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Abstract
Biodiversity loss from disturbances caused by human activities means that species are disappearing at an ever increasing rate. 
The high number of species that have yet to be described have generated extreme crisis to the taxonomist. Therefore, more 
than in any other era, effective ways to discover and delimitate species are needed. This paper reviews the historically fore-
most approaches used to delimit species in Ascomycota, the most speciose phylum of Fungi. These include morphological, 
biological, and phylogenetic species concepts. We argue that a single property to delineate species boundaries has various 
defects and each species concept comes with its own advantages and disadvantages. Recently the rate of species discovery 
has increased because of the advancement of phylogenetic approaches. However, traditional phylogenetic methods with few 
gene regions lack species-level resolution, and do not allow unambiguous conclusions. We detail the processes that affect 
gene tree heterogeneity, which acts as barriers to delimiting species boundaries in classical low-rank phylogenies. So far, 
limited insights were given to the DNA-based methodologies to establish well-supported boundaries among fungal species. 
In addition to reviewing concepts and methodologies used to delimit species, we present a case study. We applied differ-
ent species delimitation methods to understand species boundaries in the plant pathogenic and cryptic genus Phyllosticta 
(Dothideomycetes, Botryosphaeriales). Several DNA-based methods over-split the taxa while in some methods several taxa 
fall into a single species. These problems can be resolved by using multiple loci and coalescence-based methods. Further, 
we discuss integrative approaches that are crucial for understanding species boundaries within Ascomycota and provide 
several examples for ideal and pragmatic approaches of species delimitation.
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Introduction

Currently, over 148,000 species of fungi are recognised 
(Species Fungorum, 2021; http:// www. speci esfun gorum. 
org), and an increasing number of new fungal species are 
added every year with the development of sequence-based 
methodologies. For example, three fungal classes, 18 orders, 
48 families, and 214 genera were published in 2019 (Cheek 
et al. 2020). Ascomycota is the most speciose phylum of 
Fungi. Out of the top five orders in which most new species 
were published in 2019, four (Hypocreales, Pleosporales, 
Lecanorales, and Capnodiales) belong to Ascomycota. Asco-
mycota reproduce asexually and sexually, their spores are 
spread easily by wind, water, soil, or insects and they are 
well adapted to saprobic, parasitic or mutualistic life modes 
(Hyde et al. 2019; Naranjo‐Ortiz and Gabaldón 2019).

Why are the Ascomycota so diverse?

Ascomycota are cosmopolitan and can exist in both terres-
trial and aquatic habitats. Several classes of Ascomycota 
produce mycorrhizal associations, while some are adapted 
to lichen lifestyle and are considered key during the process 
of terrestrialisation (Naranjo‐Ortiz and Gabaldón 2019). 
Some groups, such as Saccharomycotina, are adjusted to 
arctic and highly osmotic habitats, which are typically occu-
pied by prokaryotes (Rodriguez et al. 2009; Zajc et al. 2017; 
Naranjo‐Ortiz and Gabaldón 2019). Many ascomyceteous 
classes are important plant and human pathogens (Dean 
et al. 2012; Cheek et al. 2020). As with most organisms, 
Ascomycota species richness is highest in the tropics, and 
they fulfil many vital roles in all ecosystems (Hawksworth 
2001; Wu et al. 2019; Maharachchikumbura et al. 2021).

Why is the correct naming of species 
in Ascomycota important?

Scientific names are standardised (the names are universally 
accepted and unique for a given organism); they provide 
information about the similarities and differences between 
species belonging to the same genus (Winston 1999; Bor-
man and Johnson 2020). We communicate about species of 
Ascomycota via the use of scientific names. These names 
provide access to the accrued information on the biology, 
distribution, ecology, host range, and control of, as well as 
the risks associated with, fungal species. Erroneous identifi-
cation can lead to unnecessary control measures and restric-
tions being applied or, importantly, in no action being taken 
to control potentially devastating pathogens.

Some Ascomycota species names are descriptive; provid-
ing a characteristic or combination of characteristics of the 
taxon (size of ascomata/conidiomata, the shape of ascus/
ascospore, conidial morphology, proportion and the color of 
the spores). However, numerous paraphyletic and polyphy-
letic species in Ascomycota independently evolved similar 
traits to adapt to related environments or geographical loca-
tions (Gueidan et al. 2007; Hittinger et al. 2015). Therefore, 
these different morphological traits are not always evolu-
tionary significant, and these character-based names are less 
instructive in Ascomycota when compared to plants and ani-
mals. Recently, major taxonomic changes have occurred in 
the taxonomy of Ascomycota. The recent advance of molec-
ular-based data placed asexual fungi, which were previously 
arranged in the form-phylum Deuteromycota, mainly into 
the phylum Ascomycota (Bruns et al. 1991).

Some Ascomycota species names are based on geog-
raphy, derived from the habitat or locality in which the 
holotype was described. However, in recent history, there 
have been biological invasions of many non‐native Asco-
mycota species to different geographical regions and these 
may have implications for global trade (Fones et al. 2020). 
Therefore, naming based on distribution is less informative 
in these ubiquitously distributed Ascomycota species. Fur-
thermore, well known pathogenic genera in Ascomycota, 
such as Alternaria, Botrytis, Cercospora, Colletotrichum, 
Fusarium, Mycosphaerella, Pestalotiopsis and Phyllachora 
were often described based on the host plant from which 
they were first isolated. However, with the development of 
sequence data, many authors have questioned this "new host 
occurrence—new species" concept since many of these spe-
cies are not highly host specific and found in a range of hosts 
(Hyde et al. 2009; Quaedvlieg et al. 2011; Groenewald et al. 
2013; Aoki et al. 2014; Lawrence et al. 2016; Maharach-
chikumbura et al. 2016). Also, molecular data have shown 
that endophytes can dwell in many plants and only produce 
their sexual structures on certain host plants (Hardoim et al. 
2015). The naming of species with a wide range of host 
is, therefore, less informative in Ascomycota compared to 
highly host-specific groups such as rusts and smuts. Note 
that the opposite is also true in some groups of Ascomycota. 
For example, in the arthropod-associated Laboulbeniales, 
species such as Arthrorhynchus eucampsipodae and Hes-
peromyces virescens, once thought to be taxa with wide host 
ranges, are in reality complexes of species, each with strict 
host specificity (Haelewaters et al. 2018, 2020a).

Commemorative species names honor a person or event/
expedition. It is common to name a fungus in honor of a 
person who has made a considerable contribution to the 
taxonomy of the group of organisms involved in naming or 
more generally to society (e.g., Annabella australiensis, Dal-
dinia hawksworthii, Hysterium barrianum, Malmidea atten-
boroughii, Phaeosphaeria erikssonii, Phoma cavalliniana, 

http://www.speciesfungorum.org
http://www.speciesfungorum.org


157Fungal Diversity (2021) 109:155–179 

1 3

Verticillium lindauianum) (Shoemaker and Babcock 1989; 
Braun and Dick 2002; Boehm et al. 2009; Pažoutová et al. 
2013; Fryar et al. 2019; Guzow-Krzemińska et al. 2019). 
In some cases, especially in genera with many species, it is 
often difficult to find descriptive or geography-based names, 
and in such cases species names may involve random combi-
nations of letters, so-called nonsense species names.

From biodiversity and conservation perspectives, taxono-
mists, plant pathologists, chemists, ecologists, and landown-
ers need to be able to precisely identify, name, and commu-
nicate about the Ascomycota species they encounter day to 
day. Over the past few decades, different species concepts 
and delimitation methods have been widely used to study 
relationships among closely related species, determine spe-
cies limits, or describe organisms as new species (Lücking 
et al. 2020; Aime et al. 2021; Crous et al. 2021a, b).

Consequently, the rates of molecular and morphological 
divergence of species can often be unrelated and mismatched 
(Stewart et al. 2014). Therefore, various discussions about 
species concepts and species boundaries have been proposed 
(Harrington and Rizzo 1999). This article evaluates the most 
common species concepts and delimitation criteria in the 
species rank in Ascomycota. We indicate the ways in which 
a single property can often mislead the species definition. 
Therefore, we propose a broader, integrative taxonomy or 
evidence-based approach to understand the species bounda-
ries in Ascomycota.

Species concept/definition vs. species 
criteria

Whether a particular population or taxonomic group is 
adequate to be accepted as a fungal species continues to be 
the main issue in many taxonomic debates (Dupuis et al. 
2012; Xu 2020). The lack of a clear difference between 
the general "species concept" (theoretical basis based on 
which we describe and name "species") and working or 
operational criteria (providing in a solid state to resolve 
whether a particular taxon is or is not a species) is often 
misunderstood and lacks a clear distinction. However, 
most of these concepts and criteria are contradictory as 
they can lead to different conclusions regarding boundaries 
and the number of species (De Queiroz 2007). We cur-
rently use several different species concepts and species 
criteria in Ascomycota.

The concept of species and the delimitation of spe-
cies have always been hot topics in fungal taxonomy. 
Presently biologists define over 30 different species con-
cepts but only a few species concepts are widely used in 
fungal taxonomy. However, none has been apparent and 
up to a unified standard, making fungal taxonomy more 
or less subjective and each with its own advantages and 

disadvantages. For instance, biochemical traits are very 
useful in yeast taxonomy; however, morphology leads 
nowhere, macromorphological characters are helpful to 
recognise macrofungi but not applicable in microfungi. 
The morphological, biological, and evolutionary/phylo-
genetic species concept, which are mainly used in Asco-
mycota, are summarised here.

The morphological species concept (MSC) 
in Ascomycota

The norm of “species rank” in the case of MSC is the 
degree of phenotypic difference (Cronquist 1978; Cracraft 
2000). According to this concept, an ascomyceteous spe-
cies is identifiable by a basic difference in its morphology, 
and this is what makes a single species clearly different 
from all other species in Ascomycota. Individuals of the 
same species are similar to one another in morphology. 
This concept needs careful morphological examination 
where the Linnaean system and most traditional methods 
of classification use the MSC. Traditionally, MSC has 
been used to establish species in the Ascomycota due to 
their simpler morphology. Still, MSC is heavily consid-
ered as an important scenario in fungal classification than 
any other organisms. Among the 97,000 fungal species 
described, ca. 70,000 (72%) were diagnosed by morpho-
logical characters or other phenotypic characters, such as 
growth at different temperatures or water activities (Pitt 
1979; Hawksworth et al. 1996; McDonald 2015). Due to 
its straightforwardness, the MSC was a reasonably satis-
factory concept over the last decades. A taxonomist who 
has to sort numerous collections in space and time and 
assign them to concrete and preferably clearly delimited 
taxa may find it more convenient to recognise strictly phe-
notypic species in these cataloguing activities. However, 
most biologists and mycologists believe that the morpho-
logical species concept is the least satisfactory. It is prac-
tical for identification, but it obscures the evolutionary 
origins of many features.

According to Mayr (1942), morphological species con-
cepts do not share the biological significance he attributes 
to his species concept (Cracraft 2000). Fungi are well 
known for their developmental plasticity. Therefore, it is 
difficult to say what differences in which morphological 
characteristics are important for distinguishing species and 
how different two groups of organisms have to be in order 
for them to be classified as different species (Yang et al. 
2017). In general, the application of the MSC to a group 
of organisms takes experience and practice, and it is often 
subjective. The morphologically informative characters 
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and what degree a character separates two species depends 
on the person working on the fungal group.

Many species in the Ascomycota are pleomorphic 
(Rossman et al. 2015). They have one or several names 
for the sexual morph associated with one or more asexual 
morphs (Taylor et al. 2000). As a result of pleomorphism, 
an organism can be included in different genera. Their 
morphological characters are very different from each 
other, and therefore, they are not useful for distinguishing 
species. Traditionally, many of the teleomorphic Ascomy-
cota species are primarily identified from dried herbarium 
materials. However, when grown in favourable conditions, 
these fungi may produce the anamorph (Hawksworth et al. 
2013; Wanasinghe et al. 2014; Drenth et al. 2019). This is 
a major problem in resolving fungal taxonomy. After the 
One Fungus = One Name (1F1N) practice in the Interna-
tional Code of Nomenclature for algae, fungi and plants 
(McNeill et al. 2012), fungal species can only have one 
name regardless of pleomorphic morphs.

When evaluating the taxonomic significance of 
observed character differences between individuals, it is 
important to understand how phenotypic variation is gen-
erated and regulated in natural populations of the relevant 
Ascomycota species concerned. Morphological characters 
often vary on the natural host, culture media, and succes-
sive sub-culturing (Ryan et al. 2002; Ansari and Butt 2011; 
Maharachchikumbura et al. 2014; Senanayake et al. 2020). 
Therefore, phenotypic characters such as size ranges of 
spores and fruiting structures can be considerably plastic 
between sister species.

In the natural selection process, characters resulting in 
a better-adapted population will be retained during specia-
tion while mal-adapted species will go extinct. This progres-
sion plays a crucial role in shaping the development and 
maintenance of fungal species and therefore, any phenotypic 
character associated with the fungus growing environment 
should be helpful in defining species (Harrington and Rizzo 
1999; Crowther et al. 2014; Zhang et al. 2017; Thiyagaraja 
et al. 2021; Mortimer et al. 2021). However, these pheno-
typic characters are most suitable at the genus, family, and 
higher taxonomic classifications. Adaptations to particular 
substrates, temperature conditions, or moisture conditions 
and competition with other microbes probably plays more 
prominent roles than morphology in speciation and cohe-
sion. For instance, some Ascomycota species such as Dyf-
rolomyces produce fully immersed ascomata in the aquatic 
habitat (D. tiomanensis) and superficial or semi-erumpent 
ascomata in the terrestrial environment (D. sinensis) (Hyde 
et al. 2018).

Cryptic species are morphologically indistinguishable. 
Traditionally several distinct species were identified as 
a single nominal one due to their morphological similar-
ity. The progress of DNA sequence data and mating type 

experiments suggests that many Ascomycota species are 
cryptic, especially those that belong to plant pathogenic 
genera (e.g., Alternaria, Colletotrichum, Diaporthe, Fusar-
ium, Peronosclerospora). Therefore, many of the previously 
described diseases and databases based on morpho-taxon-
omy need to be revisited/updated (Shivas and Cai 2012).

The biological species concept (BSC) 
in Ascomycota

The current evolutionary synthesis of the BSC was first 
discussed by Dobzhansky (1935, 1937). Dobzhansky 
(1937) defined a species as a “stage of the evolutionary 
process at which the once actually or potentially inter-
breeding array of forms becomes segregated in two or 
more separate arrays, which are physiologically incapa-
ble of interbreeding.” However, this statement was con-
sidered as a definition of the process of speciation, rather 
than as a definition of a species by Mayr (1940, 1999). As 
defined by Mayr (1940), “a species consists of a group of 
populations, which replace each other geographically or 
ecologically and of which the neighboring ones intergrade 
or hybridize wherever they are in contact or which are 
potentially capable of doing so (with one or more of the 
populations) in those cases where contact is prevented by 
geographical or ecological barriers.” Mayr (1942) offered 
a shorter version of the definition of biological species 
as “groups of actually or potentially interbreeding natural 
populations, which are reproductively isolated from other 
such groups.” BSC is based on solitary reproduction cri-
terion, while phenotypic similarity was not considered a 
criterion (Mayr 1940, 1942). Nonetheless, the history of 
applying the concept of biological species dates back to 
1927 with records on mating tests carried out to deline-
ate fungal species by Shear and Dodge (1927). Shear and 
Dodge (1927) revealed three species (Neurospora crassa, 
N. sitophila, and N. tetrasperma) from the morphological 
species Monilia sitophila based on mating experiments.

To apply biological species definition to a particular taxo-
nomic group, it is required to obtain precise knowledge of 
geographical distribution and the certainty of the group's 
reproductive isolation (Mayr 1999). Defining species using 
BSC is most successful with well-studied, sympatric, sexu-
ally out-breeding populations (Worrall 1999). This concept 
has been criticised due to difficulties that arise when deal-
ing with allopatric populations (Mallet 1995; Worrall 1999). 
The concept of biological species is more popular with ani-
mals than plants and less commonly applied to fungi. There 
are other limitations associated with BSC when applied to 
fungi. BSC is inapplicable to fossil fungi as it is not possi-
ble to reveal the gene flow and breeding behaviour of fossil 
remnants. However, understanding gene flow and breeding 
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behaviours in living taxa is challenging and is one of the 
major drawbacks of BSC (Thorp James and Christopher 
Rogers 2015).

Asexual reproduction—by producing conidia—is com-
mon in the Ascomycota. Dyer and O’Gorman (2011) pointed 
out that not less than 20% of fungi lack a known sexual 
phase and exclusively reproduce asexually. BSC entirely 
define species in terms of sexual reproduction (Mayr 1942; 
Worrall 1999). Thus, it cannot be applied to asexual (repro-
ducing by fission, fragmentation, budding, or formation of 
asexual spores) or homothallic fungi, which are capable of 
self-fertilisation (Worrall 1999). After revealing the exist-
ence and expression of sex-related genes, recent studies indi-
cated that fungi known only from their asexual morphs are 
also likely to reproduce sexually (Han et al. 2003; Kück and 
Pöggeler 2009; Dyer and O’Gorman 2011). However, BSC 
cannot be applied even to closely related taxa due to lack of 
active sexual stage.

Sexual reproduction of fungal species is determined not 
merely by their compatibility but also by environmental fac-
tors (habitat/medium, nutrients, light level and quality, and 
temperature) and involvement of hormones (Peberdy 1980; 
Lee et al. 2010; Han et al. 2003; Liu et al. 2016; Wang et al. 
2016; Wallen and Perlin 2018). Worrall (1999) indicated 
the importance of conducting mating tests and recognising 
barriers to gene flow. Homothallic fungi yield meiospores 
via self-fertilisation (Reynolds 1993). There are a number of 
fungi that are nonculturable, and it is challenging to induce 
mating in vitro, even in some heterothallic fungi (Taylor 
et al. 2000).

Biological species definition is not valid in the case of 
interspecific hybridisation of fungi. Hybridisation was pre-
viously considered as a rare process between fungal spe-
cies (James and Rogers 2015). It was recently recognised to 
occur in fungi in the environment more often than previously 
thought (Giordano et al. 2018). Interspecific hybridisation 
between pathogenic fungi may result in hybrid mutualists 
with increased or decreased virulence or improved host/new 
niche adaptation (Schardl and Craven 2003). However, the 
intersterility barriers among closely related species of fungi 
are stronger than in plants (James and Rogers 2015).

Biological species definition does not infer partial inter-
fertility, which is mainly occurring in in vitro cultivations of 
fungi (Worrall 1999). Moreover, partial interfertility can be 
observed in organisms/populations of the same species that 
have been geographically isolated for an extended period of 
time (Harrington and Rizzo 1999).

The BSC has been widely applied by organismal biolo-
gists during last several decades (James and Rogers 2015). 
BSC emphasises reproductive isolation, which was advan-
tageous in previous studies to recognise and delimit new 
fungal species. This concept was applied to a wide range 
of fungi. Based on mating compatibility Shear and Dodge 

(1927) revealed that the morphological species Monilia sit-
ophila harbours three biological fungal species. The biologi-
cal species concept was used to resolve cryptic fungal spe-
cies within morphological species (Giraud et al. 2008). Pore 
et al. (1965) applied the criterion intraspecific compatibility 
to define a new species Arthroderma lenticularum from A. 
quadrifidum (Pore et al. 1965).

Evolutionary/phylogenetic species concept 
(PSC) in Ascomycota

This concept foresees a species as a monophyletic group 
sharing molecular characters derived from a common ances-
tor, which is the base for the phylogenetic species recogni-
tion in Fungi. Compared to the other species recognition 
methods, PSC performs best because, once progeny evo-
lutionary species have formed from an ancestor, changes 
in nucleotide sequences occur and can be known before 
alterations have occurred in mating behaviour or morphol-
ogy. Speciation of fungi may vary rapidly compared to other 
organisms, which may explain why traditional characters 
(i.e., morphology) have frequently proven inadequate for 
delineating fungal species. Analyses of extant populations 
of fungi, using either population genetics or phylogenetic 
analyses, will allow us to obtain a knowledge of the mecha-
nisms of evolution at the species level (Bruns et al. 1991) 
and should suggest where to look for diagnostic characters 
in delimiting species. Furthermore, the concept does not 
have any obvious built-in exclusions or limitations. Another 
advantage of PSC is that the analysis can be applied to 
asexual organisms; thus, the sexual and asexual morphs can 
be enclosed by a single species concept. Apart from that, 
limitations of morphological or biological or ecological spe-
cies concept can be eliminated by using PSC. For example, 
cryptic speciation within the morphologically indistinguish-
able plant and human pathogenic fungi such as Fusarium 
oxysporum complex (FOC), Alternaria, Colletotrichum, and 
Fusarium species complexes, has been successfully resolved 
by applying PSC (Liu et al. 2016; Achari et al. 2020).

Many fungi are anamorphic and are not known to produce 
meiospores (Reynolds 1993). Some fungi are homothallic 
and can produce meiospores without a partner. Besides, 
some heterothallic fungi cannot be coaxed into mating in 
cultivation, and many fungi cannot be cultivated; thus, the 
application of BSR is untenable in many cases. This also 
applies to sterile fungi, and fungal strains known only from 
sequence data and that cannot be linked to any physical 
specimen.

Determination of species boundaries by PSC is presently 
based on the application of Genealogical Concordance 
Phylogenetic Species Recognition (GCPSR) based on multi 
gene phylogeny. The theoretical principles for GCPSR were 
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proposed by Taylor et al. (2000) and Dettman et al. (2003) 
based on Avise and Ball’s genealogical concordance species 
concept. By implementing GCSPR, poorly supported non-
monophyly in one locus are prohibited from undermining 
well supported monophyly of another locus. Udayanga et al. 
(2014) used the GCPSR method to resolve the species limits 
of the Diaporthe species complex. Manamgoda et al. (2014) 
applied the same approach to find the species boundaries 
within Bipolaris. Especially for important plant and human 
pathogens with cryptic species such as the species com-
plexes that occur in the genera Fusarium, Alternaria and 
Colletotrichum, delimitation of species boundaries mainly 
rely on GCPSR (Liu et al. 2016; Achari et al. 2020).

Nevertheless, using GCPSR criteria is somewhat challeng-
ing because there are other processes, for instance, incom-
plete lineage sorting, horizontal gene transfer and population 
structure, which could cause discordance between gene trees 
and species trees and hide the true evolutionary connections 
between closely related taxa (Liu et al. 2016; Achari et al. 
2020). Furthermore, the common practice of concatenating 
DNA sequence data from multiple loci under GCPSR can lead 
to inaccuracies in species identification (Liu et al. 2016; Achari 
et al. 2020). Instead, multispecies coalescent models that com-
bine gene tree ambiguity into species recognition may more 
precisely and accurately define species. Estimation of the spe-
ciation process using the Multispecies coalescent model pro-
vides a more comprehensive speciation event as it recognises 
more gene discordant events than GCPSR. Multispecies coa-
lescent model-based species recognition was mainly applied 
for animal and plant taxa at the beginning, but it has been 
gradually adopted for resolving species complexes in plant 
pathogenic fungal groups such as the Alternaria alternata 
complex by Stewart et al. (2014), for Colletotrichum by Liu 
et al. (2016) and for FOC by Achari et al. (2020). When com-
pared with the previously proposed model, one advantage of 
this model is that it allows for the incorporation of understand-
ing from multi gene trees into a single higher level species tree 
during the delimitation process, excluding the constraint of 
stipulating a guide tree for showing species associations (Liu 
et al. 2016; Achari et al. 2020).

The difference within clades also depends on age and thus 
the time available for speciation. Overall, to decide the limits 
of the species clades based on phylogeny, results obtained 
from both Multispecies coalescent and GCPSR should be 
considered. Clades give support for both the Multispecies 
coalescent model and GCPSR can be recognised as phy-
logenetic species in any given population. Furthermore, 
molecular dating to estimate divergence times within a given 
population can also be considered as a potential approach to 
strengthen the species concept determined via phylogeny.

Recently, the dependence of fungal identification on spe-
cies concepts, delimitation, and recognition approaches have 
been proposed by Lücking et al. (2020); however, limited 

insights were pointed out in regard to DNA-based method-
ologies, although they are further recommended to establish 
well-supported boundaries among fungal species. DNA-
based species delimitation methods are widely available, 
using distinct strategies including genetic distance (auto-
mated barcode gap discovery algorithm, ABGD; and statis-
tical parsimony, SPN), coalescent (generalised mixed Yule 
coalescent, GMYC; Poisson tree processes, PTP; Bayesian 
phylogenetics and phylogeography, BPP; and phylogeo-
graphic inference using approximate likelihoods, PHRAPL), 
and genealogical concordance (genealogical concordance 
phylogenetic species recognition, GCPSR) approaches (e.g., 
Clement et al. 2000; Rannala and Yang 2003; Hart and Sun-
day 2007; Powell et al. 2011; Parnmen et al. 2012; Puillan-
dre et al. 2012; Fujisawa and Barraclough 2013; Quaedvlieg 
et al. 2011; Haelewaters et al. 2018; Bustamante et al. 2019).

Species delimitation via various 
phylogeny‑based methods

The distinction of cryptic lineages in Beauveria bassiana, 
initially recognised by Rehner et al. (2011), was overcome 
by integrative analyses where genetic distance (ABGD and 
SPN) and coalescent (GMYC and BPP) approaches for three 
markers (Bloc, Rpb1, and Tef1) established a new taxon B. 
peruviensis (Bustamante et al. 2019). The segregation of 
B. peruviensis from B. bassiana confirmed that, in addition 
to phylogenetic analyses, DNA-based methods are optimal 
to delimit taxa within morphologically defined species. 
Although the Bloc marker was confirmed as a diagnostic 
DNA barcode (minimum p-distance = 1.3%); the GMYC, 
a model that combines diversification between species and 
coalescence within species (Fujisawa and Barraclough 
2013), and the multilocus BPP method, a model that infer-
ences under the multispecies coalescent model with and 
without introgression, properly recognised B. peruviensis 
as a separate taxon (Goldstein et al. 2000; Liu et al. 2016; 
Bustamante et al. 2019). The recognition of B. peruviensis 
was based on ultrametric trees for single locus with highly 
significant likelihood ratios for GMYC and based a priori on 
the concatenated data with high posterior probabilities for 
BPP (Tables S1, S2, S4; Bustamante et al. 2019). Therefore, 
the identification of B. peruviensis as a new species was 
confirmed mainly through phylogenetic analyses and DNA-
based algorithms. The use of these methodologies is recom-
mended to delimit species, and subsequently, the achieve-
ment of congruent and highly significant results across the 
methods is likely to prove most useful for framing reliably 
supported species boundaries that allow the recognition and 
identification of fungal taxa (Carstens et al. 2013; Busta-
mante et al. 2019).
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The genus Bryoria in the family Parmeliaceae (Myllys 
et al. 2011). In recent years sequence-based studies advanced 
the genus, resolved many taxa, and further described cryp-
tic species within the taxa previously identified based on 
morphology (Boluda et al. 2019). However, there is often 
a mismatch between the traditionally accepted Bryoria and 
other Parmeliaceae morphospecies and the use of different 
gene regions (McMullin et al. 2016; Boluda et al. 2019). 
This is mainly due to the incomplete lineage sorting, and 
Boluda et al. (2019) used an integrative taxonomic approach 
that includes morphology, chemical, molecular, and distribu-
tional characters to re-assess species boundaries in Bryoria 
sect. Implexae. This included standard barcodes ITS, IGS, 
GAPDH, two new loci (FRBi15 and FRBi16) and micros-
atellite markers. Sequence datasets were analysed based on 
various methods that included Bayesian and maximum like-
lihood phylogenies, phenogram reconstruction, STRU CTU 
RE Bayesian clustering, principal coordinate analysis and 
haplotype network. ABGD, PTP, GMYC, DISSECT species 
delimitation analyses, divergence time estimation, and past 
population demography were carried out. Further detailed 
morphological examinations and TLC was carried out to 
understand the species' chemical profile. The morpho-chem-
ical analysis and phylogeny of both FRBi15 and FRBi16 
could not conclude the number of putative species, while 
Poisson tree processes, STRU CTU RE, GMYCm, and DIS-
SECT analyses concluded six putative species. The PCoA, 
Haplotype Network and ABGD methods resulted in the rec-
ognition of four putative species. Therefore, these different 
methods do not support the currently accepted 11 Bryoria 
sect. Implexae morphospecies and Boluda et al. (2019) pro-
posed to reduce them to four phylogenetic species.

Boluda et al. (2019) further discussed that the sequence 
data do not reflect the species' evolution but only display the 
history of the studied loci, which may seldom be distinctive 
from the species natural history overall. The use of tradi-
tional barcodes (ITS, IGS, GAPDH) and microsatellites gave 
similar topologies. However, the results based on intergenic 
loci (FRBi15 and FRBi16) were incongruent. These dis-
similarities could happen due to numerous reasons such as 
recombination, hybridisation, or incomplete lineage sorting.

The order Laboulbeniales, comprised of arthropod-
associated biotrophic ectoparasites, has been traditionally 
neglecte by the broader mycological community. These 
fungi are difficult to study due to their microscopic size, 
low infection rates, and the fact that they cannot be grown 
in axenic culture (Haelewaters et al. 2021). One of the most 
encountered taxa is Hesperomyces virescens, a parasite of 
ladybirds (Coleoptera, Coccinellidae). Hesperomyces vire-
scens is known from more than 30 ladybird species and has 
thus far been reported in every continent except Antarctica 
and Australia (Haelewaters et al. 2014, 2017). It has received 
considerable attention recently because it is often reported 

on Harmonia axyridis, an invasive alien species that has 
been introduced in many countries outside of its native 
range, with adverse effects on locally native ladybird diver-
sity (Roy et al. 2016; Haelewaters et al. 2017). As a result, 
researchers have suggested testing H. virescens as a poten-
tial biological control agent of H. axyridis (see Haelewaters 
et al. 2020b). Experimental laboratory work by Cottrell and 
Riddick (2012) revealed that interspecific transmission of 
H. virescens occurred at low rates, whereas intraspecific 
transmission was common. This observation prompted the 
authors to hypothesize that isolates/strains may exist that 
only infect closely related ladybird species or even only a 
single species. Moving forward, Haelewaters et al. (2018) 
presented evidence from morphometrics, ecology (host asso-
ciations), and molecular phylogeny to show that H. virescens 
is a species complex. These authors performed sequence-
based species delimitation methods (ABGD, bPTP, GMYC) 
on ITS and LSU, and concatenated SSU + ITS + LSU data-
sets and found support for segregation by host.

Even though the majority of species are still being 
described based on morphology alone, other recent studies 
in Laboulbeniales have revealed the importance of using 
molecular data in this order. For example, also Arthrorhyn-
chus eucampsipodae on bat flies and Laboulbenia flagellata 
on carabid beetles are species complexes (Haelewaters and 
De Kesel 2020; Haelewaters et al. 2020a), and Haelewaters 
and Pfister (2019) revealed the existence of position-induced 
morphological plasticity in taxa of Gloeandromyces, result-
ing in phylogenetic species with multiple morphotypes 
depending on the position of the bat fly host.

From multilocus approaches to whole 
genome approaches

Contemporary methods, including standard barcodes and 
multilocus sequence analyses, provide more information to 
better characterise species boundaries (Santos et al. 2017). 
During the past decade, following the Human Genome Pro-
ject, advances in genome sequencing technologies have 
revolutionised fungal systematics and facilitated the phylog-
enomic era (James et al. 2020). The cost of a draft genome 
of fungi is decreasing, and more fungal genomes are being 
deposited to genome sequence databases, including genomes 
of poorly studied clades such as the class Laboulbeniomy-
cetes (Haelewaters et al. 2020c). Current phylogenies mainly 
rely on the comparison of several loci of the genome, which 
has several disadvantages, as mentioned previously. There-
fore, established phylogenies need to be revisited, with more 
aspects of the genomes being compared (Wibberg et al. 
2020).

Single-copy genes or single-copy gene families are valu-
able genetic materials in inferring relationships of unclear 



162 Fungal Diversity (2021) 109:155–179

1 3

lineages across Eukaryotes (Aguileta et  al. 2008; Ren 
et al. 2016). As the number of fungal genomes continues 
to increase in genomic databases, more robust phylogenies 
have been reconstructed based on core single-copy genes 
(Haridas et al. 2020; Kjaerbolling et al. 2020; Vandepol 
et al. 2020; Shen et al. 2020). Shen et al. (2018) identified 
2048 amino acid orthologs from 332 budding yeast species 
to reconstruct their phylogeny. Recently, Shen et al. (2020) 
used similar methods to reconstruct a robust phylogeny of 
the phylum Ascomycota based on 815 BUSCO genes pre-
defined orthologs from Ascomycota in the Benchmarking 
Universal Single-Copy Orthologs database (Seppey et al. 
2019; Shen et al. 2020). These works are helpful in infer-
ring a stable phylogeny at high taxonomic levels without 
attempting to delineate fungal species.

The state-of-the-art methods to infer a robust species 
tree in phylogenomics are based on two different strate-
gies; concatenation and coalescence. The examples we 
have mentioned above adopted the concatenation approach 
(Shen et al. 2018, 2020), which relies on the entire merged 
core sequences, single-copy genes. MP method assumed that 
all individual sequences have no horizontal gene transfer 
and no paralogs. However, this assumption is unstable due 
to the evolutionary histories of different genes that can be 
inconsistent with each other and the species tree (Hahn and 
Nakhleh 2016). Hence, the coalescent-based method was 
developed and widely used in inferring species phylogenies 
(Liu et al. 2009; Mirarab and Warnow 2015; Peter et al. 
2018). For example, Peter et al. (2018) built 2018 gene trees 
based on orthologous groups and further summarised them 
into a coalescent species tree. Compared with the concat-
enation-based method, the latter has been proven statisti-
cally consistent under vast numbers of gene trees, which can 
avoid the error induced by incomplete lineage sorting and 
horizontal gene transfer (Mirarab and Warnow 2015; Chung 
and Ane 2011). However, this approach can be error prone 
due to the small number of sites and the large proportion of 
missing sites in individual gene alignments, especially for 
deeper nodes (Springer and Gatesy 2016).

To date, few reports characterise species boundaries of 
Ascomycota based on genomic analysis (Sepúlveda et al. 
2017; Kobmoo et al. 2019; Wibberg et al. 2020; Garcia et al. 
2021). However, mycologists have offered useful sugges-
tions for using genome data to define new species in the 
fungal kingdom. Four criteria were proposed by Matute 
and Sepulveda (2019) in defining species based on genome 
sequences: (1) reciprocal monophyly, (2) high concordance 
among genomic partitions, (3) lower interspecies differentia-
tion than intraspecific differentiation, and (4) low polymor-
phism. To some extent, these criteria can standardise the use 
of the concept of genomic species in the genomic era. Xu 
(2020) proposed that 97% average nucleotide identity for 
shared house-keeping genes can be used to delineate fungal 

species. But the number and standard datasets of shared 
house-keeping genes must be predefined.

Genomic distance is another approach to delineate 
species, which is not dependent on evolutionary relation-
ships (Gostinčar 2020). Average nucleotide identity (ANI) 
(Sepúlveda et al. 2017) of the whole genome sequence was 
introduced to delineate species by comparing two genome 
sequences. The 95–96% ANI was proposed to be the thresh-
old to characterise species boundaries (Kim et al. 2014). 
Genomic similarity thresholds to delineate fungal species at 
phylum, class, order, family, genus, and species levels were 
evaluated. This method displayed high accuracy in delineat-
ing species despite the low discriminative power at higher 
taxonomic ranks (Gostinčar 2020). Some bacteriologists 
proposed that core genome phylogenetic analysis and ANI 
altogether can be used to define bacterial species boundaries 
(Chan et al. 2012). This combined strategy is not used in 
fungal taxonomy so far; a case study at the species level is 
expected in future research.

To our knowledge, there are no universal methods to 
delimit species boundaries using genome sequences. Here 
we offer some suggestions. First, we must confirm that a 
large number of genomes facilitate the development of a 
stable fungal taxonomy, and genome-based taxonomic 
approach will play an increasingly important role in fungal 
species delineation. Genome-based fungal taxonomic stud-
ies should be encouraged, and a new proposed classification 
system should be based on the existing fungal taxonomy 
foundation and progressively revise it using reliable whole-
genome sequences. The standard genome-level marker data-
sets and criteria for fungal taxonomy should be established 
by authorities, which will be convenient for pioneering 
research.

Case study

Genetic markers are not influenced by environmental condi-
tions and, therefore, they are useful to determine the genetic 
structure of fungal populations and species discrimination. 
The divergent nature of evolution is reflected in phylogenetic 
trees. For sister species in a phylogenetic tree, as well as for 
larger monophyletic groups identified on it, one can always 
identify characters by which the species included in these 
groups are mostly similar. More recently, sequence data and 
phylogenetic analysis techniques have increased unequivo-
cal taxonomic identification of fungal species. However, 
disagreements among traditional phylogenetic reconstruc-
tions may introduce taxonomic questions. Here, by using 
the genus Phyllosticta, we attempt to understand (1) whether 
monophyletic clusters of isolates effectively correspond to 
phylogenetic species, (2) whether different molecular mark-
ers result in a different number of phylogenetic species, and 
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(3) whether it is possible to confidently propose a species 
number based on different concatenation and coalescence 
methods.

Phyllosticta species are an important group of patho-
gens causing spots in leaves and stems as well as damage 
to fruits (Baayen et al. 2002; Glienke et al. 2011; Wikee 
et al. 2013). Phyllosticta species reduce the photosynthetic 
ability and cause severe damage to the host by premature 
fall of leaves and fruits (Glienke et al. 2011). They are also 
found as endophytes or saprobes from a wide range of host 
plants (Wikee et al. 2013). The species concept of Phyllos-
ticta has undergone significant changes since its introduc-
tion by Persoon (1818). The sexual morph of Phyllosticta is 
identified as Guignardia. Since Phyllosticta is the oldest and 
most commonly used name, Guignardia was synonymized 
under Phyllosticta (Glienke et al. 2011). There are over 3000 
specific epithets of Phyllosticta listed in Index Fungorum 
(2021; http:// www. index fungo rum. org/ na mes/Names.asp). 
The taxonomy of the genus has long been problematic due 
to limited morphological characters and species introduction 
based only on host associations (Jayawardena et al. 2019). 
Morphological features of related taxa are always overlap-
ping and change based on host, environment, and culture 
medium. Currently, six species complexes are recognised 
in Phyllosticta (Norphanphoun et al. 2020). A natural clas-
sification has been established for the genus based on the 
polyphasic approaches, combining morphological charac-
ters and phylogenetic relationships. However, many species 
of Phyllosticta have overlapping morphologies and recent 
phylogenetic analysis based on different molecular markers 
does not always support the delimitation of species (Wang 
et al. 2020).

A total of 109 strains with sequences for five loci (ITS, 
LSU, Actin, GAPDH, TEF1) representing 84 species of 
Phyllosticta in six species complexes were selected for the 
case study. The species Neofusicoccum mediterraneum (CBS 
121718) was used as the outgroup taxon. The ITSx v1.1.2 
(Bengtsson-Palme et al. 2013) was used to validate and 
annotate non-coding sequences (ITS and LSU) and exons 
and introns of protein-coding regions (Actin, GAPDH, 
TEF1) were recognised using TBLASTN online.

Phylogenetic analyses

The sequences were aligned using MAFFT v7.475 (Katoh 
et al. 2019). The best-fit models of DNA evolution for each 
partition were determined using PartionFinder v. 1.0.1 (Lan-
fear et al. 2012). Phylogenetic analyses were performed 
using maximum likelihood (ML), maximum parsimony 
(MP) and Bayesian approaches with gaps treated as missing 
data. RAxML-NG v1.0.1 (Kozlov et al. 2019) was used to 
infer the ML tree with 1000 bootstrap replicates. MP tree 

was constructed using MPboot v1.1.0 (Hoang et al. 2018) 
with 1000 ultrafast bootstrap replicates. The Bayesian analy-
sis was conducted using parallel MrBayes v3.2.7 (Huelsen-
beck and Ronquist 2001). Two different runs with 50 million 
generations and four chains were executed, and the initial 
25% of sample trees were treated as burn-in. Tracer v1.7.1 
(Rambaut et al. 2018) was used to confirm that the MCMC 
runs reached convergence with all ESS values above 200.

Divergence time estimation

Divergence time was estimated using BEAST v2.6.3 
(Bouckaert et al. 2019). The beast control file was set using 
BEAUti implemented in BEAST software. The evolution 
model of each partition was in accord with ML tree infer-
ence, and the relaxed clock log normal was selected for 
the analysis. A single calibration point of 103 Mya with a 
standard deviation of 5 Mya was referred to the genus Phyl-
losticta using THE TIMESCALE of LIFE (http:// timet ree. 
org/). The analyses were conducted with 50 million MCMC 
iterations and sampling each 5000 generation. Convergence 
was checked using the same method described previously. 
The maximum clade credibility tree was inferred in TreeAn-
notator v2.6.3 (Bouckaert et al. 2019) after discarding the 
initial 25% of MCMC trees as burn-in. The result was visual-
ized using ggtree (Yu 2020).

Sequence‑based species delimitation methods

We performed species delimitation using seven different 
methods: Automatic Barcoding Gap Discovery (ABGD) 
(Puillandre et al. 2012), statistical parsimony network anal-
ysis implemented in TCS (Clement et al. 2000), Bayesian 
Phylogenetics and Phylogeography (BPP) (Yang 2015), an 
updated version of Bayesian Poisson tree processes (bPTP) 
(Zhang et  al. 2013), multi-rate Poisson tree processes 
(mPTP) (Kapli et al. 2017), Generalized Mixed Yule Coa-
lescence (GMYC) (Pons et al. 2006), and Species Tree and 
Classification Estimation, Yarely STACEY (Jones 2017). 
The web-interface version of ABGD (http:// wwwabi. snv. 
jussi eu. fr/ public/ abgd/) was used to conduct species delim-
itation with five barcodes as well as the combined data-
set without outgroup. The prior maximum divergence of 
intraspecific diversity (P value) was set from minimum value 
0.001 to maximum value 0.1, and the number of steps was 
set to 50. Kimura-2P model was used to get the matrix of 
pairwise distances. For TCS analysis, haplotype networks 
of six datasets were constructed using TCS v1.21 (Clem-
ent et al. 2000). Outgroup sequence was removed from 
all datasets, gaps presenting in alignment were treated as 
missing data, and the connection limit was set to 95%. BPP 
v4.3.8 was used to conduct species delimitation using A11 

http://www.indexfungorum.org/na
http://timetree.org/
http://timetree.org/
http://wwwabi.snv.jussieu.fr/public/abgd/
http://wwwabi.snv.jussieu.fr/public/abgd/
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analysis (Flouri et al. 2018). The control file of BPP was 
prepared according to the A11 example file implemented 
in BPP. Six phylogenetic trees (5 based marker datasets 
and 1 based combined dataset) generated using RAxML-
NG were submitted to the Bayesian Poisson tree processes 
(bPTP) (Zhang et al. 2013) webserver (https:// speci es.h- its. 
org/) to test species limits. The analyses were conducted 
with 2 million MCMC generations, thinning of 100, and 
Burn-in of 0.1. Multi-rate Poisson tree processes (mPTP) 
(Kapli et al. 2017), similar with bPTP, was conducted using 
five marker phylogenetic trees. The analysis was run two 
times based on one coalescent rate and multiple coalescent 

rates, respectively. GMYC analyses (Pons et al. 2006) were 
conducted using the package splits (Ezard et al. 2017) on 
the R platform (R Core Team 2021). As input, six ultramet-
ric trees (5 based marker datasets and 1 based combined 
dataset) were constructed using BEAST with 100 million 
MCMC iterations, a strict molecular, and a Yule model as 
prior (Fig. 1).

STACEY (Jones 2017) analysis implemented in BEAST 
was conducted using the combined datasets. The analysis 
was performed with 4.5 billion MCMC iterations. The final 
resulting species tree was subjected to SpeciesDelimitatio-
nAnalyzer (Jones et al. 2014) with a burn-in of 10,000, a 

Fig. 1  Ascomycota genera discusses in this paper a Beauveria sp. b Colletotrichum sp. c Phyllosticta sp. d Fusarium sp. e Induratia sp. f Hes-
peromyces sp. Scale bars: a–f = 20 μm

https://species.h-its.org/
https://species.h-its.org/
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Fig. 2  Integrated assessment of results in genus  Phyllosticta. Phy-
logenetic tree based on maximum likelihood inference of combined 
ITS, LSU, ACT, TEF and GAPDH sequence data, and branches with 
high bootstrap support values (≥ 70) and high posterior probabilities 

(≥ 0.70) were shown in boldface. Different symbols represent each 
complex. Color strips represent species delimitation results from six 
polyphasic methods, ABGD, bPTP, GMYC, TCS, STACEY and BPP 
based on combined sequences
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collapse height of 0.0001 and a simcutoff of 1. The similar-
ity matrix was plotted using R codes supplied by Jones et al. 
(2014). Defined species of methods were visualised with 
ITOL online (Letunic and Bork 2019).

As predicted, ABGD, TCS, BPP, PTP, GMYC, and 
STACEY resulted in different numbers of putative species 
(Figs. 2, 4; Sup Fig. 1). ABGD approach detects the barcode 
gap as the first significant gap beyond limit for intraspecific 
divergence and uses it to partition the sequence alignment 
data set into candidate species (Puillandre et al. 2012). The 
percentage of recovered species (PRS) varied with different 
loci. As a single locus, actin had the highest PRS (90%). The 
ABGD is fast and straightforward, though it should only 
be used to grant a preliminary idea of species boundaries 
(Leavitt et al. 2015). The PTP models could be applied to 
understand putative species limits on a given rooted phyloge-
netic tree. Same as ABGD approach, PTP models only could 
be used to grant an initial idea of species boundaries (Zhang 
et al. 2013; Leavitt et al. 2015). These methods applied to 
single-locus gene trees, and bPTPhpp and bPTPml of the 
Actin and LSU loci had the highest PRS (Sup Fig. 1). Out 
of all the models, in all loci, mPTPmml gave the lowest 
PRS (Sup Fig. 1). The Generalized Mixed Yule Coalescent 
(GMYC) identifies speciation events where branching rates 
switch from intraspecific (coalescent model) to interspecific 
(yule model) patterns (Monaghan et al. 2009). Generally, 
it is firm over a wide range of conditions, including differ-
ent phylogenies (Leavitt et al. 2015). However, sometimes 
GMYC approach over-delimitates species because haplo-
types of well-supported clades are recognised as independ-
ent lineages (Fujisawa and Barraclough 2013; Leavitt et al. 
2015). The GMYCm (multiple threshold) and GMYCs (sin-
gle threshold) model of the combined loci estimated 76 and 
86 species, respectively. In this study, the TCS method gave 
the smallest number of putative species. In the combined 
analysis, STACEY supported 107 species, which is higher 
than the actual number of Phyllosticta species. STACEY 
used multiple loci and is a Bayesian approach under the mul-
tispecies coalescent model (Kanz et al. 2015; Chethana et al. 
2021). BPP is a Bayesian modelling approach, and it often 
increased speciation probabilities (Leavitt et al. 2015). In 
the present study, BPP gave the largest number of putative 
species (109). Furthermore, the different approaches also 
showed that as single loci, TEF1 and Actin are the most 
informative markers. Coalescent-based methods have been 
commonly used for species delineation in various taxa, and 
our results agree with that as the GMYC method gave 86 
putative species that are most similar to the actual no species 
studies in this case study (Figs. 2, 4; Sup Fig. 1).

Molecular timescales can provide insights into the history 
of organisms (Samarakoon et al. 2016). Lately, divergence 
time estimation used to provide additional evidence to sta-
bilize the ranking of species complexes in cryptic genera 

(Bhunjun et al. 2021). The estimated divergence time for 
species complexes in Phyllosticta ranged between 39.50 to 
62.89 Ma (Fig. 3).

Limitations of PSC

Naciri and Linder (2015) identified seven processes that 
affect gene tree heterogeneity and thereby act as barriers 
when delimiting species boundaries in plants based on fewer 
gene regions. These processes are fundamental for the Asco-
mycota in most scenarios. Many of these processes falsify 
the species relationship among taxa and create fuzzy spe-
cies boundaries, which is very common in classical low-rank 
phylogenies (Lumbsch and Leavitt 2011; Naciri and Linder 
2015).

Hybridisation is one of the major causes of heterogene-
ity in gene trees in Fungi. In fungi, hybridisation can occur 
both by sexual mating and asexual fusion of hyphae or cells 
(Kohn 2005). Hybridisation can speed up adaptive evolution 
by transferring adaptive traits among species (Stukenbrock 
2016). For instance, hybridisation has been proposed as a 
significant force in the evolution of phytopathogens (Bras-
ier 2000). For example, the ascomyceteous grass pathogen 
Zymoseptoria pseudotritici, the Dutch elm disease pathogens 
Ophiostoma ulmi and O. novo-ulmi, and Brassicaceae patho-
gen Verticillium longisporum are well studied in hybridising 
experiments. Above studies revealed that hybridisation is a 
major force used in the successful spread of plant pathogens 
and the emergence of new pathogens (Stukenbrock 2016). 
Hybridisation is also widespread in lichen-forming fungi 
(Keuler et al. 2020), and therefore, gene trees can usually be 
different from each other and possibly from the species tree 
(Naciri and Linder 2015).

Incongruence is also possible because of incomplete lin-
eage sorting (ILS) (Keuler et al. 2020). The ILS happens 
when ancestral polymorphisms persist through speciation 
events, and each ancestral polymorphism can lead to differ-
ent alleles carried among descendants (Stewart et al. 2014). 
ILS influences both species delimitation process and species 
phylogenies and incorrect signals in population relationships 
(Steenkamp et al. 2018). ILS should be taken into account 
when reconstructing the phylogeny of related species. For 
example, single-gene phylogenetic approaches are not use-
ful for ILS between closely related species and inadequate 
to provide enough evidence to prove that populations relate 
to a single species (Taylor et al. 2000; Lumbsch and Leavitt 
2011). Thus, multiple independent gene regions are essential 
for species delimitations when incomplete lineage sorting 
is possible. ILS also may create paraphyletic taxa (Brook-
field 2011). The impact of ILS and how it obscures the rela-
tionships between sibling species have been well studied 
in fungi, and some examples include Alternaria alternata 
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sensu lato, the rice blast fungus Magnaporthe oryzae and 
many lichen-forming Ascomycota (Stewart et al. 2014; Gla-
dieux et al. 2018; Xu 2020).

Genome structure (chromosomes number, polyploidy, 
and the loci site on the chromosomes corresponding to the 
centromere) also affects the gene tree heterogeneity (Naciri 
and Linder 2015). A whole-genome duplication is rare, 
which creates an organism with double genetic content 
(Wolfe 2015). Several ascomycetes, especially those in the 
Saccharomycotina, including the common baker’s yeast Sac-
charomyces cerevisiae have known ancestral genome dupli-
cation events. Chromosomal translocation or the uncommon 
rearrangement of chromosomes also influences the incon-
gruence in phylogeny, and it may occur more regularly in 
fungal genomes than earlier noticed (Olarte et al. 2019). For 
instance, different strains of the entomopathogenic fungus 
Tolypocladium inflatum exhibit high diversity in production 
of cyclosporin and other secondary metabolites (Olarte et al. 
2019). Gene fusion also plays a significant role in gene struc-
ture progression; for example, it can produce more complex 
proteins (Nevalainen and Peterson 2014; Ntana et al. 2020). 
During the process, a hybrid gene produced from various 
genomes or even different gene in the corresponding genome 
(Naciri and Linder 2015). These genes have different coa-
lescence times; therefore, incongruence in phylogeny can 
be observed (Fig. 4). 

Demographic differences determined the changes in pop-
ulation size and its variation through time (Garza and Wil-
liamson 2001; Naciri and Linder 2015; Cissé et al. 2018). It 
affects the levels of population genetic variation and, there-
fore, on time to coalescence the effective population size 
(Naciri and Linder 2015). Migration, bottlenecks, and mat-
ing systems are responsible for the demographic changes in 
fungi (Grünwald et al. 2016).

In addition, selection and phylogeographic structure also 
affect phylogenetic relationships among taxa to some extent 
(Naciri and Linder 2015). Phylogeography may decrease 
genetic diversity between sister species or differing levels of 
intraspecific diversities within a population, thereby creating 
difficulties in species delimitation or fuzzy species bounda-
ries. Several studies revealed that selection does not influ-
ence the topology of genealogical trees; however, it affects 
the depth of within-species genealogies (Kanzi et al. 2020).

Therefore, an integrative or polyphasic approach consid-
ers a maximum of biological reality. Integrating data from 
various sources to delimit and describe species has been 
proposed and used successfully in many lineages of Asco-
mycota (Lücking et al. 2020). We provided several examples 
above, as well as a case study using multiple approaches to 
resolve taxonomic problems.

Additional criteria used to determine species 
in Ascomycota

Chemotaxonomy

When compared to all other living organisms, species of 
the Ascomycota produce a large number of secondary 
metabolites. In chemotaxonomy or chemosystematics, 
these chemical compounds can be used for the classifica-
tion and identification of fungi (Frisvad et al. 2008; Helaly 
et al. 2018). The genus Muscodor (≡ Induratia) was intro-
duced by Worapong et al. (2001) as an endophyte isolated 
from small limbs of Cinnamomum zeylanicum in Honduras. 
Hyphal morphologies such as coiling, ropiness, branching 
patterns, and odour were used as distinguishing characters 
coupled with phylogenies. The isolate was introduced as 
a new genus and is typified by Muscodor albus in Xylari-
aceae. Strobel et al. (2001) and Ezra et al. (2004) evalu-
ated the chemical properties of M. albus and described it 
as a potential mycofumigant. Subsequently 24 Muscodor 
species have been described based on mycelia sterilia (MS) 
mainly using hyphal characteristics and ITS sequence data 
(e.g. González et al. 2009; Suwannarach et al. 2013; Mesh-
ram 2017). The novel taxa identifications have also followed 
the comparisons of volatile organic compound profiles (e.g. 
González et al. 2009; Suwannarach et al. 2013; Meshram 
2017). Samarakoon et al. (2020) revisited the genus and syn-
onymised Muscodor under Induratia giving priority to the 
oldest name based on the combination of multi-gene phy-
logeny, chemical profiling and morphology. Even though, 
with the presence of only MS, the integration of both mul-
tilocus phylogenies and chemical profiling can be used to 
introduce novel taxa in Indratia/Muscodor. Also, Lambert 
et al. (2019) introduced Hypomontagnella in Hypoxylaceae 
based on a combination of morphology, multi-gene phylog-
eny and chemotaxonomic data. The presence of antifungal 
polyketides of the sporothriolide type in standardised sub-
merged cultures of Hypomontagnella species is specific to 
the genus. It is possible to use the combination of phylog-
eny and chemotaxonomy, even for a MS in this group to 
introduce novel taxa. Plants, fungi and actinomycetes are 
particularly good at producing secondary metabolites (Fris-
vad et al. 2008). Taxonomic groups that are exceptionally 
talented for production of secondary metabolites are aside 
from the Xylariales (Becker and Stadler 2021) the inverte-
brate associated families of the Hypocreales (Zhang et al. 
2020) and certain taxa of the Agaricomycetes among the 
Basidiomycota (Sandargo et al. 2019).
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Divergence time estimation

In recent years, molecular dating, or the use of DNA 
sequences data to estimate divergence times in phylogenetic 
trees, is rapidly emerging into one of the most useful appli-
cations of phylogenetic systematics to determine the species 
limits of fungi (Berbee and Taylor 1993; Prieto et al. 2013; 
Beimforde et al. 2014). There have been several analyses 
of divergence times in the fungal tree of life in the last two 
decades, but most have yielded contrasting results for the 
origin of major lineages (Liu et al. 2017; Hyde et al. 2017). 
There are several studies on the divergence time estima-
tions up to the species level discriminate among reptiles and 

birds (Guicking et al. 2006; Mays et al. 2015). According to 
Guicking et al. (2006), phylogeny and divergence time esti-
mation is essential to resolve species boundaries, especially 
for the species with plastic morphology and geographical 
distributions. Zhao et al. (2016) conducted a study on Aga-
ricus, which comprises morphologically similar species, and 
compared divergence time estimations to evaluate up to sec-
tions and subgeneric levels. However, there are only a few 
evolutionary studies for the ascomyceteous species level. 
Besides, as traditional rank delimitation can be somewhat 
arbitrary, it is therefore desirable to adopt a standardised, 
objective, and biologically informative criterion for taxo-
nomic delimitation (Avise and Johns 1999). Hence, several 
authors have employed divergence time estimates and the 
study of lineage evolutionary history as criteria to minimise 
the effects of arbitrary taxonomic systems (Prieto et al. 2013; 
Beimforde et al. 2014; Pérez-Ortega et al. 2016; Hyde et al. 
2017). For example, Qu et al. (2018) estimated the diver-
gence times of Hirsutella in Ophiocordyceps and provided 
an understanding of the evolution of the phialide structure 
of the genus. The analysis of the molecular clock calibration 
based on the fossil record showed that Hirsutella arose from 
a common ancestor about 102 million years ago (Early Cre-
taceous, Lower Albian) (Qu et al. 2018). One was generally 
phialidic, a larger shape, including H. guyana, H. nodulosa, 
and H. sinensis clades (86.9 Mya, 95% highest posterior 
density (HPD): 69.1–101.4 Mya). Another main lineage of 
the phialides was more diversified and smaller than the for-
mer, which included H. citriformis and H. thompsonii clades 
(71.9 Mya, 95% HPD: 41.8–99.6 Mya).

Polyphasic approach for species delimitation 
in Ascomycota

Each species concept in fungal systematics has pros and 
cons. In an ideal situation, scientists can combine all spe-
cies concepts to illustrate limits and the hypothesis of spe-
cies for any given taxa. However, this is not possible in all 
cases due to various reasons.

Therefore, species boundaries are often obscured, 
and only a single method cannot work for delimitation 
of all fungal species (Leavitt et  al. 2011; Haelewaters 
et al. 2018). Thus, there is debate among mycologists to 
define species in a biologically meaningful context. In 
recent years, integrative approaches have become more 
popular to delimit species in Ascomycota (Araújo et al. 
2018; Haelewaters et al. 2018; Sochorová et al. 2019). 
Furthermore, in some Ascomycota lineages phenotypic 
methods fail to resolve species boundaries; therefore, it 
is necessary to have other approaches (Skrede et al. 2017; 
Boluda et al. 2019). Meanwhile, in some lineages, mor-
phology can successfully delimit species, which can speed 

Fig. 3  The maximum clade credibility tree of species in genus Phyl-
losticta  obtained from a Bayesian approach using BEAST for the 
ITS, LSU, ACT, TEF and GAPDH sequence data. Bars correspond 
to the 95% highest posterior density (HPD) intervals. The scale axis 
shows divergence times as millions of years ago. Geological periods 
are indicated at the base of the tree. Different symbols represent each 
complex
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up other species delimiting approaches (Bustamante et al. 
2019). Further, multiple disciplines help to discriminate 
species but also their origins. For instance, the integrative 
approaches connect several species delimitations terms 
such as reproductive connections, morphology, and evo-
lutionary relationships and integrates them into a monistic 
concept of species (Liu et al. 2016; Boluda et al 2019). In 
this section by giving several examples, we explain how 
integrated methods have improved our knowledge regard-
ing the delimitation of species in the Ascomycota.

In the ideal situation, determining the species limits 
and understanding the species concept of a given taxon 
should be interpreted based on a complimentary poly-
phasic approach including morphological, biological and 
phylogenetic species concepts. For example, Liu et al. 
(2016) used MSC, BSC and PSC to understand the spe-
cies limits of Colletotrichum siamense s. lat., which is 
a cosmopolitan pathogen that causes serious diseases on 
many economically important plants. Traditional classifi-
cation of the C. siamense s. lat. was mainly based on spore 
morphology, colony characters and host. However, these 
characters often overlap when it comes to determining the 
species limits of the genus. Furthermore, larger number of 
species have been introduced based on a five-locus phylo-
genetic analysis (ACT, CAL, CHS1, GAPDH, ITS). How-
ever, the addition of a larger number of species based only 
on phylogeny led to significant disagreements regarding 
the status of C. siamense s. lat, either as a single species 
or as a species complex. Therefore, Liu et al. (2016) apply 
a polyphasic methodology that compared morphological 
characteristics (MSC), mating compatibility test (BSC), 
PSC based on both single- and concatenated-gene phy-
logenetic analyses, pairwise homoplasy index test, and 
coalescent-based species delimitation methods compris-
ing GMYC, PTP and BPP to test their null hypothesis 
that C. siamense s. lat. is a species complex. Liu et al. 
(2016) concluded that DNA-based phylogenetic analy-
ses considering both GCPSR and coalescent methods of 
GMYC, PTP and BPP supported C. siamense s. lat. as a 
single species rather than a species complex. Additional 
analyses, i.e. a PHI test, cross fertility and the compari-
son of ecological characters, strengthened that sympat-
ric speciation, geographic and host plant barriers to gene 
flow among hypothesised “species” in C. siamense s. lat. 
have not formed. This study verified that speciation events 
might be misjudged in fungi if all well-supported clades 
are accepted as distinct species when using phylogenetic 
analysis of single-locus or concatenation of multi-loci on 
small sample size. The polyphasic approach in this study 
provided a valuable development for species delimitation 
and can be useful, in principle, to any fungal species that 
are morphologically indistinguishable. Furthermore, this 

study emphasised the importance of utilizing a large sam-
ple size to robustly estimate species boundaries.

Pragmatic

Species delimitation of mycelia sterilia (MS)

Mycelia sterilia is a group of filamentous fungi that produce 
only mycelial masses and lacks any spore stages, sclerotia 
or rhizomorphs, etc. They are morphologically indistin-
guishable due to lack of macro–micro characters of sexual 
or asexual morphs (Devanadera 2011). In early classifica-
tion, MS was considered an informal group known as mito-
sporic fungi or Deuteromycetes under the class “Agonomy-
cetes” (Carlile et al. 1994). The particular environmental, 
physiological or biochemical interactions are essential for 
the reproduction of an organism. The inability of a culture 
medium to provide optimum nutrients and growing condi-
tions result in the failure of a particular fungal species to 
produce reproductive spores and spore-bearing structures. 
Such isolates are termed as MS. However, the group MS 
does not represent the same fungus and only shares the ina-
bility to express diagnostic characters under the conditions 
provided (Talbot 1971). Also, their sexual or asexual morphs 
possibly can be discovered in natural environmental condi-
tions. The fungi isolated from different habitats and soil is 
one of the typical habitats for the high frequency of MS 
(Devanadera 2011; Nosratabadi et al. 2017).

Traditionally, the identification of MS depended on the 
comparisons of culture characters (Talbot 1971; Arnold et al. 
2001; Naik 2009). Even though the culture-based identifica-
tion is helpful, it is a limited tool, and morphotypes do not 
always reflect correct identifications (Guo et al. 2000; Lacap 
et al. 2003; Naik 2009). Therefore, molecular techniques are 
considered promising methods for identifying MS (Lacap 
et al. 2003; Naik 2009; Gnavi et al. 2014; Knapp et al. 2015; 
Noumeur et al. 2020). Here, we provide an example about 
the introduction of a genus using MS and later the connec-
tion of sexual morph found in the natural habitats based on 
the polyphasic taxonomic approach.

Species delimitation of dark taxa

There is debate among mycologists about the use of envi-
ronmental DNA amplified from undescribed, also known 
as dark taxa, for species delimitation (Hongsanan et al. 
2018; Lücking and Hawksworth 2018; Ryberg and Nils-
son 2018; Thines et al. 2018; Zamora et al. 2018). Lücking 
and Hawksworth (2018) proposed a code as “nom. seq.” 
(nomen sequentiae) for the publication of voucherless, 
sequence-based names in a consistent manner. Recently, 
Khan et al. (2020) followed the proposed criteria from the 
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nomenclatural committee and introduced two new species as 
Archaeorhizomyces victor nom. seq. and A. secundus nom. 
seq. (Archaeorhizomycetes, Taphrinomycotina, Ascomy-
cota). Species delimitation has been followed by the dis-
tinct base pairs comparison of the internal transcribed spacer 
region ITS1 and ITS2 with similar taxa (Khan et al. 2020). 
This facilitates the discovery of unknown lineages in the 
fungal tree in the absence of physical specimens. However, 
there are various arguments in the scientific community con-
cerning how the dark taxa should be sorted. According to 
the International Code of Nomenclature for algae, fungi, and 
plants (ICN), it is necessary to designate a physical speci-
men as the type species. However, Hawksworth et al. (2016) 
proposed that it could be possible to permit sequence data to 
serve as types of names of fungi. Also, use of short sequence 
reads (ITS1 or ITS2) for species delimitation is often mis-
leading in Ascomycota (Hongsanan et al. 2018).

Species delimitation for pathogenic fungi

Most fungal pathogens in Ascomycota possess cryptic 
morphology. As we have mentioned early in this study, 
applying BSC is also somewhat difficult for many patho-
genic genera because they do not produce an asexual state 
in nature. Therefore, the following examples illustrate the 
recent approaches taken to sort out the species and generic 
boundaries of cryptic Ascomycota species.

Histoplasma

Whole genomic data provide evidence in identifying cryptic 
speciation (Wibberg et al. 2020). Histoplasma is a genus 
of dimorphic human pathogen that causes life threatening 
chronic lung infections (Hage et al. 2015). In contrast, many 
aspects regarding the natural history, evolution, systematics 
and the number of species of this pathogenic genus remain 
largely unknown due to their cryptic nature. Most species 
were previously classified as H. capsulatum. Geographic 
distribution, morphology and clinical symptoms show that 
this taxon is composed of three distinct groups (Guého et al. 
1997). Based on four protein-coding genes (arf, H‐anti, ole 
and tub1), seven species were proposed by Kasuga et al. 
(2003). Sepúlveda et al. (2017) reconstructed well-supported 
species tree using 100-kb sliding-window sequences at the 
whole-genome level. The result based on the Bayesian con-
cordance analysis suggested that this genus is composed 
of at least four species (Ané 2010; Sepúlveda et al. 2017). 
Compared to previous studies, the species tree contradicted 
proposed relationships that mostly were influenced by 

incomplete lineage sorting (Teixeira et al. 2016; Qiu et al. 
2016). 

Neocosmospora vs. Fusarium solani species complex (FSSC)

Formerly Fusarium solani species complex (FSSC) was 
accepted within the genus Fusarium by many authors 
(O’Donnell et al. 2008, 2013; Zhang et al. 2006; Nalim et al. 
2011; Geiser et al. 2013; Short et al. 2013). Later, the genus 
was segregated into seven genera, and species in FSSC were 
transferred to Neocosmospora by Lombard et al. (2015). 
Their study was based on a multi-locus phylogeny of LSU, 
ITS, acl1, rpb1, rpb2, α-actin, β-tubulin, calmodulin, histone 
H3, and tef1-α regions. Nonetheless, Lombard et al. (2015) 
indicated the need for a comprehensive taxonomic study to 
describe these genera. The taxonomic concept of Neocos-
mospora proposed by Lombard et al. (2015) was followed 
by subsequent authors (Sandoval-Denis and Crous 2018; 
Sandoval-Denis et al. 2019). Schroers et al. (2016) epitypi-
fied Fusarium solani and provided an ex-epitype culture with 
DNA sequences (NRRL 66304). However, assigning taxa of 
FSSC to Neocosmospora has been argued with the mono-
phyletic nature of the genus Fusarium that includes FSSC 
was confirmed by phylogenomic analyses (Geiser et  al. 
2020; O'Donnell et al. 2020). Geiser et al. (2020) performed 
phylogenomic calculations of a 55.1 kb, 19- protein-coding 
gene dataset to assess the monophyly of Fusarium. Besides, 
19-locus phylogeny provided a statistically more stable phy-
logenetic reconstruction, which reaffirmed the very broad spe-
cies concept of Fusarium was accepted by Geiser et al. (2013). 
Crous et al. (2021a, b) reanalysed this 19 genes Nectriaceae 
dataset, and their phylogeny showed that only the concate-
nated alignment resolved the broad circumscription of Fusar-
ium backbone. Further, they re-analysed the concatenated 
dataset using different phylogenetic methods and revealed 
that various Nectriaceae lineages proposed as members of the 
genus Fusarium by Geiser et al. (2020) have alternate topolo-
gies. Crous et al. (2021a, b) emphasised that fusarioid macro-
conidia character has been gained or lost many times during 
evolution of Nectriaceae and could not be considered as a 
generic character, and therefore, the broad circumscription 
of Fusarium sensu stricto is fuzzy. Furthermore, they noted 
that the both sexual and asexual morphs of Neocosmospora 
are distinct, form strongly supported monophyletic groups in 
phylogeny Neoscosmospora differs drastically in regard to its 
secondary metabolism from Fusarium sensu stricto, as exem-
plified by the lack of trichothecene type mycotoxins in the 
former genus, unlike those in Fusarium sensu stricto.
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Conclusion

Species are sets of individuals that, literally, each look differ-
ent (from the Latin word specere “to look at”). The theory is 
clear; however, the concept of “species” is a human construct 
and is not something that we should expect to be able to 
define a uniform standard for all organisms, including fungi. 
The above definition is often mysterious in Ascomycota 
compared to Basidiomycota or to macroorganisms or that 
can be seen with the naked eye. Ascomycota have a short 
reproductive generation. For instance, the gap between two 
generations of asexual reproduction in many species occurs 
in several days. The fungal population changes rapidly in 
response to changing environmental conditions, therefore 
genotypes best-adapted to these changes are selected for. 
They have a variety of reproduction systems, from random 
mating to strict clonality. The heterokaryosis is useful to 
store variability in the form of recessive alleles. These allele 
frequencies can change, which provides quick adaptation to 
changing environments. They have various recombination 
methods such as parasexual recombination, gene conver-
sion and horizontal gene transfer. These circumstances make 
fungi unique and fascinating among other eukaryotes, and 
therefore, the above facts need to be considered when inte-
grative approaches are utilized to estimate species bounda-
ries in the Ascomycota.

Based on different methods of prediction, the latest esti-
mated number of fungal species is 11.7–13.2 million (Wu 
et al. 2019; Hyde et al. 2020). This number was previously 
lower, from a conservative 1.5 million (Hawksworth 1991) 
up to 6 million (Taylor et  al. 2014), and most recently 
between 2.2 and 3.8 million (Hawksworth and Lücking 
2017). However, some species concepts recognise too many 
Ascomycota species, whereas some concepts may ignore 
or understate the number. For example, morphologically 
defined species can accommodate multiple species based on 
BSC or PSC. It can be seen that reclassification via the use 
of the PSC leads to a noticeable rise in the number of species 
and a more modest remapping of species across previous 
taxonomic boundaries. These cryptic or sibling species lack 
distinct morphological characteristics; however, molecular 
analysis have unveiled these genetically distinct populations 
and warrant species-level recognition.

The proportion of species descriptions using PSC has 
been on the rise in the last ten years. However, at present, 
there is no standard as to which locus/loci should be ana-
lysed in PSC (Xu 2020). The identification of different gen-
era has used different genetic datasets. Further, the statistical 
support and sequence divergence values to designate species 
in single-gene phylogeny and the combined concatenated 
tree vary upon the authors. Using these sequence data is 
marginal among intraspecific and interspecific molecular 

variation is often unclear in most related sister species 
(Thines et al. 2018). The addition of further isolates has 
caused some taxa to become fuzzy because of limited char-
acter sampling (Benkert 2011).
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