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Glomeromycotina: what is a
species and why should we care?

Summary

A workshop at the recent International Conference on Mycorrhiza

was focused on species recognition in Glomeromycotina and parts

of their basic biology that define species. The workshop was

motivated by the paradigm-shifting evidence derived fromgenomic

data for sex and for the lack of heterokaryosis, and by published

exchanges in Science that were based on different species concepts

and have led to differing views of dispersal and endemism in these

fungi. Although a lively discussion ensued, there was general

agreement that species recognition in the group is in need of more

attention, and that many basic assumptions about the biology of

these important fungi including sexual or clonal reproduction,

similarity or dissimilarity of nuclei within an individual, and species

boundaries need to be re-examined and scrutinized with current

techniques.

Introduction

‘What is a species?’ remains a classic question that still tortures
many PhD candidates during qualifying exams, but last year this
issue resulted in differing interpretations of endemism from a study
involving global sampling of Glomeromycotina, the fungi respon-
sible for arbuscular mycorrhizas (Davison et al., 2015; Bruns &
Taylor, 2016; €Opik et al., 2016). This discussion brought the
question of species concepts back into the forefront of arbuscular
mycorrhizal ecology. Glomeromycotina are perhaps the most
important group of fungi in terrestrial ecosystems because they are
mutualistically associated with roots of most vascular plants. To
resolve the issues generated by this controversy, and to highlight the
new emerging perceptions of these enigmatic fungi, aworkshopwas
assembled at the recent International Conference on Mycorrhiza
(ICOM9) in Prague, Czech Republic by two authors from
conflicting sides of the species debate, Tom Bruns (UC Berkeley)
and Maarja €Opik (University of Tartu). The workshop included
talks by the organizers and by Nicolas Corradi (University of
Ottawa), John Taylor (UC Berkeley) and Dirk Redecker (Univer-
sit�e deBourgogne) in order to present a broad spectrumof ideas and
results about species and related biology in this group of fungi. The
session was well attended by the principals in the field and ample

time was allocated for a discussion on Glomeromycotina, their
biology, the ways that their species are recognized, and the future
approaches to be taken in the field.

Do they have sex?

Sex is the primary means of genetic exchange in eukaryotic
organisms, and it is the defining process for biological species
concepts (De Queiroz, 2005). Gene flow that is enabled by sex
within and between populations is also the basis of genetic
concordance that is widely used to phylogenetically recognize
species of fungi (Taylor et al., 2006). For these reasons the presence
or absence of sex is a critical feature ofGlomeromycotina.However,
their small size and obligate biotrophy have made them difficult to
investigate, and many aspects of their basic biology remain
unknown. Until recently it was widely believed that Glomeromy-
cotina lacked sex and that their myceliumwas heterokaryotic (i.e. it
contained multiple dissimilar nuclei; Sanders, 1999; Croll &
Sanders, 2009), and it was theorized that selection on the nuclear
content within heterokaryotes might substitute for conventional
sex (Angelard et al., 2014; Wyss et al., 2016). If, in this case,
selection focused on individual nuclei andnot an individual, species
recognition could be decoupled from that used in other organisms.
However, genomic data have now revealed indirect evidence of sex,
produced evidence to counter the hypothesis of heterokaryosis, and
placed the phylum back within a group of similar looking fungi
where homology may help decipher mating behavior.

Corradi led the discussion on the evidence for sex in Glom-
eromycotina. The indirect evidence from genomic data includes
recombination tracts, intact sets of meiotic genes, and homologues
ofmating type genes (Corradi&Brachmann, 2017). The proposed
mating type genes were found to be surprisingly similar to those in
the Basidiomycota, and the alleles (or idiomorphs) are found in
separate haploid nuclei present in either homokaryotic or dikary-
otic mycelium (i.e. cells that contain only one type of nuclei vs two;
Ropars et al., 2016). With this evidence for cryptic sex, Glom-
eromycotina are in step with other fungi that were long thought to
be asexual but with new data were found to exhibit the traits of
sexual reproduction (Taylor et al., 2015).

While the evidence for sex is growing, the evidence for
heterokaryosis (multiple types of different nuclei/cell) is slowing
unraveling. There were a few researchers who were skeptical about
heterokaryosis and had reported results that contradicted its
presence over a decade ago (Pawlowska & Taylor, 2004; Stuken-
brock & Rosendahl, 2005), but now new genomic evidence has
begun to swaymany others (Corradi & Brachmann, 2017). Strains
purported to be heterokaryotic (Boon et al., 2015; Wyss et al.,
2016) were re-examined and shown to be haploid and either
monokaryotic or dikaryotic (Ropars et al., 2016). Variation within
the genomes was found to be quite low and similar to that of other
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nonheterokaryotic fungi. The genome size was originally estimated
to be quite small – too small it was argued to contain all the gene
variants found, thus the variation had to be located between nuclei
(Hijri & Sanders, 2005), but assembled genomes and recent flow
cytometry analyses (Sezdzielewska et al., 2011) have now shown
their genomes to be large by fungal standards, and loaded with
repeated elements and paralogue gene copies (Lin et al., 2014;
Tisserant et al., 2014). No one at the meeting questioned the new
evidence, although Ian Sanders (University of Lausanne) pointed
out that some data that supports heterokaryosis could still come
from species that have not been studied with genomic approaches.
The primary example is the in situflorescent hybridization evidence
of Kuhn et al. (2001), a report that is widely cited, but was never
universally accepted (Pawlowska & Taylor, 2004; Stukenbrock &
Rosendahl, 2005). The consensus at the meeting was that these
results now need to be re-examined with modern sequencing
techniques and data analysis approaches.

How unique are these fungi?

Bruns discussed the changing views on the phylogeny of Glom-
eromycotina and how it affects our expectations for these fungi.
The early molecular systematic work on Glomeromycotina made
these fungi look like a unique phylum that was the sister group to
the Dikarya (the Ascomycota and Basidiomycota). This view was
initially based on rDNA loci (Schussler et al., 2001) and was later
reinforced by a large multigene phylogeny (James et al., 2006),
though strong support for the sister group relationship was not
provided by these data. Nevertheless, this placement strongly
influenced the perception of the group as unique, and it justified the
idea that precedents from other fungi did not apply. Although the
results conflicted with those from nuclear protein phylogenies
(Redecker&Raab, 2006) and themitochondrial genome data (Lee
& Young, 2009), these alternative views were largely ignored. Now
nuclear genomic data have yielded a new analysis based on 192
orthologous genes that places Glomeromycotina as a subphylum
within Mucoromycota equally distant from the two other
subphyla, Mucoromycotina and Mortierellomycotina (Spatafora
et al., 2016).However, the relationship among these three subphyla
remains unresolved and several taxonomists at the workshop
argued that the phylum name Glomeromycota should be retained.
Taxon coverage for fully sequenced genomes within Glomeromy-
cotina is currently very sparse, and expanding coverage of basal
lineages in this group and in the other subphyla may help resolve
these relationships.

This changing perception of phylogeny puts Glomeromycotina
back into a more traditional placement within the fungi (Gerde-
mann&Trappe, 1974), and with this move comes the expectation
that they may behave more like their relatives. In particular, the
large ‘azygospores’ that some Glomeromycotina produce are likely
to be homologous to zygospores, the site of meiosis in other
Mucoromycotina. The problem with these spores is that they are
formed frommultinuclear hyphae and yield a multinuclear spore –
without a single nucleus stage, how can traditional meiosis
function? It turns out that this problem is not unique to
Glomeromycotina; it is also shared by their relatives in the

Mucoromycotina. They too have multinucleate haploid hyphae
that fuse, the nuclei disappear into a large zygosporangium, and
later yields multiple recombinant spores, but in this case the fungi
grow well in culture. As a result, genetic evidence in Phycomyces
showed decades ago that the recombinant progeny are generally
consistent with a single meiosis followed by post-meiotic mitoses
(Eslava et al., 1975). Thus, although a single nuclear state is never
seen, it must occur in Phycomyces, and by homology one can be
expected in Glomeromycotina as well.

In addition, the similarity with other fungi again brings into
question the heterokaryotic state, which has no precedent in any
other fungal group. Indeed, heterokaryosis outside the highly
regulated dikaryon in the sexual cycle of Basidiomycota or
Ascomycota is typically a lethal condition in other fungi, where
somatic incompatibility systems trigger programmed cell death
when genotypes differ at any of the highly polymorphic het loci
(Aanen et al., 2010). This behavior is consistent with evolutionary
biology arguments that nonself fusions are risky endeavors that
could lead to nuclear take-overs or parasitism (Rayner, 1991).
Although it is possible that members of Glomeromycotina have
uniquely evolved around this problem, it is certainly not the
simplest explanation for the conflicting results.

Different species concepts and why we need to care

With this background in mind Taylor presented data on species
recognition in Neurospora, a model member of the Ascomycota.
His talk built on the idea that species can be recognized by
multilocus sampling of populations, where well supported clades
indicate the limits of frequent genetic exchange (Taylor et al.,
2006). Applying this concept to Neurospora he showed that no
single genetic marker, including internal transcribed spacer (ITS
region), was sufficient to identify all the species, and that gene flow,
even in this wind dispersed fungus, was limited by geographic
barriers (Ellison et al., 2011). These results related back to the
controversy, which spawned this workshop, concerning the
meaning of worldwide distributions of small subunit (SSU)-
rDNA-defined species in Glomeromycotina. If the experience with
Neurospora and other fungi is relevant, then currently recognized
Glomeromycotina species are likely to be collections of related
species. Bruns & Taylor (2016) argued that comparing these
species from the Glomeromycotina to those that are much better
resolved in plants and animals is invalid, and leads to the erroneous
conclusions that there is little endemism and dispersal limitation.
This is one reason why we need to care about species concepts – if
species are hugely different categories in different groups, then
comparing them across groups leads one astray. While €Opik et al.
(2016) did not agree that current species in Glomeromycotina are
likely to be collections of cryptic phylogenetic species, both groups
concede that resolution of this issue will require multilocus data
frompopulation-level samples of what we now consider to be single
species.

One additional point of general agreement was that different
species concepts and methods for species recognition are unavoid-
able and necessary. In fact, this was a point of agreement even in the
exchange of Science letters that motivated this workshop (Bruns &
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Taylor, 2016; €Opik et al., 2016). For example, when using high-
throughput sequence technology for ecological questions we are
currently limited to single locus identifications. In addition, the
locus needs to have highly conserved priming sites and a high copy
number to increase sensitivity in environmental settings. These
constraints have largely limited the choices to rDNA loci: SSU,
large subunit (LSU) or ITS.Although alternatives have occasionally
been proposed (Raab et al., 2005; Borstler et al., 2008; Stockinger
et al., 2014), the lack of databases have left the field dominated by
nuclear rDNA loci. One could call this the ‘utilitarian species
concept’, but is more correctly referred to as operational taxonomic
units (OTUs) or virtual taxa (VT). These are useful because they
often correlate with species defined in other ways and as a result
capture some of the species signal in a consistent way. In addition,
these taxa allow us to compare species behavior across studies and
assemble information about host-range, soil preferences, genetics,
geographic distributions, and so on, and to test predictions of
community ecology about how deterministic and stochastic
processes affect species richness and composition and how these
parameters affect ecosystem functions. If these utilitarian species
lump cryptic phylogenetic species, it may reduce the resolving
power of our ecological studies, but as long as they capture enough
signal for the needs of the study they serve an absolutely
indispensible purpose.

Molecular and morphological species

Currently the best reference database for Glomeromycotina is for
the SSU locus ( €Opik et al., 2010; €Opik & Davison, 2016). €Opik
discussed the use of this database and showed that most of the
‘virtual taxa’ (or OTUs) are known only from environmental
sequences. This fact helps to emphasize how poorly this important
group of fungi is known. It also underscores the value of a
conservative marker, like SSU, that allows one to place unknown
sequences into phylogenetic framework – something that ITS
region alone cannot consistently do. Even if the SSU-based species
estimates are highly conservative, they often correlate with current
morphologically defined species. Operationally, that correlation
means that species estimates by the SSUmarker have similar, broad
resolution to morphological approaches. However, rDNA analysis
has the advantage of being faster at large scale and not requiring
sporulation to recognize and detect new species. Further, SSU-
based species correlated well with a set of ecological factors (Powell
et al., 2011). Therefore, the advantage of refined species concepts in
ecological settings will depend critically on their ability to expand
the set and significance of such correlations. This criterion
embraces the idea of Freudenstein et al. (2017) that considering
the species ‘role’ in the environment needs to be part of the species
recognition process.

Proponents of the LSU and ITS regions discussed the higher
resolution of these loci compared to SSU, and pointed outmultiple
exceptions to the correlation between SSU alone and morpholog-
ical species. Problemswith divergent copies of the ITSwithin single
genomes quelled some of the enthusiasm for that locus. However,
this is not a problem that is unique to ITS; all of the rDNA loci,
including SSU, have divergent copies (Thiery et al., 2016). The

longer read lengths now available with PacBio sequencing
platforms were mentioned as a possible solution as all three rDNA
loci can be sequenced as a single amplicon (e.g. Schlaeppi et al.,
2016). Such a solution had been previously suggested (€Opik &
Davison, 2016). However, the increased resolution of PacBio
sequencing would be purchased at the price of much lower read
depth per sample, and this may limit its use in ecological settings
unless technical progress eliminates this trade-off.

How morphologically defined Glomeromycotina species will
correlate with species defined by multilocus genetics remains
unanswered, but the limitations and difficulties with the current
morphological taxonomy were clarified by Redecker. What was
clear is that current taxonomy is based on a limited number of
relatively subtle spore differences. Furthermore, homologous
structures are often not easy to discern because some species can
make two ormore types of spores, and thiswill likely complicate the
search for the site of meiosis. In most current species descriptions,
morphological analysis is supported by sequencing and phyloge-
netic analysis of a combination of SSU, ITS and LSU. In particular,
the rDNA repeat fragment proposed by Kr€uger et al. (2009) is
increasingly used and in some studies, complemented with rpb1.
Rarely is SSU used alone in current Glomeromycotina taxonomic
studies because of its limited resolution. The limited characters and
difficulties with traditionalmorphology paint a picture ofmorpho-
species that are in many cases likely to contain collections of related
species that cannot be separated bymorphology or ribosomalDNA
sequencing alone. In this way they again would be similar to other
groups of fungi where the presence of cryptic species are well
documented (Taylor et al., 2006), but in Glomeromycotina there
are no data to address the issue, yet.

The way forward

Many important questions about the basic biology and species
recognition within Glomeromycotina remain unanswered, but the
participants of the workshop left with a feeling that the critical
problems had been laid out in an open forum. The overall
conclusion was that the pervasive assumptions about biology and
species limits of arbuscular mycorrhizal fungi need to be re-
examined, and results from earlier studies need to be scrutinized
and repeated with current genomic methods. The hope for
achieving this goal lies in part on the growing repertoire of new
molecular and genomic techniques, including comparative anal-
yses of single nuclei, but it also depends on support for the field
expanding. To that end, the inescapable conclusion is that it is
certainly a great time for new researchers to join this field with fresh
ideas and new approaches!
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