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Abstract

Accurate identification and demarcation of taxa has far reaching implications in mycology,
especially when plant pathogens are involved. Yet few publications have seriously proposed
recommendations as to how to delineate species boundaries. Morphology, with all its taxonomic
disparities, has been the main criterion upon which current fungal species concepts are based and
morphologically defined species make up the largest number of named species. Although
phylogenomic based studies arguably offer novel insights into classification at higher taxonomic
levels, relationships at the species level and recognition of species remain largely controversial and
subject to different interpretations. Our recommendations herein will provide a more rational
framework based on scientific data on how to delineate species and establish a new taxon.
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Introduction

Undeniably it is very complex to define a fungal "species". There are numerous
disagreements regarding acceptable criteria to delineate species, whether it is based on
morphological, biological, ecological or phylogenetic grounds (Vialle et al. 2013, Vellinga et al.
2015). With respect to fungal taxa, taxonomists find it difficult to apply concepts and segregate
species. Some find it even more problematical to establish a new species. This is because of the
high degree of phenotypic plasticity and homologous sequence data, the polyphyletic nature of
species, as well as prevalence of different asexual morphs for similar taxa (Jeewon et al. 2002,
2003, Shenoy et al. 2010, Desjardin & Perry 2015, Hyde et al. 2016). Taxonomists, motivated by
recent developments in DNA sequence analyses have incorporated phylogenetic data analyses to
gain insights into evolutionary relationships (e.g Manamgoda et al. 2011, Schoch et al. 2012,
Jeewon et al. 2013). Seifert & Rossman (2010) proposed taxonomic practices when describing new
species, but currently no unified and standardized concept or recommendations have been
advocated for differentiating species or establishing new species. It has therefore been incumbent
upon taxonomists to define, describe or delineate novel or similar taxa based on phenotypic or
molecular features, using their own ideas. Contrary to many expectations, taxonomists still view
delineating a new or similar taxon from an existing one, a dilemma.
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Fungal taxonomy has witnessed a sudden explosion in the number of new taxa over the last
two decades and given the recent trends in the discovery of new taxa in China, Thailand and Sri
Lanka (e.g Karunarathna et al. 2012, Nguanhom et al. 2015, Wu et al. 2016, Doilom et al. 2017,
Thambugala et al. 2017, Zhou et al. 2016a, b), a larger number of new species can be expected to
be introduced within a few years. With further investigations, we anticipate the number to rise and
certainly previous fungal diversity estimates should need revising. Currently phenotypic similarities
or differences are evidently incapable of keeping pace with the high levels of diversity, while
partial genomic sequence analyses have been used at random with no established and accepted
guidelines for fungal species delineation (Ariyawansa et al. 2015, Thambugala et al. 2015). The
question arises as to whether we are adopting a scientific and rational approach to diagnose species.

Vellinga et al. (2015) proposed guidelines for introducing new fungal genera, but at the
species level, there is no standardized agreement. In this paper, we provide a brief on the major
taxonomic problems that preoccupy taxonomists when segregating or defining a new species and
propose recommendations as to what mycologists should consider, when demarcating species or
establishing a new taxon within a genus.

Can DNA based phylogeny really substantiate/delineate a new species?

Mycologists presently give overwhelming importance to molecular data to justify the
establishment of a new taxon or assess species relationships (Kodsueb et al. 2007, Swe et al. 2008,
Bauer et al. 2015, Maharachchikumbura et al. 2016). Sequencing DNA from part of the ribosomal
gene and occasionally from several other genes have been common practice (Li et al. 2005, Hu et
al. 2007, Hyde et al. 2016). However, our phylogenetic concept sometimes adds no further
discriminating power to confirm that a taxon is really new. This is especially true under
circumstances where i) phylogenetic resolution is weak, ii) there is inadequate taxon sampling, iii)
phylogenies aggregate morphologically unrelated species within the same cluster, iv) DNA
sequences analyzed from morphologically distinct species are highly similar and share the same
lineage, and v) taxa with similar phenotypic traits are distantly related (e.g with polyphyletic
species where morphs are subjected to convergent evolutionary trajectories).

Any phylogeneticist will undoubtedly agree that despite the utility of DNA sequence data
from nuclear or protein genes at the higher taxonomic ranks (e.g ordinal, familial and generic
level), there are intricacies on its reliability in differentiating species (Shenoy et al. 2006,
Jayawardena et al. 2016). Apart from multi-locus sequence analysis, there could be other new
genomic or chemotaxonomic approaches that could provide insights into understanding fungal
speciation, but these are yet to be explored. The latter, for example, have been useful to
differentiate Hypoxylon species (Surup et al. 2014, Kuhnert et al. 2015). There is a need to work
out how to incorporate any new molecular findings to complement our existing established
morphological system to differentiate species, without further undesirable ambiguities. Even
though most taxonomists would advocate the use of multi-locus sequence analysis as largely
sufficient (e.g Hunter et al. 2006, Stielow et al. 2015), we would argue that this alone does not
provide necessary information to better understand fungal speciation or reliable markers for species
delineation. For many species already described, there is no culture available for DNA sequence
comparison, or in many cases, fungal taxa collected failed to grow in culture possibly due to the use
of highly artificial and selective media (Duong et al. 2006, Jeewon & Hyde 2007). Direct DNA
extraction and PCR from fruiting bodies have been quite challenging, but has been successful
(Izumitsu et al. 2012). There is a dire need to seek, design and develop rapid, reliable and cost
effective methods that could overcome these problems.

A widely-accepted concept of speciation (formation of new and distinct species in the
course of evolution) is connected to barriers to gene flow, i.e. reproductive isolation (Giraud et al.
2008). The more geographically distant a species is, the more they acquire genetic differences and
this eventually leads to new species with time. There are, however, major problems with this
concept in fungal taxonomy: i) many fungi spend most of their life history reproducing asexually
with limited genetic exchange; ii) many asexual fungi are polyphyletic in nature resulting in unclear
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evolutionary relationships (Wang et al. 2007); and iii) it is unknown how much time divergence
there should be to decide that adequate genetic differences have occurred to warrant species status.
Recent studies have demonstrated the feasibility of adopting divergence time estimates from
molecular sequence data at different taxonomic ranks (Zhao et al. 2016), but how far such a
strategy would work at species level remains to be properly investigated. Can we conclusively
assign a taxon a new species status based on slight differences in short nucleotide sequences or
should we consider referring them to distinct individuals or populations among same species?
There are many unnamed species especially from endophytes and uncultured organisms - if we
over rely on a fragment of DNA sequence, then should mycologists move ahead and name all these
species? We recommend extreme caution when extracting taxonomic information from these
sequences and taxonomists need to remain open to all characters (phenotypic, physiological, mating
and chemistry), using phylogenetic information as a guide.

We are far from providing specific barcodes that could reliably identify and segregate
fungal species. We aspire towards an integrative taxonomic approach that supports species status.
Presently, analyses of whole genomic data are pending for many fungal species and possibly a far-
fetched idea for many taxonomists. Preliminary studies on the cosmopolitan genus Alternaria have
provided meaningful insights into classification (Nguyen et al. 2016). Incorporation of
comprehensive molecular data and its cost implication is also an important consideration,
especially for developing countries where possibly most new fungi reside (Hyde 2003). How far
should taxonomists delve into genomics before identifying, naming and classifying fungi? DNA
based phylogenies should not be implemented to displace morphology and it would make more
sense for taxonomists to support morphological based classification with DNA sequence data. A
simplified, practical and abridged approach with morphological analysis coupled with phylogeny
will possibly be a more pragmatic one.

To establish species boundaries or introduce new taxa, there are currently no recommendations
for:

a) how much sequence divergence should there be within a fragment of a gene?

b) how many genes should be analysed?

c) how to assess fast, moderate or slow evolving genes and reliability of genetic markers?

d) how phylogenetically distinct a species should be to support its establishment as new?

e) how many taxa should be included in the ingroup for comparative analyses?

f) the minimal phylogenetic statistical support to infer a species relationship?

g) the minimum number of DNA sequences analysed for appropriate taxonomic

inferences?

Morphology based discrepancies

Our discussion in this paper is restricted to fungal organisms mostly at interspecific rather
than intraspecific levels. Mycologists most often resort to comparative examination of fruiting
bodies and other microscopic characters to delimit taxa or erect new taxa (Swe et al. 2008, Zeng et
al. 2012, Doilom et al. 2015). Segregating ascomycete species relies heavily on ascus and
ascospore characters (e.g Tang et al. 2007). For instance, Pestalotiopsis and Xylariaceae species are
separated based on spore pigmentation (e.g Jeewon et al. 2004, Hu et al. 2007, Daranagama et al.
2015), while Dothideomycetes species might be delineated based on asci shape and presence or
absence of pseudoparaphyses (e.g Liew et al. 2000, Li et al. 2016). Among the asexual taxa, such
as Pestalotiopsis species, the pigmentation of septa and size of appendages have been the most
common morphological aspects considered in species separation and erecting novel taxa (Jeewon et
al. 2003, Maharachchikumbura et al. 2011). Common characters among basidiomycetes include
details of lamellae (in gills) and mycelial structure of stipe and cap that have commonly been used
in interspecific differentiation (Noble et al. 1995, Desjardin & Perry, 2015).

Technological innovations in microscopy and computer aided digital imaging have enabled
mycologists to better use morphometrics in segregating species, especially with variables such as
size, colour and shape (Papagianni 2014). It should be mentioned, however, that preserved
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collections, including type specimens, are sometimes in poor condition, making it impossible to see
and distinguish important variables (Vizoso & Quesada 2015). Therefore, fresh collections are
needed to circumvent these problems, but obtaining these may be time consuming and labour
intensive. Should we compare a taxon with only a single type reference strain, especially where
taxonomic records cannot be verified? As compared to our counterparts in botany, virology and
bacteriology, taxonomists may have been classifying fungi arbitrarily and segregating species based
on slight morphological variants.

Traditional mycotaxonomy involves considerable expertise gained over years of experience
(Hyde 2003, Hyde et al. 2013). Thus, there are few specialists to identify the high diversity of fungi
so most mycologists resort to molecular taxonomy. Even with DNA based taxonomy, mycologists
are already finding it hard to unravel discrete morphs to segregate species (Liu et al. 2010,
Jayawardena et al. 2016). Despite all odds, the number of novel species is on the rise, despite the
remarkably high degree of morphological and DNA similarity. For most species, taxonomy has
always been subjective and thus controversial due to homogeneity in morphology and this resulted
in mycologists having their own perceptions towards species. Our morphological based system is
reliable when characters are adequate and if the genus contains a few species. In morphologically
homogeneous genera such as Colletotrichum, relying only on a few morphs to segregate species is
impracticable (Than et al. 2008, Yang et al. 2009, Jayawardena et al. 2016). There are a few
instances where there has been major discordance in the taxonomy of Colletotrichum and
Alternaria species (Stewart et al. 2014, Sharma et al. 2015, Liu et al. 2016)

Many taxonomic papers have considered the use of specific morphs in species delineation
but there have been few attempts to evaluate their phylogenetic significance in a more natural
system of classification. The phenomenon of taxa occurring in two states (asexual and sexual) also
complicates the mycologist’s tasks in classifying species. It has been common practice to name
species based on host and pathogenicity, but among two well-known genera such as Diaporthe and
Pestalotiopsis, molecular data has not supported such a practice (Jeewon et al. 2004, Udayanga et
al. 2014a, 2014b, Maharachchikumbura et al. 2014) and taxonomists should therefore be careful in
taxonomic interpretations. Morphological traits are points of convergence between many genetic
influences, thus when we examine different morphologies, we are possibly looking at a number of
genes that have given rise to such phenotypic traits as compared to analyses of a few genes.

Recommendations for appropriate use of phylogenetic & morphological data in species
delineation

With so many additions of new fungal species and the transition towards a DNA based
approach to identify and delineate existing species, as well as establish new species, we propose the
following recommendations, which should be essential to avoid future taxonomic discrepancies:

1) DNA based phylogenies of species should include reference sequences generated from type
material (voucher specimens or cultures);

2) Species taxonomy should be based on phylogeny of core genes which have strong
phylogenetic signals (e.g ITS regions and at least one protein gene, such as TEF or
RPB2 which have sufficient genetic variation as compared to 28S or 18S rDNA which
are rather conserved);

3) Single gene DNA sequences should be initially analysed (e.g. ITS sequences, TEF or
RBP2) with a maximum taxon sampling and then supplemented with multi-gene
phylogenies with congruent tree topologies;

4) Phylogenetic relationships of novel taxon should include a comparison of at least ITS based
phylogeny with a minimum of 4-5 closely related/similar taxa of the same genus, where
available;

5) Regions of the ITS sequence (including 5.8S) analyzed should be of a minimum of 450 base
pairs with <1% position ambiguities. Should DNA sequences from any new taxon be
ambiguous, resequencing with reverse and forward primers is essential;
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6) For practical purposes, a minimum of >1.5% nucleotide differences in the ITS regions may
be indicative of a new species (for fast evolving introns of protein coding genes, a
higher percentage in nucleotide differences is warranted). Discrete single nucleotide
differences characterizing any taxon should be clearly stated;

7) Phylogeny should support the evolution of a novel clade/lineage for new species or be
reasonably phylogenetically distinct from related taxa;

8) To support taxon distinctiveness especially for those with similar phenotypic profiles, there
should be reliable statistical support for clade relationship (at least 60% bootstrap or 0.9
posterior probabilities);

9) Under circumstances where morphs are heterogeneous across species, but there is poor
phylogenetic resolution or DNA sequences are rather conserved, estimation of
divergence times between species can be obtained to support species splits (estimating
speciation dates);

10) Continuous phenotypic variation among species (e.g spore colour, shape/size of ascospores
or ascomata) should be treated with caution as many could be influenced by
environmental /cultural factors. It is not recommended to segregate or erect new taxon
based on minor and statistically insignificant variation in colour or size unless
phylogenetic data provides robust support. Any apomorphs (novel evolutionary
characters) should be clearly mentioned and supported by phylogenetic data;

11) New taxa at the species level should be diagnosable by a unique combination of character
states with at least two-three phenotypic differences from existing species. Minor
differences in size and shape should not be the main delimiting criteria for establishing
novel taxa;

12) Host association and pathogenicity criteria of segregating species should preferably be
supported by molecular evidence on host-specific lineages / host range non-
specialization/opportunists;

13) Major differences in cultural characters among species in specific media that offer clues to
possible species delineation should be clearly stated:;

14) Novel species descriptions should preferably be based on more than one strain to provide
insights into intraspecific phenotypic diversity;

15) Asexual connections and descriptions where appropriate should be included and discussed
especially where sexual morphs are used as a basis to differentiate species;

Conclusion

Mycotaxonomy will be an ongoing challenge. There is no general consensus among
taxonomists as to what really defines a species and morpho-taxonomists and phylo-taxonomists can
have different viewpoints. Debates surrounding fungal species concepts are still in an embryonic
stage and even experienced taxonomists still find it quite intricate to easily diagnose specific
morphological attributes for a particular taxon. Key morphological characters, despite sometimes
being subtle, should be screened to assign specimens to a reliable taxon. Taxonomists should be
able to carefully assess and evaluate morphological variants that can be used to distinguish taxa.
Despite the importance of molecular data, over reliance on some may lead to subjective taxonomic
decisions.  Proper appraisal of phylogenetic inferences without exaggeration of
similarities/differences in DNA sequences is essential. Recommendations proposed herein can
facilitate mycologists to better interpret phylogenetic assumptions and morphological characters for
species delineation. As a cautionary note, in our opinion, to treat a taxon as new, similar or
different, an appropriate taxonomic judgement and some common sense is essential. For instance,
as mycologists, we are in favour of establishing a new species based on striking morphological
differences, despite not having sufficient DNA sequence differences among a few common
fragmented genes. Our scientific justifications stem from the fact that there are intricate differences
between a gene tree and a species tree and in addition several morphs can be under the influence of
many genes which are not really being reflected in the phylogeny.
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