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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, Mcm7, 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.

Key words: Aspergillus creber, Aspergillus sydowii, Aspergillus versicolor, indoor fungi, multispecies coalescent model, osmotolerance, species delimitation, 
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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. Jurjević 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 Jurjević 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 Jakšić 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, Jurjević et al. 2012, Zahradnik et al. 2013, Siqueira 
et al. 2016, Nováková et al. 2018). Series Versicolores members 
are xerophilic, which means that they can grow on substrates with 
a low water activity (aw < 0.9) (Janda-Ulfig et al. 2009, González-
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). Almost all species can also produce 
mycotoxins, most notably sterigmatocystin, which is recognized 
as a potential carcinogen (class 2B - possible human carcinogen) 
(Veršilovskis & De Saeger 2010, Rank et al. 2011, Jurjević et al. 
2013, Jakšić 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).

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 (Jurjević 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-Acuña 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, Sklenář 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 (Sklenář et al. 2017, 
Hubka et al. 2018, Sklenář 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 Jurjević 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 Jurjević et al. (2015), Nováková et al. (2012) and Nováková et 
al. (2018). Detailed information about the provenance of strains is 
listed in Table 1.
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Taxonomy of Aspergillus series Versicolores

Molecular studies

Total genomic DNA was isolated from 7-d-old cultures with the 
NucleoSpin® Soil (Macherey–Nagel, Düren, 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 (Jurjević et al. 2012). A part of the β-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 
Mcm7-1348rev (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 II 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 Sklenář 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-I 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 Mcm7 sequences; TrNef+G for the alignment of 
RPB2 sequences; and TrN+I for the alignment of Tsr1 sequences. 
The TrNef+I+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 

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 mcmc 
chain was 1 × 109 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 pegaS (Paradis 2010). The GMYC method was performed 
in R v. 4.1.2 with the package SplitS (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 × 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 bgMyc (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 mcmc chain was 1 × 109 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 (α = 1, β = 1 000). The output 
was processed with SpeciesDelimitationAnalyzer (Jones 2017). 
The results of STACEY are presented in two ways. Firstly, we 
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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 delineate (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.co/. After 14 d incubation, the plates were 
photographed, and strains incubated for a further one wk to check 
Hülle cells production. The strains were also grown on MEA for 14 
d at 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 ggplot2 (Wickham 2016). The statistical differences 
in phenotypic characters between species were calculated using one-
way ANOVA followed by Tukey’s honest significant difference (HSD) 
test in R v. 4.1.2 and displayed using the package ggSignif (Ahlmann-
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 ggord (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 

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 function in R v. 4.1.2 
with the package ggplot2.

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 
CaM tree. 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, Mcm7, 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. 2. (Continued).
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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. subversicolor and 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 tree, 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.

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 

A. austroafricanus

A. subversicolor

A. hongkongensis

A. amoenus

A. fructus

A. versicolor

A. griseoaurantiacus

A. protuberus

A. sydowii

A. venenatus

A. cvjetkovicii

A. tennesseensis

A. jensenii

A. pepii

A. tabacinus

A. creber

A. puulaauensis

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.
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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 
(every species has unique colour). If there was an identical similarity to two or more ex-type strains, the rectangles were diagonally divided or marked with a 
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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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 

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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r

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.
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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 

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. versicolor lineage to one species, and in the second model, we 
split the A. versicolor lineage into three hypothetical species based 
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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 Hülle 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 
Hülle 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 

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. 8. (Continued).
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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. 9. (Continued).
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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 
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Aspergillus creber Jurjević, S.W. Peterson & B.W. Horn, IMA 
Fungus 3: 69. 2012. MycoBank MB 800598. Fig. 14.
= Aspergillus cvjetkovicii Jurjević, S.W. Peterson & B.W. Horn, IMA 
Fungus 3: 69. 2012. MycoBank MB 800599.
= Aspergillus jensenii Jurjević, S.W. Peterson & B.W. Horn, IMA 
Fungus 3: 70. 2012. MycoBank MB 800601.
= Aspergillus puulaauensis Jurjević, S.W. Peterson & B.W. Horn, 
IMA Fungus 3: 71. 2012. MycoBank MB 800602.
= Aspergillus tennesseensis Jurjević, S.W. Peterson & B.W. Horn, 
IMA Fungus 3: 73. 2012. MycoBank MB 800604.
= Aspergillus venenatus Jurjević, 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 Hülle 
cells occasionally present; reverse centrally windsor tan (#a75502) 
to maximum yellow red (#f2ba49) 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 (#f2ba49), 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 (#6eaea1); 
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 

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. Hülle cells present in some 
strains, most commonly on MEA or CZA (Supplementary Table 
S3), hyaline, subglobose, usually 18–21 × 16–19 μm. Conidial 
heads radiate, remaining compact, conidiophores biseriate. Stipes 
smooth, hyaline or light brown, (200–)250–350(–400) × 4–6 μm; 
vesicles hyaline, pyriform to subglobose, (10–)12–16 μm diam; 
metulae hyaline, cylindrical to barrel-shaped, 5–7 μm long, covering 
three quarters of the vesicle; phialides hyaline, flask-shaped, 6.5–
7.5 μm long. Conidia globose to subglobose, verrucose, hyaline 
2.5–3 (2.9 ± 0.2) × 2–2.5 (2.4 ± 0.2) μm.

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 × 2.1 
± 0.1 μm vs A. creber 2.9 ± 0.2 × 2.4 ± 0.2 μm). 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 Jurjević, 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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(#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 (#6eaea1); 
reverse centrally earth yellow (#e1a95f) to black bean (#3d0c02), in 
margins alloy orange (#c46210). DG18: Colonies centrally raised, 

moderately radially wrinkled; texture velutinous; margins undulate to 
lobate; mycelial areas hyaline; sporulation green sheen (#6eaea1); 
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 

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. Hülle cells. F–I. Conidiophores. Scale bars = 10 μm.
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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 

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.

Fig. 15. Macromorphology and micromorphology of Aspergillus subversicolor. 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 58999). B. Conidia. C. Conidia 
in air bubble. D–G. Conidiophores. Scale bars = 10 μm.
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Micromorphology: Ascomata absent. Hülle cells absent. Conidial 
heads radiate, remaining compact, conidiophores biseriate. Stipes 
smooth, hyaline or light brown, 350–450 × 5–6 μm; vesicles hyaline, 
pyriform to spatulate, 14–17 μm diam; metulae hyaline, cylindrical 
to obovate, 6–7 μm long, covering three quarters of the vesicle; 
phialides hyaline, flask-shaped, 7–8 μm long. Conidia subglobose 
to ovoid, verrucose, hyaline 3 (3 ± 0.1) × 2–2.5 (2.3 ± 0.1) μm.

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 = IMI 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 (#b2beb5) 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 (#f5f5dc) 
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 

jungle green (#004b49) or russian green (#679267) to ash grey 
in margins (#b2beb5); 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 (#2f847c) or ash 
gray (#b2beb5); reverse centrally French bistre (#856d4d) to beige 
(#f5f5dc) 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. Hülle cells absent. Conidial 
heads radiate, remaining compact, conidiophores biseriate. Stipes 
smooth, hyaline or light brown 250–400 × 4–6 μm; vesicles hyaline, 
spatulate to clavate, 10–17(–25) μm diam; metulae hyaline, 
cylindrical to barrel-shaped, 6–7 μm long, covering three quarters of 
the vesicle; phialides hyaline, flask-shaped, 6.5–8 μm long. Conidia 
subglobose to ovate, verrucose, hyaline 3–3.5 (3.1 ± 0.1) × 2.5–3 
(2.7 ± 0.1) μm.

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 Jurjević, S.W. Peterson & B.W. Horn, 
IMA Fungus 3: 67. 2012. MycoBank MB 800597.
= Aspergillus fructus Jurjević, S.W. Peterson & B.W. Horn, IMA 
Fungus 3: 70. 2012. MycoBank MB 800600.
= Aspergillus 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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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; CY20S: 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. 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 μm.
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Hülle 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), 

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 

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; 
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. 
Hülle cells. F–I. Conidiophores. Scale bars = 10 μm.
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areas white; sporulation brunswick green (#1b4d3e) or hunter 
green (#355e3b), seldom white to ash grey (#b2beb5); gold metallic 
(#d4af37) patches with Hülle 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 Hülle 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 
(#b2beb5); yellow crayola (#fce883) patches with Hülle 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 Hülle 
cells; reverse centrally dark brown (#654321) to copper (#b87333) 
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 Hülle cells); canary 
(#ffff9a) to yellow crayola (#fce883) patches with Hülle 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 
(#a3c1ad), xanadu (#77897c) or fern green (#4d744d), in some 
strains ash grey (#b2beb5); 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. Hülle cells present in some 
strains, most commonly on MEA, YES or DG18 (Supplementary 
Table S3), hyaline, subglobose, usually 18–21 × 15–20 μm. Conidial 
heads radiate, remaining compact, conidiophores biseriate. Stipes 
smooth, hyaline or light brown, 300–600 × 4–6 μm; vesicles hyaline, 
pyriform to spatulate, (10–)12–16(–20) μm diam; metulae hyaline, 
cylindrical to barrel-shaped, 5–6 μm long, covering three quarters 
to the entire vesicle; phialides hyaline, flask-shaped, 6–7.5 μm 
long. Conidia subglobose to ovate, finely verrucose, hyaline 2.5–3 
(2.6 ± 0.2) × 2–2.5 (2.1 ± 0.1) μm.

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.

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. sydowii and 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 
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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, Sklenář 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. creber and 
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, 
Jurjević 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). It is 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. 

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. 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.



90

Sklenář et al.

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 (Jurjević 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.

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 

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).
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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 Hülle 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.


