (yellow line), and the support for the second most likely
scenario (blue line) are shown; other less supported scenarios
were omitted. The vertical dashed lines in subfigure A represent
the scenarios illustrated in detail in Fig. 6B and Fig. 6C in the form
of similarity matrices showing posterior probabilities of each pair of
isolates being included in the same species. There are three main
scenarios that gained reasonable support and which delimited 15
(collapseheight = ~0.004-0.006), 14 (collapseheight = ~0.006-
0.008) and 11 species (collapseheight = ~0.009 and higher) (Fig.
6), corresponding to 3 or 7 species in the series Nigri. In all three
scenarios, the ANL and ABL were always resolved as single
species. At collapseheight of ~0.005, four species were delimited
in the ATL: (1) A. costaricensis + A. neoniger + A. tubingensis; (2)
A. luchuensis + A. piperis; (3) A. eucalypticola; and (4) A. vadensis.
When the collapseheight increases and reaches values in the

14

range 0.006-0.008, the support for the delimitation of multiple
species in the ATL decreases, but four species are still supported
and not lumped together. The only difference in the scenario with
14 species compared to that with 15 species is outside series
Nigri, namely, A. aculeatus is delimited as one or two species,
respectively. In the scenario with 11 species and a collapseheight of
approximately 0.009 and higher, the whole A. tubingensis lineage is
delimited as a single species.

Species delimitation using DELINEATE

The species hypotheses were independently tested in DELINEATE
software, where we set up 10 different models. These models
were divided into three categories based on the broadness of the
fixed species predefined within the ANL and ATL: narrow (Models
1-4), medium (Models 5-7) and broad (Models 8-10). The results
are summarised in Fig. 7, where every column represents one
model with individual populations either assigned into species
(grey bars = predefined species), or left unassigned and free to be
delimited (brown bars). The red frames show the resulting solution
proposed by DELINEATE for every model, i.e., an unassigned
population either recognized as a separate species, merged with
other unassigned population(s), or merged with some predefined
species.

Models 1, 5 and 8 focused on delimitation within the ABL,
where four populations were recognized by BPP software. In all
three models, these populations were left unassigned, and they
were always lumped to form a single broad species regardless of
whether the species in the ANL and ATL were predefined as narrow
or broad.

Models 2, 6 and 9 focused on the ANL, in which all populations
were left free to be delimited, while the populations of the ATL
were segregated into eight narrow species (Model 2), four broader
species (Model 6) and one broad species (Model 10). In all of these
settings, the ANL was always recognized as a single broad species
regardless of the species number and species limits in the ATL.

More variable delimitation results were obtained in the ATL.
Models 3 and 4 simulated situations where A. niger populations
(pop1 to pop8) were segregated into four and six species,
respectively. In these cases, the ATL populations (pop1 to pop13)
were arranged into four species as follows: (1) A. piperis + A.
luchuensis; (2) A. tubingensis + A. costaricensis + A. neoniger;
(3) A. eucalypticola; and (4) A. vadensis. In Models 7 and 10,
the populations of the ANL were predefined into two and single
species, respectively. In both cases, the ATL was delimited as a
single species.

STACEY analysis using genomic data

To analyse species limits using MSC methods on the genome
scale, we randomly selected 200 single-copy orthologous genes
from the genomes. The alignments of these genes were randomly
distributed into ten datasets each containing 20 genes that were
analysed separately (Supplementary Table S4). The results are
summarized in Fig. 8. The upper part of the figure shows the course
of each analysis using different colours and the dependence of the
delimitation results on the changing value of the collapseheight
parameter. For every analysis, there are two curves, the first
representing the number of delimited species (left y-axis) and
the second representing the probability of the most likely species
delimitation scenario at a specific collapseheight value (ranging
from 0 to 1, right y-axis).
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Fig. 5. Schematic representation of the results of species delimitation methods in the series Nigri. One multilocus method (STACEY) and four single-locus
methods (GMYC, bGMYC, PTP, bPTP) were applied to a dataset of three loci (benA, CaM, RPB2). The results are depicted by coloured bars with different
colours or shades indicating species delimited by specific methods and settings. Ex-type isolates are highlighted with a bold print. The STACEY results with
two collapseheight parameter values, 0.005 and 0.0095, are shown. For the GMYC method, the coalescent constant population tree model was used as an
input with both common ancestor heights (CAh) and median height (Mh) settings (both settings are only shown when they produced different delimitation
results). The phylogenetic tree was calculated by STACEY analysis and is used solely for the comprehensive presentation of the results from different
methods.
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Fig. 6. The results of species delimitation by using the STACEY method based on the three loci: benA, CaM and RPB2. (A) Dependence of the delimitation
results on the collapseheight parameter. The black solid line represents the number of delimited species (left y-axis) depending on the changing value
of the collapseheight parameter (x-axis). The yellow line represents the probability (range from 0 to 1, right y-axis) of the most likely scenario at specific
collapseheight value. The blue line represents the probability of the second most probable scenario at a specific collapseheight value; curves representing
other less probable scenarios are omitted. Dashed vertical lines mark two values of the collapseheight parameter (0.005 and 0.0095) whose results are
shown in detail by similarity matrices in subfigures B and C. The similarity matrices give the posterior probability of every two isolates belonging to the same
multispecies coalescent cluster (tentative species). The darkest black shade corresponds to a posterior probability of 1, while the white colour is equal to 0.
Thicker horizontal and vertical lines in the similarity matrices delimit species or their populations that gained delimitation support in some scenarios.
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Fig. 7. Species delimitation using DELINEATE software. In total, ten models of species boundaries were set up and tested. The brown bars represent
unassigned populations left free to be delimited, while the grey bars represent the predefined species. The resulting solutions suggested by DELINEATE
are depicted by red frames around the bars. The populations were delimited by using BPP software; isolates belonging to each population are listed in
Supplementary Table S2. The displayed tree was calculated in starBEAST based on the benA, CaM and RPB2 loci and is only used for the comprehensive
presentation of the results from different models.
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Fig. 8. Species delimitation results from ten independent STACEY analyses, each based on 20 genes randomly selected from genomes of series Nigri
species (n = 30; plus one genome of A. carbonarius as the outgroup). The upper part of the figure shows the dependence of the delimitation results on
the changing value of the collapseheight parameter; each analysis is designated with a different colour. There are two curves for each analysis, the first
representing the number of delimited species (left y-axis) and the second representing the probability of the most likely species delimitation scenario at a
specific collapseheight value (ranging from 0 to 1, right y-axis). Every analysis proposed two to three taxonomic solutions having similar probabilities. In total,
there were four possible scenarios (A, B, C, D) differing in the number of delimited species within the A. tubingensis lineage (one to four species). These
delimitation results are schematically shown in the lower part of the figure. The list of genes used in every analysis can be found in Supplementary Table S4.
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Surprisingly, every analysis proposed two to three taxonomic
solutions having high probabilities (two to three major peaks).
There were four possible scenarios (A, B, C, D) resulting in 3-6
delimited species in the Nigri series. However, none of these
analyses supported the division of the ANL or ABL into more
species. Thus, all of these scenarios only differed in the number
of delimited species in the ATL, ranging from one to four delimited
species. These delimitation results are schematically shown in the
lower part of Fig. 8. All ten analyses supported the scenario with
four species: (1) A. costaricensis + A. neoniger + A. tubingensis; (2)
A. luchuensis + A. piperis; (3) A. eucalypticola; and (4) A. vadensis.
In addition, six analyses supported scenarios with three or two
species in the ATL, and only two analyses lumped all species into
one at high collapseheight values (Fig. 8).
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Intraspecific genetic diversity in Aspergillus and
series Nigri

To determine whether the intraspecific genetic variability in the
redefined species in the series Nigrifalls within the range commonly
found in Aspergillus, we made an intraspecific diversity comparison
across Aspergillus (basic data in Supplementary Table S6). We
downloaded sequences of the benA, CaM and RPB2 genes from
34 species outside section Nigri (fewer common markers, such as
Mcm?7, Tsr1 and Act, were available for only some species). The
criteria for inclusion were as follows: (1) species boundaries were
re-examined using MSC methods, and (2) the strains of the species
were obtained from at least three countries (sufficient sampling).
The results of the comparison (Fig. 9) showed that dissimilarites in
the common taxonomic markers were usually lower than 4 % except
in benA, where a higher degree of dissimilarity was found occasionally.
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Fig. 9. Jitter plot showing maximum sequence dissimilarity between isolates of the same Aspergillus species whose species limits have been delimited using
methods based on a multispecies coalescent model. Only species represented by isolates from at least three countries were included to ensure relevant
sampling and thus representative intraspecific genetic variability. In total, 34 species were included that were classified outside section Nigri. The data from
benA, CaM and RPB2 were collected from all 34 species, while less common markers (minichromosome maintenance factor 7 - Mcm?7, ribosome biogenesis
protein - Tsr1 and actin - Act) were available for only a limited number of species. Species belonging to the series Nigri are designated with coloured circles.
The basic data used for construction of the jitter plot are listed in the Supplementary Table S6.
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This was mainly caused by long intronic regions in benA. However,
the two highest dissimilarity values in benA belong to A. vitricola
(sect. Restricti) and A. subalbidus (sect. Candidi), which could
each be a complex of two species because the species delimitation
results were ambiguous (SklendF et al. 2017, Glassnerova et al.
2022). Thus, the real maximum sequence dissimilarity in benA may
be lower than that displayed in Fig. 9.

The intraspecific variability in the broadly defined A. niger
(corresponding to the whole ANL) and in A. brasiliensis falls
comfortably within the range frequently found in Aspergillus. The
intraspecific genetic diversity of the broadly defined A. tubingensis
in benA and CaM is higher than that commonly found in Aspergillus,
while the variability within the narrowly defined A. tubingensis
(excluding A. luchuensis/A. piperis, A. eucalypticola and A.
vadensis) is within the range common for Aspergillus (Fig. 9).

TAXONOMY

The following list contains the names of accepted species in the
series Nigri and their synonyms. lllegitimate and invalid names
are also included as some of them are still used in the applied
sphere. This list builds on previously published lists of accepted
species and their synonyms in section Nigri (Thom & Church 1926,
Thom & Raper 1945, Raper & Fennell 1965, Al-Musallam 1980,
Kozakiewicz 1989). Compared to previous lists, this list is primarily
based on available molecular data. If this data is missing, the
names are included in the sub-list of unresolved or doubtful names.

One of the main goals of this list is to point out that the
taxonomy of series Nigri is still unresolved and to stimulate further
research to resolve names for which original material is available
in the form of cultures or herbarium specimens. Some of these
names may still threaten the stability of the taxonomy of series
Nigri. Most importantly, some of the synonyms or unresolved
names compete for priority with economically significant species
such as A. tubingensis, A. luchuensis or even A. niger. Althoug A.
niger Tiegh. 1867 was conserved against Ustilago ficuum Reichard
1867 and Ustilago phoenicis Corda 1840 (Kozakiewicz et al. 1992),
it can still be predated by A. phaeocephalus Durieu & Mont. 1848
(no specimens available), A. nigrescens C.P. Robin 1853 (no
specimens available) and A. nanus Mont. 1856 whose type is
preserved in the Muséum National d’'Histoire Naturelle in France but
no DNA data are available. The situation is even more complicated
with A. tubingensis Mosseray 1934. This species is conspecific with
several older species names, such as A. pulverulentus (basionym
Sterigmatocystis pulverulenta McAlpine 1896), A. schiemanniae
Thom 1916, A. elatior Mosseray 1934, A. pseudoniger Mosseray
1934 and possibly some other species listed among unresolved
species. Aspergillus tubingensis is the most frequently used
name compared to other competing names and members of the
International Commission of Penicillium and Aspergillus (ICPA) are
thus currently in discussions about its possible conservation.

Accepted species and their synonyms in Aspergillus
section Nigri series Nigri

1. Aspergillus brasiliensis Varga, Frisvad & Samson, Int. J. Syst.
Evol. Microbiol. 57: 1929. 2007. MycoBank MB 510581. — Type:
CBS 101740. Ex-type: CBS 101740 = IMI 381727 = IBT 101740.
DNA barcodes: ITS = FJ629321; benA = FJ629272; CaM =
FN594543; RPB2 = EF661063.
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2. Aspergillus eucalypticola Varga, Frisvad & Samson, Stud.
Mycol. 69: 9. 2011. MycoBank MB 560387. — Type: CBS
H-20627. Ex-type: CBS 122712 = IBT 29274. DNA barcodes:
ITS = EU482439; benA = EU482435; CaM = EU482433; RPB2 =
MN969070.

3. Aspergillus luchuensis Inui, J. Coll. Sci. Imp. Univ. Tokyo 15:
469. 1901. MycoBank MB 151291. — Type: CBS H-24280. Ex-
type: CBS 205.80 = NBRC 4281 = KACC 46772 = IFM 47726 =RIB
2642. DNA barcodes: ITS = JX500081; henA = JX500062; CaM =
JX500071; RPB2 = MN969081.

Synonym: Aspergillus perniciosus Inui, J. Coll. Sci. Imp. Univ.
Tokyo 15: 473. 1901. [no MycoBank record]. Synonymized
by Hong et al. (2013). No living culture available.

Synonym: Aspergillus awamori Nakaz., Rep. Govt. Res. Inst.
Formosa: 1. 1907. [MycoBank MB 119955]. Synonymized
by Hong et al. (2014). Culture ex-type: JCM 2261 = |IAM
2112 = KACC 47234,

Synonym: Aspergillus velutinus Mosseray, La Cellule 43:
252. 1934. [MycoBank MB 255342]. The benA sequence
(FJ629283) derived from the ex-type strain CBS 139.48 (=
NRRL 4877 = CCM F-286 = VKM F-2084 = WB 4877) is
identical to the ex-type of A. luchuensis.

Synonym: Aspergillus aureus var. acidus Nakaz., Simo &
A. Watan., Bull. Agric. Chem. Soc. Japan 12: 960. 1936.
[MycoBank MB 493809]. Not validly published [Art. 39.1;
Turland et al. (2018)]. Synonymized by Hong et al. (2013).
Culture ex-type: NBRC 4121 = NRRL 4796 = CBS 564.65
= KACC 45131.

Synonym: Aspergillus aureus var. pallidus Nakaz., Simo &
A. Watan., Bull. Agric. Chem. Soc. Japan 12: 961. 1936.
[MycoBank MB 372388]. Not validly published [Art. 39.1;
Turland et al. (2018)]. Synonymized by Hong et al. (2014).
Culture ex-type: NBRC 4123 = NRRL 4797 = CBS 565.65
= KACC 47004,

Synonym: Aspergillus awamori var. piceus Nakaz., Simo &
A. Watan., Bull. Agric. Chem. Soc. Japan 12: 956. 1936.
[MycoBank MB 250923]. Not validly published [Art. 39.1;
Turland et al. (2018)]. Synonymized by Hong et al. (2013).
Representative strain: CBS 119.52 = NRRL 4846.

Synonym: Aspergillus kawachii Kitahara & Yoshida. J. Ferment.
Technol. 27. 1949. [No MycoBank record]. Not validly
published [Art. 39.1; Turland et al. (2018)]. Synonymized
by Hong et al. (2013). Culture ex-type: NBRC 4308 = CBS
117.80 = NRRL 4886 = KACC 46771. Hong et al. (2013)
and Ban et al. (2021) examined phylogenetic position of A.
kawachii based on strains KACC 46771 and NBRC 4308,
respectively. Their sequences are identical with the ex-type
of A. kawachii in contrast to the sequences from strain CBS
117.90 that belong to the ANL (Table 1). Our conclusion is
that the strain CBS 117.90 is contaminated with A. niger.

Synonym: Aspergillus citricus var. pallidus (Nakaz., Simo & A.
Watan.) Kozak., Mycol. Pap. 161: 114. 1989. [MycoBank
MB 127748]. Not validly published — basionym A. aureus
var. pallidus Nakaz., Simo & A. Watan. is not a validly
published [Art. 41.5; Turland et al. (2018)].

Synonym: Aspergillus inuii Sakag., lizuka & M. Yamaz., J. Agric.
Chem. Soc. Japan 3: 97. 1950. [Mycobank MB 309227].
Not validly published [Art. 39.1; Turland et al. (2018)].
Synonymized by Hong et al. (2014). Culture ex-type: JCM
22302 = IAM 2255 = CBS 125.52 = KACC 47235.

Synonym: Aspergillus nakazawae [as nakazawai] Sakag.,
lizuka & M. Yamaz., J. Agric. Chem. Soc. Japan 4: 3.



1950. [Mycobank MB 309232]. Not validly published [Art.
39.1; Turland et al. (2018)]. Synonymized by Hong et al.
(2014). Culture ex-type: NRRL 4750 = CBS 128.52 =
KACC 47005.

Synonym: Aspergillus foetidus var. acidus (Nakaz., Simo &
A. Watan.) Raper & Fennell, The Genus Aspergillus: 326.
1965. [MycoBank MB 353273]. Synonymized by Hong et
al. (2013). Not validly published — basionym A. aureus var.
acidus Nakaz., Simo & A. Watan. is not a validly published
name [Art. 41.5; Turland et al. (2018)].

Synonym: Aspergillus foetidus var. pallidus (Nakaz., Simo &
A. Watan.) Raper & Fennell, The Genus Aspergillus: 325.
1965. [MycoBank MB 353274]. Synonymized by Hong et
al. (2014). Not validly published — basionym A. aureus var.
pallidus Nakaz., Simo & A. Watan. is not a validly published
name [Art. 41.5; Turland et al. (2018)].

Synonym:  Aspergillus niger var. awamori (Nakaz.) Al-
Musallam, Revision of the black Aspergillus species: 60.
1980. Doctoral diss., Rijksuniversiteit Utrecht, Netherlands.
[MycoBank MB 118405]. Hong et al. (2014) showed that
the ex-type strain NRRL 4948 (= CBS 557.65 = KACC
46996 = ATCC 16877) is closely related to the ex-type of A.
welwitschiae (ANL) and is synonymized here with A. niger.

Synonym: Aspergillus acidus Kozak., Mycol. Pap. 161: 110.
1989. [MycoBank MB 127765]. Synonymized by Hong et
al. (2013). Culture ex-type: KACC 45131 = CBS 564.65 =
ATCC 16874 = NBRC 4121 = IMI 104688 = NRRL 4796.

Synonym: Aspergillus coreanus Yu T.S. et al., J. Microbiol.
Biotechnol. 14:182.2004. [No Mycobank record]. lllegitimate
name [Art. 54.1; Turland et al. (2018)] and nomen nudum.
Synonymized by Hong et al. (2013). Authentic strain: KACC
41731 = CBS 119384.

Synonym: Aspergillus piperis Samson & Frisvad, Stud. Mycol.
50: 57. 2004. [MycoBank MB 500009]. Synonymized in this
study.

Synonym: Aspergillus luchuensis mut. kawachii (Kitahara &
Yoshida) S.B. Hong, O. Yamada & R.A. Samson, Appl.
Microbiol. Biotechnol. 98: 560. 2014. [No Mycobank record].
Not validly published: basionym was not validly published
[Art. 41.5; Turland et al. (2018)] and protologue does not
include citation of the identifier issued for the name by a
recognized electronic repository, e.g. MycoBank [Art. F.5.1;
Turland et al. (2018)].

4, Aspergillus niger Tiegh., Ann. Sci. Nat., Bot. ser. 5, 8: 240. 1867.
MycoBank MB 284309. Nomen conservandum taking precedence
over Ustilago phoenicis Corda and Ustilago ficuum Reichard which
were published earlier (Kozakiewicz et al. (1992). — Type: CBS
554.65. Ex-type: CBS 554.65 = NRRL 326 = ATCC 16888 = IFO
33023 = IHEM 3415 = IMI 050566ii = IMI 50566 = JCM 10254 =
QM 9270 = QM 9946 = Thom 2766 = WB 326. DNA barcodes:
ITS = EF661186; BenA = EF661089; CaM = EF661154; RPB2 =
EF661058.

Synonym: Ustilago ficuum Reichardt, Verh. Zool.-Bot. Ges.
Wien 17: 335. 1867. [MycoBank MB 187740]. Nomen
rejiciendum, rejected name in favour of A. niger Tiegh. — see
Kozakiewicz et al. (1992). The ex-type strain IHEM 3710 (=
WB 364 = NRRL 364 = IMI 91881 = CBS 555.65 = ATCC
16882) derived from the type IMI 91881 (Kozakiewicz et al.
1992) is located in the ANL (Fig. 1).

Synonym: Eurotium nigrum (Tiegh.) de Bary, Beitrage zur
Morphologie und Physiologie der Pilze: 21. 1870. [No
MycoBank record]. Basionym: A. niger Tiegh.
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Synonym: Sterigmatocystis nigra (Tiegh.) Tiegh., Bull. Soc. Bot.
France 24: 102. 1877. [MycoBank MB 231646)]. Basionym:
A. niger Tiegh.

Synonym: Ustilago welwitschiae Bres. in Sacc, Bol. Soc. Brot.
11: 68. 1893. [MycoBank MB 176748]. Synonymized in this
study.

Sterigmatocystis ficuum (Reichardt) Henn., Hedwigia 34:
86. 1895. [MycoBank MB 100573]. See Ustilago ficuum
Reichardt (basionym).

Synonym:  Sterigmatocystis welwitschiae (Bres.) Henn. in
H. Baum, Kunene-Zambesi Expedit., Berlin: 168. 1903.
[MycoBank MB 233714]. See Ustilago welwitschiae Bres.
in Sacc. (basionym).

Synonym: Aspergillus batatas [as batatae] Saito, Zentralbl.
Bakteriol. Parasitenkn. Abt. Il, 18: 34. 1907. [MycoBank MB
214829]. Synonymized by Hong et al. (2014). Culture ex-
type: NRRL 4785 = CBS 115.34 = NBRC 4034 = KACC
46995.

Synonym: Aspergillus welwitschiae (Bres.) Henn. in Wehmer,
Zentrbl. Bakteriol. ParasitK. Abt. I, 18: 294. 1907.
[MycoBank MB 490584]. See Ustilago welwitschiae Bres.
in Sacc. (basionym).

Synonym: Aspergillopsis nigra (Tiegh.) Speg., Anales Mus.
Nac. Hist. Nat. Buenos Aires, ser. 3, 13: 435. 1911.
[MycoBank MB 210007]. Basionym: A. niger Tiegh.

Synonym: Rhopalocystis nigra (Tiegh.) Grove, J. Econ. Biol.
6: 41. 1911. [MycoBank MB 432029]. Basionym: A. niger
Tiegh.

Synonym: Aspergillus niger var. altipes E. Schiemann, Z.
Indukt. Abstamm. Vererbungsl. 8: 1-35. 1912. [Mycobank
MB 493817]. This variety belongs to the ANL based on
the ITS sequence (MH854603) derived from the ex-type
strain CBS 102.12 (= ATCC 10549 = IBT 19348 = IBT
26343 = IFO 4067 = MUCL 13608 = NRRL 4863 = WB
4863).

Synonym: Sterigmatocystis batatas [as batatae] (Saito) Sacc.
Syll. Fung. 22: 1261. 1913. [MycoBank MB 209678]. See A.
batatas Saito (basionym).

Synonym: Aspergillus aureus Nakazawa, Rep. Govt. Res.
Inst. Formosa 4: 215-222. 1915. [No MycoBank record)].
Synonymized by Hong et al. (2014). Culture ex-type: CBS
121.28 = NRRL 4784 = NBRC 4031 = RIB 2014 = KACC
47003 = [FO 4031 = IMI 104687 = WB 4784. lllegitimate
name [Art. 54.1; Turland et al. (2018)]. Not A. aureus Berk.
1836 [MycoBank MB 214770)].

Synonym: Aspergillus ficuum (Reichardt) Thom & Currie, J.
Agric. Res. 7: 12. 1916. [MycoBank MB 101909]. See
Ustilago ficuum Reichardt (basionym).

Synonym: Aspergillus citricus Mosseray, Ann. Univ. Sci. Budap.
Rolando Eotvos Nominatae Biol. 43: 262. 1934. [MycoBank
MB 251457]. Synonymized by Frisvad et al. (2011) and
Houbraken et al. (2014). The genotype of the ex-type strain
IHEM 5622 (= CBS 126.48 = WB 337 = NRRL 337 =NCTC
1692 = MUCL 28130 = IMI 15954 = [FO 6428 = DSM 734
= CCRC 30206 = ATCC 10254) is identical to the ex-type
strains of A. niger (Fig. 1).

Synonym: Aspergillus bainieri Mosseray, Ann. Soc. Sci. Brux.
54: 79. 1934. [No MycoBank record]. The description is
based on the same strain like A. longobasidia Bainier ex
Mosseray (CBS 121.48).

Synonym: Aspergillus longobasidia Bainier ex Mosseray, La
Cellule 43: 227. 1934. [MycoBank MB 253086]. The ex-
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type strain CBS 121.48 (= NRRL 4857) belongs to the ANL
(Hong et al. 2013).

Synonym: Aspergillus pseudocitricus Mosseray, La Cellule
43: 228. 1934. [Mycobank MB 254148]. The ex-type strain
CBS 127.48 (= NRRL 4869) can be identified as A. niger
based on benA (Hong et al. 2013).

Synonym: Aspergillus niger mut. fusca Blochwitz, Ann. Mycol.
32: 87. [No MycoBank record]. The ex-type strain CBS
113.33 (= NRRL 4864 = ATCC 10548 = WB 4864) can be
identified as A. niger based on benA (Hong et al. 2013).

Synonym: Aspergillus hennebergii Blochwitz, Ann. Mycol. 33:
238. 1935. [MycoBank MB 266969]. Not validly published
[Art. 39.1; Turland et al. (2018)]. The ex-type strain CBS
118.35 (= NRRL 4883 = CECT 2801 = QM 9704 = WB 4883
= VKM F-4392) can be identified as A. niger based on benA
(Hong et al. 2013).

Synonym: Aspergillus aureus var. brevior [as brevius] Nakaz.,
Simo & A. Watan. Bull. Agric. Chem. Soc. Japan 12: 962.
1936. [MycoBank MB 493810]. Not validly published [Art.
39.1; Turland et al. (2018)]. The representative strain CBS
113.52 (= WB 4841) can be identified as A. niger based on
benA (Hong et al. 2013).

Synonym: Aspergillus awamori var. fuscus Nakaz., Simo &
A. Watan., Bull. Agric. Chem. Soc. Japan 12: 959. 1936.
[MycoBank MB 250921]. Not validly published [Art. 39.1;
Turland et al. (2018)]. Synonymized by Hong et al. (2013,
2014). Representative strain: CBS 117.52 = NRRL 4844 =
WB 4844.

Synonym: Aspergillus awamori var. minimus Nakaz., Simo &
A. Watan., Bull. Agric. Chem. Soc. Japan 12: 955. 1936.
[MycoBank MB 250922]. Not validly published [Art. 39.1;
Turland et al. (2018)]. Synonymized by Hong et al. (2013).
Representative strain: CBS 118.52 [the whole-genome
sequence was generated by Seekles et al. (2022)].

Synonym: Aspergillus miyakoensis Nakaz., Simo & A. Watan.,
Bull. Agric. Chem. Soc. Japan 12: 963. 1936. [MycoBank
MB 253392]. Not validly published [Art. 39.1; Turland et al.
(2018)]. Synonymized by Hong et al. (2014). Culture ex-
type: NRRL 4859 = CBS 117.51 = KACC 46998.

Synonym: Aspergillus pyri W.H. English, Res. Stud. State
Coll. Wash. 8: 127. 1940. [MycoBank MB 453796]. Nomen
nudum. Subsequent work by English led to recognition of
the name as a synonym of A. niger and withdrawal of the
name (Thom & Raper 1945, Raper & Fennell 1945).

Synonym: Aspergillus foetidus Thom & Raper, A manual
of the Aspergilli: 219. 1945. [Mycobank MB 284300].
Synonymized by Varga et al. (2011). Culture ex-type: CBS
121.28 = NRRL 4784 = NBRC 4031 = RIB 2014 = KACC
47003 = IFO 4031 = IMI 104687 = WB 4784.

Synonym: Aspergillus usamii Sakag., lizuka & M. Yamaz., J.
Appl. Mycol. Japan 4: 1. 1950. [No MycoBank record]. Not
validly published [Art. 39.1; Turland et al. (2018)]. Validly
published later — see A. usamii Sakag., lizuka & M. Yamaz.
ex lizuka & K. Sugiy.

Synonym:  Aspergillus usamii mut. shirousamii lizuka &
Yamaguchi. J. Gen. Appl. Microbiol. 1: 194-200. 1954. [No
MycoBank record]. Not validly described. Synonymized by
Hong et al. (2014). Culture ex-type: NRRL 4889 = KACC
47001.

Synonym: Aspergillus usamii Sakag., lizuka & M. Yamaz. ex
lizuka & K. Sugiy., J. Jap. Bot.: 232. 1965. [MycoBank MB
326664]. Synonymized by Yamada et al. (2011) and Hong

et al. (2014). Culture ex-type: CBS 139.52 = NRRL 4760
= ATCC 11364 = ATCC 14331 = NBRC 4388 = RIB 2602
= |AM 2185 = KACC 47000 = IFO 4388 = QM 8164 = WB
4760.

Synonym: Aspergillus niger f. hennebergii Blochwitz ex Al-
Musallam, Revision of the black Aspergillus species: 68.
1980. Doctoral diss., Rijksuniversiteit Utrecht, Netherlands.
[MycoBank MB 118404]. See A. hennebergii Blochwitz
(basionym).

Synonym: Aspergillus niger var. usamii (Sakag., lizuka & M.
Yamaz. ex lizuka & K. Sugiy.) Al-Musallam, Revision of
the black Aspergillus species: 64. 1980. Doctoral diss.,
Rijksuniversiteit Utrecht, Netherlands. [MycoBank MB
118400]. See A. usamii Sakag., lizuka & M. Yamaz. ex
lizuka & K. Sugiy. (basionym).

Synonym: Aspergillus niger var. ficuum (Reichardt) Kozak.,
Mycol. Pap. 161: 112. 1989. [MycoBank MB 127745]. See
Ustilago ficuum Reichardt (basionym).

Synonym: Aspergillus lacticoffeatus Frisvad & Samson, Stud.
Mycol. 50: 52. 2004. [Mycobank MB 500008]. Synonymized
by Varga et al. (2011) and confirmed in this study.

Synonym: Aspergillus vinaceus Ferranti et al., J. Fungi 6: 371
- p14. 2020. [MycoBank MB 833399]. Synonymized in this
study.

5. Aspergillus tubingensis Mosseray, La Cellule 43: 245. 1934.
[MycoBank MB 255209]. — Type: CBS H-24288. Ex-type: NRRL
4875 = CBS 133056 = QM 8904 = WB 4875. DNA barcodes:
ITS = EF661193; benA = EF661086; CaM = EF661151; RPB2 =
EF661055.

Synonym:  Sterigmatocystis pulverulenta McAlpine, Agric.
Gaz. N.S.W., Sydney 7: 302. 1896 (1897). [MycoBank MB
194998]. Synonymized by Houbraken et al. (2014). The
ex-type strain IHEM 5615 (= CBS 558.65 = CBS 115.48
= MUCL 13592 = MUCL 15630 = NRRL 4851 = WB 4851
= IMI 211396 = ATCC 16879) is close to the ex-type of A.
tubingensis (Fig. 1).

Synonym:  Aspergillus - pulverulentus (McAlpine) Wehmer,
Zentralbl. Bakteriol. Parasitenkd., Abt. Il, 18: 394. 1907.
[MycoBank MB 121243]. See Sterigmatocystis pulverulenta
McAlpine (basionym).

Synonym: Aspergillus cinnamomeus E. Schiemann, Z. Indukt.
Abstamm. Vererbungsl. 8: 1-35. 1912. [MycoBank MB
122195]. The benA sequence (FJ629307) derived from the
ex-type strain CBS 103.12 = ATCC 1027 = IBT 16906 =
IBT 28139 = IBT 29892 = IFO 4043 = IMI 016148 = LSBH
Acd2 = MZKI A-76 = NCTC 3774 = NRRL 348 = QM 326 =
Thom 3534B = WB 348) is identical with the ex-type of A.
tubingensis.

? Synonym: Aspergillus fuscus E. Schiem., Z. Indukt.
Abstamm. Vererbungsl. 8: 1-35. 1912. [MycoBank MB
450741]. lllegitimate name [Art. 54.1; Turland et al. (2018)].
Not A. fuscus Bonord. 1861 [MycoBank MB 206602].
Illegitimate name A. fuscus was replaced by nomen novum
A. schiemanniae Thom 1916 (see A. schiemanniae).

? Synonym: Aspergillus proteus E. Schiem., Z. Indukt.
Abstamm. Vererbungsl. 8: 1-35. 1912. [No MycoBank
record). lllegitimate name — not accepted by the author itself
in the original publication [Art. 36.1; Turland et al. (2018)).

Synonym: Aspergillus pulverulentus (McAlpine) Thom, J. Agric.
Res. 7: 11. 1916. [No MycoBank record]. lllegitimate name
[Art. 54.1; Turland et al. (2018)] - a later homonym of A.
pulverulentus (McAlpine) Wehmer 1907.



? Synonym: Aspergillus schiemanniae Thom [as schiemanni],
J. Agric. Res. 7: 11. 1916. [MycoBank MB 102113]. The
ITS sequence (MH854950) derived from the ex-type strain
CBS 122.28 (= ATCC 1040 = NRRL 361 = IFO 4091 = IMI
091895 = IMI 16269 = LSHB AC.37 = NCTC 3781 = QM
327 = Thom 3534C = WB 361) belongs to the ATL.

Synonym: Aspergillus elatior Mosseray, Ann. Univ. Sci. Budap.
Rolando Eotvos Nominatae Biol. 43: 253. 1934. [MycoBank
MB 251950]. The ex-type strain IHEM 5615 (= CBS 558.65
= CBS 115.48 = MUCL 13592 = MUCL 15630 = NRRL 4851
= WB 4851 = IMI 211396 = ATCC 16879) is similar to the
ex-type of A. tubingensis (Fig. 1).

Synonym: Aspergillus pseudoniger Mosseray, La Cellule 43:
256. 1934. [MycoBank MB 472168]. The ex-type strain
[HEM 4379 (= CBS 128.48 = IMI 313491 = WB 4870 =
MUCL 31312) is similar to A. tubingensis (Fig. 1).

Synonym: Aspergillus niger mut. cinnamomeus (E. Schiemann)
Thom & Raper, A manual of the Aspergilli: 223. 1945.
[MycoBank MB 440825]. See A. cinnamomeus E.
Schiemann (basionym).

? Synonym: Aspergillus niger mut. schiemanniae (Thom) Thom
& Raper [as schiemanni], A manual of the Aspergilli: 224.
1945. [MycoBank MB 123940]. See A. schiemanniae Thom
(basionym).

Synonym: Aspergillus saitoi Sakag., lizuka & M. Yamaz., J.
Appl. Mycol. Japan 3: 68. 1950. [No MycoBank record]. Not
validly published [Art. 39.1; Turland et al. (2018)]. Validly
published later — see A. saitoi Sakag., lizuka & M. Yamaz.
ex lizuka & K. Sugiy.

Synonym:  Aspergillus saitoi var. kagoshimaensis Sakag.,
lizuka & M. Yamaz., J. Appl. Mycol. Japan 4: 3. 1950. [No
MycoBank record]. Not validly published [Art. 39.1; Turland
et al. (2018)]. Validly published later — see A. saitoi var.
kagoshimaensis Sakag., lizuka & M. Yamaz. ex lizuka &
K. Sugiy.

Synonym: Aspergillus awamori var. hominis Bat. & Maia, An.
Soc. Biol. Pernambuco 15: 186. 1957. [MycoBank MB
351895]. The benA sequence (FJ629318) derived from the
ex-type strain CBS 107.55 (= NRRL 4740 = ATCC 12074
= WB 4740) is almost identical (419/420 bp) to the ex-type
of A. tubingensis.

Synonym: Aspergillus saitoi Sakag., lizuka & M. Yamaz. ex
lizuka & K. Sugiy., J. Jap. Bot. 40: 230. 1965. [Mycobank
MB 326655]. Synonymized by Hong et al. (2014). Culture
ex-type: CBS 136.52 = CBS 552.65 = NRRL 4757 = |IAM
2209 = ATCC 11362 = IMI 211395 = KACC 46993 = WB
4757.

Synonym: Aspergillus saitoi var. kagoshimaensis Sakag.,
lizuka & M. Yamaz. ex lizuka & K. Sugiy., J. Jap. Bot. 40:
231.1965. [MycoBank MB 349043]. Synonymized by Hong
et al. (2014). Culture ex-type: CBS 137.52 = NRRL 4758 =
IMI 214827 = ATCC 11363 = KACC 46994 = QM 8162 =
IAM 2190 = WB 4758.

Synonym: Aspergillus niger f. pulverulentus (McAlpine) Al-
Musallam, Revision of the black Aspergillus species: 58.
1980. Doctoral diss., Rijksuniversiteit Utrecht, Netherlands.
[MycoBank MB 118403]. See Sterigmatocystis pulverulenta
McAlpine (basionym).

Synonym:  Aspergillus niger var. pulverulentus (McAlpine)
Kozak., Mycol. Pap. 161: 113. 1989. [MycoBank MB
127747]. See Sterigmatocystis pulverulenta McAlpine
(basionym).
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Synonym: Aspergillus niger var. tubingensis (Mosseray)
Kozak., Mycol. Pap. 161: 112. 1989. [MycoBank MB
127746). Basionym: A. tubingensis Mosseray.

Synonym:  Aspergillus  costaricensis [as costaricaensis]
Samson & Frisvad, Stud. Mycol. 50: 52. 2004. [MycoBank
MB 369151]. Synonymized in this study.

Synonym: Aspergillus neoniger Varga, Frisvad & Samson,
Stud. Mycol. 69: 16. 2011. [MycoBank MB 560390].
Synonymized in this study.

Synonym:  Aspergillus  chiangmaiensis S. Khuna, N.
Suwannarach & S. Lumyong, Front. Microbiol. 12: 705896
- p6. 2021. [Mycobank MB 830887]. Synonymized in this
study.

Synonym: Aspergillus pseudopiperis S. Khuna, N. Suwannarach
& S. Lumyong, Front. Microbiol. 12: 705896 - p6. 2021.
[MycoBank MB 830888]. Synonymized in this study.

6. Aspergillus vadensis Samson, de Vries, Frisvad & Visser,
Antonie van Leeuwenhoek 87: 201. 2005. [MycoBank MB 340234].
— Type: CBS 113365. Ex-type: CBS 113365 = CECT 20584 = IMI
313493 = IBT 24658. DNA barcodes: ITS = AY585549; benA =
AY585531; CaM = FN594560; RPB2 = HE984371.

Synonym: Aspergillus vadensis de Vries et al., Appl. Environ.
Microbiol. 70: 3954. 2004. [MycoBank MB 560390]. Not
validly described (nomen nudum).

Unresolved or doubtful names most probably
belonging to the series Nigri

Aspergillus phaeocephalus Durieu & Mont., Exploration scientifique
de l'Algérie 1: 342. 1848. [MycoBank MB 179669]. No specimens
are available.
Synonym: Sterigmatocystis phaeocephala (Durieu & Mont.)
Sacc., Syll. Fung. 4: 76. 1886. [MycoBank MB 233071].
Aspergillus nigrescens C.P. Robin, Histoire naturelle des végétaux
parasites: 518. 1853. [MycoBank MB 182212]. Considered either
A. fumigatus or A. niger by various authors (Wilhelm 1877, Wehmer
1901, Raper & Fennell 1965), no material is available (species
described from pathological specimens only).
Aspergillus nanus Mont., Syll. Gen. Sp. Crypt. (Paris): 300. 1856.
[MycoBank MB 193617]. Typus in Muséum National d’Histoire
Naturelle , France, Paris (PC); no DNA sequence available. The
strains of A. niger var. nanus examined by Al-Musallam (1980)
belong either to the ANL or ATL, e.g., CBS 105.47 (MH856174;
ATL), CBS 106.47 (FJ629281; ATL), CBS 110.30 (MH855092;
ANL), CBS 115.50 (MH856565; ANL), CBS 131.52 (the whole-
genome sequence was generated by Seekles et al. (2022); ANL).
Synonym: Aspergillus niger var. nanus (Mont.) Al-Musallam,
Revision of the black Aspergillus species: 62. 1980.
Doctoral diss., Rijksuniversiteit Utrecht, Netherlands.
[MycoBank MB 118406].
Sterigmatocystis antacustica C.E. Cramer, Vierteljahrsschr.
Naturforsch. Ges. Zlrich 4: 325. 1859. [MycoBank MB 209963].
Synonym: Rhopalocystis antacustica (C.E. Cramer) Grove, J.
Econ. Biol.: 41. 1911. [MycoBank MB 503610].
Aspergillus nigricans Wreden, C. R. Hebd. Seances Acad. Sci. 65:
368. 1867. [No MycoBank record]. No specimen is available.
Aspergillus fuliginosus Peck, Bull. Buffalo Soc. Nat. Sci. 1: 69.
1873. [MycoBank MB 208679]. Typus in New York State Museum,
USA (NYSf 1265); no DNA sequence available.
Synonym: Sterigmatocystis fuliginosa Bainer, Bull. Soc. Bot.
France 28: 78. 1881. [No MycoBank record].
Aspergillus nigricans Cooke, Grevillea 6: 127. 1878. [MycoBank
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MB 182128]. lllegitimate name. Not A. nigricans Wreden 1867.
Alliospora sapucaya [as sapucayae] Pim, J. Bot. London 21: 234.
1883. [Mycobank MB 215122].

Aspergillus cookei Sacc., Syll. Fung. 4: 71. 1886. [MycoBank MB
206435]. A replaced synonym for illegitimate name A. mucoroides
Cooke.

Basionym: Aspergillus mucoroideus Cooke, Grevillea 12: 9.
1883. [MycoBank MB 187861]. lllegitimate name [Art.
54.1; Turland et al. (2018)]. Not A. mucoroides Corda 1838
[MycoBank MB 187771].

Aspergillus subfuscus Johan-Olsen, Nordiskt Med. Ark. 18: 14.
1886. [MycoBank MB 184212].

Basionym: Sterigmatocystis subfusca (Johan-Olsen) Sacc.,
Syll. Fung. 10: 526. 1892. [MycoBank MB 226258].
Aspergillus nigriceps Berk. & Curt., Grevillea 17: 21. 1888. [No
MycoBank record]. A slide from material in the Harvard Collection
(Curtis collection, Wright no. 927) showed species inseparable

from A. niger (Raper & Fennell 1965).
Aspergillus ustilago Beck in H. Wawra, Itinera Principum S. Coburgi
2:148. 1888. [MycoBank MB 161832].

Synonym: Sterigmatocystis ustilago (Beck) Sacc., Syll. Fung.
10: 526. 1892. [MycoBank MB 198044].

Sterigmatocystis castanea F. Patt., Bull. Torrey Bot. Club 27: 284,
1900. [MycoBank MB 195664]. Typus in BPI Herbarium (BPI
410863).

Aspergillus gallomyces Calmette, Germ. Pat. Abstr. 129: 164,
1902. [No MycoBank record].

Aspergillus strychni Lindau, Hedwigia 43: 306. 1904. [MycoBank
MB 183848].

Synonym: Sterigmatocystis strychni (Lindau) Sacc. & D. Sacc.,
Syll. Fung. 18: 516. 1906. [MycoBank MB 225824].
Sterigmatocystis pseudonigra Costantin & Lucet, Bull. Soc. Mycol.
France 19: 33. 1903. [MycoBank MB 195028]. No specimen

available.

Synonym: Aspergillus pseudoniger (Costantin & Lucet) Saincl.,
Centralbl. Gesammte Forstwesen: 103. 1949. [MycoBank
MB 292856). lllegitimate name. Not A. pseudoniger
Mosseray 1934. [MycoBank MB 472168].

Sterigmatocystis luteonigra M.L. Lutz, Bull. Soc. Bot. France 53:
50. 1907. [MycoBank MB 228634].

Synonym: Aspergillus luteoniger (M.L. Lutz) Thom & Church,
The Aspergilli: 166. 1926. [MycoBank MB 269972].
Aspergillopsis intermedia Speg., Anales Mus. Nac. Hist. Nat.
Buenos Aires, ser. 3, 13: 435. 1911. [MycoBank MB 209760]. Typus
deposited in the Herbarium of Museo de La Plata, Argentiva (LPS
12691); no DNA sequence is available. The strains considered
A. niger var. intermedius by Al-Musallam (1980) belong either to
the ANL or ATL, e.g., CBS 117.32 (MH855233; ATL), CBS 115.29
(MH855018; ATL), CBS 117.52 (MH856951; ANL), CBS 130.52
(FJ629359, FJ629310; ATL), CBS 107.55 (FJ629367, FJ629318;

ATL).

Synonym: Aspergillus niger var. intermedius (Speg.) Al-
Musallam, Revision of the black Aspergillus species: 66.
1980. Doctoral diss., Rijksuniversiteit Utrecht, Netherlands.
[MycoBank MB 118402].

Aspergillus phoenicis (Corda) Thom, J. Agric. Res. 7: 14. 1916.
[MycoBank MB 101952].

Basionym: Ustilago phoenicis Corda, Icones fungorum
hucusque cognitorum 4: 9. 1840. [MycoBank MB 169060].
Nomen rejiciendum, rejected name in favour of A. niger
Tiegh. (Kozakoewict et. al. 1992). Type located in Corda’s
herbarium (PRM, Czech Republic) but no sequence derived
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from the original material is available. Representative
strains NRRL 363, NRRL 365 and NRRL 1956 do either
belong to ANL or ATL (Houbraken et al. 2014).

Synonym: Sterigmatocystis phoenicis (Corda) Pat. & Delacr.,
Bull. Soc. Mycol. France 7: 119. 1891. [MycoBank MB
232882].

Synonym:  Aspergillus niger var. phoenicis (Corda) Al-
Musallam, Revision of the black Aspergillus species: 56.
1980. Doctoral diss., Rijksuniversiteit Utrecht, Netherlands.
[MycoBank MB 118401].

Aspergillopsis tropicalis Speg., Bol. Acad. Nac. Cienc. Cérdoba 23:
588. 1918. [MycoBank MB 209817].

Aspergillus fumaricus Wehmer ex Thom & Church, The Aspergilli:
181. 1926. [MycoBank MB 122538].

Sterigmatocystis gigantea Mattlet, Ann. Soc. Belge Méd. Trop. 6:
31.1926. [MycoBank MB 252349].

Synonym: Aspergillus giganteus (Mattlet) C.W. Dodge, Medical
Mycology: 629. 1935. [No MycoBank record)]. lllegitimate
name. Not A. giganteus Wehmer 1901 [MycoBank MB
206765].

Synonym: Aspergillus mattletii Hendr., Publ. Inst. Nat. Etude
Agron. Congo Belge 35: 7. 1948. [MycoBank MB 284307].

Aspergillus atropurpureus Blochwitz, Ann. Mycol. 32: 86. 1934. [No
MycoBank record]. lllegitimate name. Not A. atropurpureus Zimm.
1902 [MycoBank MB 214593].

Aspergillus biourgei Mosseray, La Cellule 43: 241. 1934. [MycoBank
MB 251009].

Aspergillus  buntingii Mosseray, La Cellule 43: 236. 1934.
[MycoBank MB 251145].

Aspergillus churchii Mosseray, La Cellule 43: 242. 1934. [MycoBank
MB 251413].

Aspergillus densus Mosseray, La Cellule 43: 232. 1934. [MycoBank
MB 251792].

Aspergillus granulatus Mosseray, La Cellule 43: 249. 1934.
[MycoBank MB 252446]. Culture ex-type: CBS 120.48 = NRRL
4855 = WB 4855 (no DNA sequence available).

Aspergillus guttifer Mosseray, La Cellule 43: 235. 1934. [MycoBank
MB 252493].

Aspergillus microcephalus Mosseray, La Cellule 43: 225. 1934.
[MycoBank MB 253336]. The strain CBS 122.48 is considered
the ex-type strain (Al-Musallam 1980) but no DNA sequence is
available.

Aspergillus niger var. fermentarius Nakaz., Simo & A. Watan., J.
Agric. Chem. Soc. Japan 10: 171. 1934. [No MycoBank record].
Aspergillus olivaceofuscus Mosseray, La Cellule 43: 258. 1934.
[MycoBank MB 253675].

Aspergillus praecox Mosseray, Ann. Soc. Sci. Brux. 54: 79. 1934.
[No MycoBank record].

Aspergillus pseudoelatior Mosseray, La Cellule 43: 255. 1934.
[MycoBank MB 254152].

Aspergillus rutilans Mosseray La Cellule 43: 234. 1934. [MycoBank
MB 254522].

Aspergillus sclerotifer Mosseray, Ann. Soc. Sci. Brux. 54: 79. 1934.
[No MycoBank record].

Aspergillus variegatus Mosseray La Cellule 43: 238. 1934.
[MycoBank MB 255332].

Aspergillus macfiei C.W. Dodge, Medical Mycology: 629. 1935.
[MycoBank MB 253139]. Not validly described [Art. 39.1, 40.1;
Turland et al. (2018)].

Aspergillus aureus var. minor Nakaz., Simo & A. Watan., Bull.
Agric. Chem. Soc. Japan 12: 958. 1936. [MycoBank MB 534300].
Not validly published [Art. 39.1; Turland et al. (2018)].



Aspergillus aureus var. murinus Nakaz., Simo & A. Watan., Bull.
Agric. Chem. Soc. Japan 12: 959. 1936. [MycoBank MB 534301].
Not validly published [Art. 39.1; Turland et al. (2018)].

Aspergillus awamori var. ferrugineus Nakaz., Simo & A. Watan.,
Bull. Agric. Chem. Soc. Japan 12: 957. 1936. [Mycobank MB
250919]. Not validly published [Art. 39.1; Turland et al. (2018)].
Aspergillus awamori var. fumeus Nakaz., Simo & A. Watan.,
Bull. Agric. Chem. Soc. Japan 12: 961. 1936. [MycoBank MB
250920]. Not validly published [Art. 39.1; Turland et al. (2018)].
Representative strain: CBS 116.52 = NRRL 4843 = WB 4843 = IBT
16908 (no DNA sequence availabele).

Aspergillus luchuensis var. rubeolus Y.K. Shih, Lingnan Sci. J. 15:
374.1936. [Mycobank MB 253092]. The ITS sequence (DQ196202)
derived from the representative strain CBS 114.37 (= IAM 2185 =
IBT 4944 = IBT 29898 = IMI 313493 = NRRL 4856 = WB 4856)
belongs to the ATL.

Cladosarum olivaceum E. Yuill & J.L. Yuill, Trans. Brit. Mycol. Soc.
22: 199. 1938. [MycoBank MB 272878]. Culture ex-type: CBS
147.38 (no DNA sequence available).

Aspergillus niger var. arecae Lal & Ram Chandra, J. Scient. Res.
Banaras Hindu Univ. 3: 123. 1953. [MycoBank MB 349040]. Not
validly published [Art. 39.1; Turland et al. (2018)].

Aspergillus niger var. taxi D.P. Zhou, K. Zhao & Ping, J. Appl.
Microbiol. 107: 1206. 2009. [MycoBank MB 542212]. Not validly
described [Art. 39.1, 40.1; Turland et al. (2018)]. The ITS sequence
(EUB53157) derived from the original strain belongs to the ATL.
Aspergillus pseudotubingensis S. Khuna, N. Suwannarach & S.
Lumyong, Front. Microbiol. 12: 705896 - p9. 2021. [MycoBank MB
830889]. See comments in sections Results and Discussion.

DISCUSSION

Taxonomic studies on A. niger, A. tubingensis and their related
species have been the subject of many taxonomic controversies,
rearrangements, name resurrections and repeated synonymizations.
Currently, the species number in series Nigriis at one of its historical
peaks and involves 14 accepted species (Houbraken et al. 2020,
Silva et al. 2020, Khuna et al. 2021). Distinguishing among these
species using morphology is impossible, and DNA sequencing is
the gold standard for reliable classification and species identification
(Howard et al. 2011, Varga et al. 2011). Therefore, these species can
be considered cryptic in the truest sense. However, even when using
molecular methods, some isolates cannot be identified satisfactorily
at the species level (Howard et al. 2011, Negri et al. 2014, D’hooge
et al. 2019). Contradictory species identifications in significant part of
isolates using BLAST similarity searches with different genes (Fig.
3) can serve as evidence of taxonomic issues and may indicate
the need for a taxonomic reclassification. To verify this assumption,
we gathered a large dataset of a series Nigri sequences from three
common phylogenetic markers and de novo sequenced 18 genomes
and employed various species delimitation methods. All of these
methods unequivocally suggested species number reduction.

Phylogenetic support of species reduction

We demonstrated that MSC delimitation methods using three
genes broadly agreed on the distinction of only three species in
the series Nigri (A. brasiliensis, A. niger and A. tubingensis). Only
four analyses from among the 15 depicted in Fig. 5 proposed the
delimitation of more species. These conclusive results, especially
in the A. niger lineage (ANL) and A. brasiliensis lineage (ABL),
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are supported by the collection of a large number of strains well
representing the intraspecific genetic variability.

In the A. tubingensis lineage (ATL), the multilocus method
STACEY gave similar support to the delimitation of one or four
species. This dilemma has not been satisfactorily resolved even
at the genome level because ten STACEY analyses based on
20 genes each proposed several solutions ranging from one
to four species in the ATL (Fig. 8), with four species being most
preferred. The datasets containing 20 genes (and not higher) were
selected due to the relatively high computational requirements of
the method and because 20 genes are usually enough to resolve
the phylogeny with a similar level of accuracy to the genome-
wide data (Rokas et al. 2003, Yang & Rannala 2010, 2014). The
uncertainty regarding the number of delimited species can probably
be attributed to the underrepresentation of isolates related to A.
vadensis and A. eucalypticola and, to a lesser extent, other species
in the ATL, with the exception of A. tubingensis itself. Generally, it
is thought that when a dataset contains a few isolates with large
genetic distances, the delimitation methods may be prone to over
delimitation, but with a large set of isolates representing genetic
variability of every species, the probability of methods finding real
species boundaries increases (Pante et al. 2015, Chambers &
Hillis 2020). Another reason for the conflicting results can be the
widely present incongruences between single-gene genealogies
as typically present in recently speciating species or in populations
that have not completed their speciation process. In recently
diverged species, it is typically caused by retaining ancestral
polymorphisms (incomplete lineage sorting), or it can be caused
by past hybridization events (Hubka et al. 2018, Steenkamp et al.
2018, Matute & Sepulveda 2019).

At this point, it is appropriate to mention that the single-
gene phylogenies based on benA, CaM and RPB2 loci were
highly incongruent (Fig. 2, Supplementary Fig. S2) and that the
topology of the resulting multigene phylogeny shows several
conflicts or poorly resolved clades compared to the whole-genome
phylogeny, as we demonstrated in Fig. 4. Suboptimal phylogenetic
signals contained in these three loci can further contribute to the
discrepancy between the results of the MSC methods (support of
a single species in the ATL) and those of the STACEY analyses
based on 20 loci randomly selected from genomes (predominant
support of four species in the ATL) (Fig. 8). When species limits
are evaluated using the GCPSR approach (Taylor et al. 2000,
Dettman et al. 2003a) using the benA, CaM and RPB2 loci only,
the obvious conclusion is the recognition of only three species in
the series Nigri: A. brasiliensis, A. niger and A. tubingensis. The
recently proposed A. vinaceus (Silva et al. 2020) from the ANL was
also described based on the GCPSR approach, but the phylogeny
lacked some isolates with intermediate genotypes included here.
The presence of these strains in the phylogenies contradicts the
delimitation of A. vinaceus as a separate phylogenetic species.

Another independent testing of species hypotheses was
performed in the recently released software DELINEATE
(Sukumaran et al. 2021). The software needs some a priori defined
species that are correctly delimited in the dataset. This requirement
was fulfilled by the inclusion of some species belonging to the other
series of section Nigri. In addition, A. brasiliensis is well defined and
can serve as a “reference species” when dealing with delimitation
in A. niger and A. tubingensis lineages. The results of the various
models were relatively stable, always supporting the broad concept
of A. niger (comprising A. niger, A. welwitschiae and A. vinaceus)
and A. brasiliensis (Fig. 7). In the ATL a broad species definition
(comprising all species in the lineage) gained support in Models
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7 and 10 when A. niger was defined as a broad species as well.
In models where the ANL was divided into four and six species,
the unassigned ATL populations were segregated into four tentative
species. This scenario is, however, improbable because the ANL
was never divided into several species in Models 2, 6 and 9. Model
6 shows the situation where populations of the ATL are predefined
into four species identical to those delimited by Models 3 and 4,
while populations of the ANL are unassigned. In this situation, A.
niger was also delimited as a single broad species. In summary,
DELINEATE analysis convincingly supported that the series Nigri
contains only three species based on benA, CaM and RPB2.

Phenotype and sexual reproduction in series Nigri

Species in the series Nigri are all biseriate and present colonies
with brown, dark brown to black sporulating areas and white to
yellowish white mycelial areas. Generally, the species exhibit largely
overlapping characteristics in terms of both macromorphology
(colony diameter and colour) and micromorphology (size, shape
and ornamentation of conidia, diameter and shape of vesicle, and
length and width of stipes) (Table 2). Not only particular species
but also the main lineages of A. niger and A. tubingensis are
indistinguishable from each other using morphology. Additionally,
species identification is sometimes complicated by the occurrence
of atypical strains exhibiting unusual morphological characteristics.
For example, A. lacticoffeatus was described based on its different
colony colour and a specific extrolite pattern (Samson et al. 2004).
However, it was later synonymized with A. niger, because it was
phylogenetically inseparable (Varga et al. 2011). Within the ATL, A.
vadensis stands out among the others for its slow growth and short
stipes (Table 2), but the original description is based on only one
isolate (Vries et al. 2005).

Series Nigri species are known for producing a wide range of
extrolites, and their spectra were summarised by Samson et al.
(2007), Nielsen et al. (2009) and Frisvad et al. (2018). It is often
asserted that species in series Nigri could be identified by different
secondary metabolite patterns. However, the extrolite profiles can
vary among strains, which makes its use to distinguish between
species complicated. Additionally, the usability of secondary
metabolite production for taxonomy and evolutionary biology in
general might be limited due to the potential for horizontal gene
transfer of secondary metabolism gene clusters between species
of the same genus or even between fungal genera (Richards 2011,
Slot & Rokas 2011, Szdll6si et al. 2015). The high frequency of
this phenomenon is also suggested from the genomes of series
Nigri species (Vesth et al. 2018). Considering our proposed
reclassification of series Nigri, the extrolite profiles of the six
species we accepted need to be reassessed to determine if they
support the delineation proposed here based on a phylogenetic
species concept.

Sexual reproduction in heterothallic fungi is governed by
mating-type (MAT) genes (Dyer & O’Gorman 2011). In section
Nigri, the development of asci and ascospores occurs in the stroma
of sclerotia (Horn et al. 2013). Therefore, sclerotia formation is
considered a prerequisite for sexual reproduction. In the ATL,
sclerotia were reported in most species except for A. eucalypticola,
A. pseudotubingensis and A. vadensis. In the ANL, sclerotia were
formed in some strains of A. vinaceus and A. niger (Frisvad et al.
2014, Silva et al. 2020). Sclerotia in the ATL were mostly pink to
yellow, while those in the ANL were white to cream (Table 2). Despite
the heterogeneity in sclerotia production among series Nigrispecies,
most of them were proven to be heterothallic or protoheterothallic,
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which means that mating-type gene idiomorph(s) associated with
heterothallism have been detected among the examined strains of
these species (Houbraken et al. 2020). Currently, A. tubingensis is
the only species in series Nigri with an experimentally proven sexual
cycle (Horn et al. 2013). In this study, we detected both MAT1-1-1
and MAT1-2-1 idiomorphs among isolates of ANL and ATL (Fig. 4),
in agreement with previous studies (Horn et al. 2013, Varga et al.
2014, Mageswari et al. 2016, Seekles et al. 2022). An interesting
observation was made by Horn et al. (2013), who sequenced five
genes in the parental isolates of A. tubingensis and their progeny
resulting from sexual reproduction. The authors found that A.
neoniger cannot be separated from A. tubingensis in the benA or
tsr1 phylogenies, while in the other phylogenies (CaM, Mcm7 and
RPB2), it is resolved outside the least inclusive clade containing
all A. tubingensis strains and its ex-type. In our opinion, this fact
demonstrates gene flow between A. tubingensis and A. neoniger
and supports the synonymization made in this study. Aspergillus
costaricensis was not included by Horn et al. (2013), but it is a close
relative of A. neoniger and must be synonymized together to retain
the monophyly of the redefined A. tubingensis (Fig. 5).

Updated taxonomy of series Nigri and species
identification

We showed based on various independent species delimitation
analyses that the number of accepted species in the Nigri series
is too high and needs to be reduced. The methods broadly agreed
that the ABL and ANL contain only one species each. The only
uncertainty was about the species number in the ATL, where
single-gene MSC methods and the GCPSR approach based on
the commonly used phylogenetic markers benA, CaM and RPB2
supported only one species, while STACEY analyses supported
up to four species: A. tubingensis, A. luchuensis, A. eucalypticola
and A. vadensis. After considering all results and practical
consequences, we decided on a conservative solution by retaining
four species in the ATL. This newly proposed taxonomic treatment
of series Nigri with six accepted species overall is shown in Fig. 10.

The following findings played a major role in our decision-making
process. Aspergillus luchuensis is industrially extremely important
(Hong et al. 2013, 2014), and its imprudent synonymization without
further confirmation could cause unnecessary taxonomic instability.
The phylogenetic signal from the dataset containing only benA,
CaM and RPB2 loci may be suboptimal when compared to the
predominant signal obtained from whole genome data (Fig. 4); thus,
the results should be considered with caution before data from more
genes/genomes are evaluated. We also showed that the intraspecific
genetic diversity of the broadly defined A. tubingensis would be higher
than that commonly found for Aspergillus species, while the variability
within A. tubingensis, excluding A. luchuensis, A. eucalypticola and
A. vadensis comfortably falls within this range (Fig. 9).

We believe that the user community will benefit from the
simplified taxonomy of series Nigri with a lower number of species.
This new classification will facilitate species identification that is
currently complicated by inconsistent identification results when
using sequence data of different genes (Fig. 3) and the impossibility
of finding species-specific mass spectra for some narrow species
when using the MALDI-TOF method (Gautier et al. 2016, D’hooge
et al. 2019, Ban et al. 2021). DNA sequence identification of these
newly defined species is possible by using benA, CaM and RPB2
markers, although in a minority of cases, there can be conflicting
identification in the ATL (Fig. 3). Because of this, we recommend that
if identification to a species level is required in the ATL, it should be
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A. tubingensis

° A. costaricensis
° A. neoniger
e A. tubingensis

OTHER SYNONYMS:

® A chiangmaiensis
© A pseudopiperis

A. luchuensis

° A. luchuensis
e A. piperis

OTHER SYNONYMS:

A. acidus, A. awamori, A. inuii,

A. kawachii, A. nakazawae,
A. perniciosus, etc.
(see section Taxonomy)

A. niger

° A. lacticoffeatus
e A. niger

@ A. vinaceus
° A. welwitschiae

OTHER SYNONYMS:

0.01

A. cinnamomeus, A. elatior,

A. hennenbergii, A. pseudoniger,
A. pulverulentus, etc.

(see section Taxonomy)

A. eucalypticola

A. batatas, A. ficuum, A. citricus,
A. foetidus, A. longobasidia,
A. pseudocitricus, A. usamii, etc.

(see Taxonomy section)

A. brasiliensis

A. vadensis

N

A. carbonarius

Fig. 10. Taxonomic rearrangement of series Nigri into six species with marked synonymizations. The proposed taxonomy is schematically shown in the
form of a radial tree (species tree based on benA, CaM and RPB2 calculated in starBEAST). The positions of A. chiangmaiensis and A. pseudopiperis are
approximated based on the tree shown in Figs 1, 3 as they were not included in this phylogenetic analysis.

done through DNA sequencing of all three markers and performing
phylogenetic analysis. The ITS barcoding sequence can only
distinguish among ABL, ANL and ATL (Supplementary Fig. S3).

As mentioned above, we excluded three newly described
species, A. chiangmaiensis, A. pseudopiperis and A.
pseudotubingensis (Khuna et al. 2021), from the analyses based
on the MSC model because of the poor quality of their available
sequences. However, we propose that A. chiangmaiensis and
A. pseudopiperis are synonyms of A. tubingensis, as their
phylogenetic position in the combined ML, MP and Bl trees is within
the redefined A. tubingensis: the A. pseudopiperis ex-type strain
(SDBR-CMUI1) is located in a clade sister to the clade containing
the A. tubingensis ex-type (CBS 133056), and A. chiangmaiensis
is closely related to A. costaricensis and A. neoniger (Figs 1, 3),
which are also synonymized with A. tubingensis. The status of A.
pseudotubingensis remains uncertain and needs to be revised in
the future as it forms a relatively separate lineage in the combined
phylogeny based on three loci similar to A. eucalypticola (Figs 1,
3). The phylogeny presented by Khuna et al. (2021) is affected by
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numerous errors in the DNA sequences of the newly described
species and it shows clear signs of the long branch attraction
phenomenon (Kiick et al. 2012). We believe that a more reliable
position is shown in our phylogenies constructed based on partially
corrected sequences (Figs 1, 3).

The species reduction proposed in this study is in line with
some other studies using MSC model-based methods, genomic
data or more complex approaches for species delimitation in
fungi. For example, species number was significantly reduced
in the plant pathogens from the Diaporthe eres complex (Hilario
et al. 2021) and Alternaria section Alternaria (Woudenberg et al.
2015), the edible mushroom Flammulina (Wang et al. 2018), the
lichen-forming fungus Bryoria (Boluda et al. 2019), the indoor fungi
from Aspergillus series Versicolores (Sklenaf et al. 2022) and the
opportunistic human and animal pathogens from Aspergillus series
Viridinutantes (Hubka et al. 2018). Numerous examples can also be
found outside the Fungi kingdom (Li et al. 2019, Feng et al. 2021,
Parker et al. 2021). These studies demonstrate that species over
splitting similar to that observed in series Nigri is relatively common



in extensively studied groups and species number reduction can
become an increasingly common trend in taxonomy.

Future prospects

Further reduction of species number in the series Nigri cannot
be ruled out in the future after collecting more strains and more
whole genome sequences from underrepresented taxa such as
A. eucalypticola and A. vadensis. Inclusion of more variability
from these rare taxa should resolve persistent ambiguities in the
definition of species limits and increase the probability of methods
to delimit species more conclusively. As mentioned above, the
position of A. pseudotubingensis should be re-examined, and
higher quality DNA sequences should be obtained, ideally whole
genome sequences. For now, we recommend avoiding using this
name until the abovementioned issues are resolved.

Advanced phylogenetic methods spanning the whole genome
will allow for a systematic and comparable metric of species
differentiation. For example, reciprocal monophyly and a high level
of concordance between thousands of markers on the genome
scale should allow better differentiation between processes such as
recombination, incomplete lineage sorting and speciation in most
cases (Kobmoo et al. 2019, Matute & Sepulveda 2019, Mavengere
et al. 2020). A dense population-level representation in genome-
scale phylogenetic studies is important for accurate identification
of species boundaries and for resolving evolutionary relationships
between species and higher-level taxonomic ranks in Aspergillus
(Steenwyck et al. 2022). Our efforts in the following years will be
directed towards achieving this goal.
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Fig. S1. Multilocus phylogeny of Aspergillus series Nigri based on
three loci (benA, CaM and RPB2) without species A. chiangmaiensis,
A. pseudopiperis and A. pseudotubingensis. Best-scoring Maximum
Likelihood (ML) tree inferred in the IQ-TREE is shown; ultrafast bootstrap
support values (ML bs) are appended to nodes; only support values
295 % are shown; the ex-type strains are designated with a bold print; the
information on geographic origin and isolation source is plotted on the tree
(see the legend).

Fig. $2. Comparison of single-gene genealogies based on the benA, CaM
and RPB2 loci and created by three different phylogenetic methods (only
one isolate per unique multilocus haplotype is included in each phylogeny).
Best-scoring single-locus maximum likelihood (ML) trees are shown; ML
ultrafast bootstrap support values (ML bs), maximum parsimony bootstrap
support values (MP bs) and Bayesian inference posterior probabilities (Bl
pp) are appended to nodes. Only support values 295 %, 270 % and 20.95,
respectively, are shown. A dash indicates lower statistical support for a
specific node, or the absence of a node in the phylogeny, while an asterisk
indicates full support. The ex-type strains are designated with a bold print.
Alignment characteristics, partitioning schemes and substitution models
are listed in Supplementary Table S1.

Fig. S3. Best scoring maximum likelihood tree inferred in IQ-TREE based
on ITS rDNA region sequences of series Nigri members (Table 1). It is
apparent from the tree that a limited variability present in this locus can
only differentiate the three main lineages, and more detailed differentiation
is not possible. The ITS sequence of the A. vadensis ex-type was excluded
from the analysis because it contains numerous errors and unresolved
positions (accession number AY585549). Alignment characteristics,
partitioning schemes and substitution models are listed in Supplementary
Table S1.

Table $1. Characteristics of alignments, partition-merging results and best
substitution model for each partition according to the Bayesian information
criterion.

Table S2. Assignment of strains into populations for analysis in DELINEATE
based on BPP v. 4.3.

Table S3. Aspergillus series Nigri genomes analyzed in this study and their
basic characteristics.

Table S4. Distribution of 200 orthologous genes into ten separate STACEY
analyses.

Table S5. List of unique multilocus haplotypes.

Table S6. Maximum sequence dissimilarity between isolates of the
same Aspergillus species whose species limits have been delimited
using methods based on a multispecies coalescent model; only species
represented by isolates from at least three countries were included.
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