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Abstract With the termination of dual nomenclature, each fungus may have only one name. Now mycologists must choose
between genus names formerly applied to taxa with either asexual or sexual reproductive modes, a choice that often influences
the breadth of genotypic and phenotypic diversity in a genus, and even its monophyly. We use the asexual genus Aspergillus to
examine the problems involved in such choices because (a) 11 sexual generic names are associated with it and (b) phenotypic
variation and genetic divergence within sexual genera are low but between sexual genera are high. As a result, in the case
of Aspergillus, applying the asexual name to the many sexual genera masks information now conveyed by the genus names
and would lead to taxonomic inconsistency in the Eurotiales because this large Aspergillus would then embrace more genetic
divergence than neighboring clades comprised of two or more genera. Two proposals have been published concerning this
problem as it relates to Aspergillus: one advocates a broad concept, referred to here as “Wide Aspergillus”, which embraces as
many Aspergillus species as possible while maintaining Penicillium as a separate genus; the other, referred to here as “Narrow
Aspergillus”, preserves this genus for a much smaller group of closely related species and retains many of the sexual genera.
Phylogenetic analyses detailed here show that, to be monophyletic, Wide Aspergillus must embrace several genera morphologi-
cally discordant with Aspergillus, including Penicillium, Phialosimplex and Polypaecilum. Likelihood ratio tests reject a Wide
Aspergillus that excludes Phialosimplex and Polypaecilum. Phylogenetic Rank Boundary Optimization, which employs the
genetic divergence measure, maximum subtree height, to assess inconsistency in the ranking of genera and species, shows that
Narrow Aspergillus provides a more consistent taxonomy than Wide Aspergillus. Adopting Narrow Aspergillus and retaining
sexual names instead of adopting Wide Aspergillus will result in genera that convey precise morphological and physiological
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information, that are monophyletic, and that are taxonomically consistent.
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Supplementary Material DNA sequence alignment is available from TreeBASE (http://purl.org/phylo/treebase/phylows/study/

TB2:518596).

B INTRODUCTION

Among the significant changes to botanical nomenclature
following the International Botanical Congress in Melbourne
was the abandonment of dual nomenclature for pleomorphic
fungi. Previously, the sexual (teleomorphic) and asexual (ana-
morphic) states of ascomycetous fungi (except lichens) and some
basidiomycetous fungi could be given separate names. However,
the abandonment of this practice in the latest International Code
of Nomenclature for algae, fungi and plants (ICN, McNeill & al.,
2012) requires that each fungal species have only one name. This
change poses a dilemma for fungal taxonomists, as many fungi
are pleomorphic, having one or more generic names for sexual
states associated with one or more asexual states. Guidance has

been provided to mycologists in the form of a preference for
sexual names and a consideration by the Nomenclature Commit-
tee for Fungi of lists of preferred names created and submitted
by working groups of specialists. Here, to explore this general
problem we focus on the asexual genus Aspergillus P.Micheli
ex Haller because it is one of the oldest names applied to any
fungus, and because species of Aspergillus impact the fields
of industry (in both the creation and preservation of products),
medicine and basic scientific research. This genus is character-
ized by a well-defined asexual fruiting structure, but is very
broad in concept, as it is associated with 11 sexual state genera
that reflect variations in morphology, physiology (especially
temperature and water relations), enzymology, and toxicology
(Geiser, 2009; Houbraken & Samson, 2011).
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Two proposals have been advanced for applying one name
to the fungi with Aspergillus asexual morphology. One begins
by identifying the largest monophyletic clade containing a ma-
jority of species with the asexual, reproductive morphology
characteristic of Aspergillus that does not also include members
of the genus Penicillium Link, which is as least as well known
and important as Aspergillus. Species of Penicillium make the
famous antibiotic, penicillin, and are essential to the production
of many cheeses and sausages, but they also produce toxins and
cause spoilage in food and animal feeds. Under this proposal,
the name Aspergillus would be applied to all of the species in
that clade (Houbraken & Samson, 2011). This circumscription
we will refer to as “Wide Aspergillus”. The second proposal
advocates recognizing the diversity in morphological and
physiological phenotypes among these fungi, by maintaining
the sexual names in some of these clades, and restricting the
name Aspergillus to one or more closely related clades, at the
same time preserving Aspergillus for many important species
names (Pitt & Taylor, 2014). This circumscription we will refer
to as “Narrow Aspergillus”. Both proposals can be seen in Figs.
1 and 2 below.

Although Wide Aspergillus has the natural appeal of pre-
serving a large, important genus, phylogenetic problems exist,
concerning both exclusion of fungi with Aspergillus morphol-
ogy and inclusion of other fungi that lack it. In terms of ex-
clusion, several taxa that possess Aspergillus anamorphs (the
sexually defined genus Sclerocleista Subram. and the species
A. clavatoflavus Raper & Fennell, 4. zonatus Kwon-Chung &
Fennell, and 4. penicilliformis Kamyschko) must be left outside
Wide Aspergillus because including them would require also
including Penicillium. In terms of inclusion, some taxa that
lack the Aspergillus anamorph (the genera Polypaecilum G.Sm.
and Phialosimplex Sigler & al. and the species Basipetospora
halophila (J.F.H.Beyma) Pitt & A.D.Hocking) must be included
in Wide Aspergillus to maintain monophyly. Also in terms
of inclusion, some widely accepted, sexual genera, based on
distinct sexual and physiological phenotypes associated with
socially important attributes of spoilage, disease and research,
i.e., Eurotium (FHWigg.) Link, Neosartorya Malloch & Cain
and Emericella Berk., lie inside Wide Aspergillus.

In pursuit of a nomenclature that supports a large and di-
verse genus Aspergillus, a taxonomy has recently been pro-
posed that ignores these biological and socially important dif-
ferences (Samson & al., 2014). As we show here, in doing so,
the normal process of using biological data to inform taxonomy,
and then establishing a nomenclature to reflect taxonomy, has
been inverted, resulting in a single, overly large genus that
hides variation in sexual morphology and physiology and that
is rendered inconsistent by embracing an excess of genetic
variation.

Alternatives to the Wide Aspergillus circumscription are
available in the form of valid names based on sexual morphol-
ogy, which, if recognized rather than synonymized, would
better reflect the phenotypic diversity of these fungi. Simply
maintaining this existing nomenclature would implement a
taxonomy based on sound biological characters, but would
result in the loss of the name Aspergillus. More particularly,
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because the type of Aspergillus resides in the Eurotium clade,
a sexual genus with distinctive morphology, physiology and
social importance (Pitt & Taylor, 2014), both generic names
cannot validly be maintained without a nomenclatural change.
Ifthe type of Aspergillus were moved from Eurotium to another
biologically defined clade, it would be possible to achieve a
nomenclature that reflects a sound biological taxonomy and
also preserves Aspergillus. Such a change would be readily
accomplished by conservation. Based on phylogenetic analysis
and social importance, Aspergillus subg. Circumdati W.Gams
& al. is the logical clade, and 4. niger Teigh. the logical spe-
cies to serve as a conserved type (Pitt & Taylor, 2014). This
change is proposed in a companion paper (Pitt & Taylor, 2016).
It is important to note that the proposed change in typification
of Aspergillus does not affect the debate between Wide and
Narrow Aspergillus, because both proposals for redefining
Aspergillus would be compatible with the change in type.

B MATERIALS AND METHODS

DNA sequences analyzed included the RPB/ and RPB2
genes coding for subunits of RNA polymerase II; ¢s7/, coding
for a putative ribosome biogenesis protein; and cct8, coding
for the theta subunit of the TCP-1 chaperonin complex, all of
which have been used for phylogenetic analysis of Aspergillus
and related taxa (Table I—Houbraken & Samson, 2011; Table
2—Pitt & Taylor, 2014). Taxon sampling is identical to that of
Pitt & Taylor (2014). Sequences for two species were updated
with new sequences from GenBank, Aspergillus flavus Link
(zsrl HM802990.1) and Emericella nidulans (Eidam) Vuill.
(cct8 XM_654363.1, RPBI XM _653321.1, RPB2 XM _677297.1,
tsrl XM_658778.1).

Alignment of concatenated DNA sequences of the four
genes was initiated with EMBL-EBI web-based MUSCLE
(http:/www.ebi.ac.uk/Tools/msa/muscle/; Edgar, 2004), op-
timized manually, and trimmed to make sequences of equal
length. The alignment is deposited at TreeBASE (submission
1D:18596).

Maximum likelihood, phylogenetic analysis of the align-
ment was performed using RAXML-HPC2 on XSEDE (v.8.1.11)
(Stamatakis, 2006) as implemented in CIPRES v.3.3 (https://
www.phylo.org/) using RAXML-HPC2 on XSEDE for nucleo-
tide data with 25 distinct rate categories. For bootstrapping,
a GTRCAT evolution model was used with 1000 iterations.
Maximum likelihood analysis of constrained phylogenies
(Tables 1, 2) used constraint trees in Newick format that were
uploaded using Constraint (-g) in RAXML. The unconstrained
tree (Fig. 3) was plotted with Dendroscope v.3.2.10 (Huson &
Scornavacca, 2012).

The Shimodaira Approximately Unbiased Test (Shimodaira,
2002) was applied using PAUP v.4.0a145 (http:/paup.csit.fsu.
edu/) with the RAXML alignment converted to NEXUS format
and a file composed of the best trees from each constrained
RAXML analysis using the following likelihood settings: sub-
stitution rates as GTR estimated, nucleotide frequency as HKY
1985 empirical, variation across sites as a gamma distribution
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with 4 categories and none invariable, and as default, starting
values, optimization and “other”.

For Phylogenetic Rank Boundary Optimization (PRBO),
we have developed an implementation based on the “APE”
(Paradis & Strimmer, 2004) and “rpart” (Therneau & al.,
2015) packages for the statistical computing environment R
(R Development Core Team, 2015). PRBO (Liu & al., 2015) is
a variant of clustering optimization (Goker & al., 2009) that is
based on rooted phylogenies. PRBO employs maximum sub-
tree height (MaSH), which is the only divergence measure that
guarantees, even in non-ultrametric trees, that the divergence
of each progeny clade is no larger than the divergence of its
immediate parent clade. MaSH is to some degree comparable
to pairwise distances because the length of the stem branch is
not counted in order to obtain a measure that is, in the case of
ultrametric phylogenies, equal to half the maximum patristic
distance within each subtree (Scheuner & al., 2014).

A classification is found to be inconsistent regarding its
ranks if there exists a taxon of a certain rank whose clade
has a higher MaSH than a clade that contains more than a
single taxon of the same rank. This situation can be observed
in phylogenies that contain Aspergillus and related genera of
Onygenales, where the depth of branching among Aspergillus
species exceeds that of clades that comprise multiple genera
as distinct as Histoplasma Darling, Blastomyces Costantin &
Rolland and Emmonsia Cif. & Montemart. or as distinct as
Coccidioides G.W.Stiles and Uncinocarpus Sigler & G.F.Orr
(Fig. 4). To document such inconsistencies in a quantitative
manner, an optimal upper MaSH boundary can be determined
for each rank, which also serves as the lower MaSH boundary
of the next higher rank. Using an existing classification as a
template, these MaSH ranges for each rank are chosen so as
to minimize the number of taxa whose MaSH is outside the
MaSH range of their respective rank (Liu & al., 2015). The
remaining inconsistent taxa can be improved by revising their
circumscription to include more or fewer species, until their
MaSH values indicate an absence of inconsistencies.

B RESULTS AND DISCUSSION

It is an axiom that taxonomy should be based on the best
biology, both genetic and phenotypic, and that both should ad-
vise nomenclature. Recent phylogenetic analyses of fungi with
Aspergillus anamorphs have resulted in two topologies, one
published by Houbraken & Samson (2011) (Fig. 1), and the other
by Pitt & Taylor (2014) (Fig. 2). In both topologies the backbone
is weakly supported, although support for individual clades is
often strong. The phylogenetic trees shown diagrammatically
in Figs. 1 and 2 were developed using the same data, origi-
nally obtained in a broad investigation of the Aspergillaceae
(Houbraken & Samson, 2011). To focus on Aspergillus, Pitt &
Taylor (2014) reduced the taxon sampling to clades populated
only by species with Aspergillus morphology together with the
nearest outgroup, Thermoascus Miehe and allies.

Likelihood ratio testing using the Shimodaira Approxi-
mately Unbiased Test (Shimodaira, 2002) was used with the
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sequence data studied in Houbraken & Samson (2011) and Pitt
& Taylor (2014) to assess the size and inclusiveness of Aspergil-
lus under the two proposed circumscriptions, and to compare
the topologies shown in Figs. 1 and 2. The first test involved
the widest possible circumscription of the genus Aspergillus,
which included all species having an Aspergillus anamorph,
i.e., of all white clades in Figs. 1 and 2. Comparison of the most
likely phylogenetic tree with no constraints with one where
all Aspergillus species are constrained into one monophyletic
branch resulted in rejection of the constrained, widest possible

Table 1. Likelihood ratio tests with all taxa, clades 1-7.

Shimodaira
Tree —InL Diff. -In L Approximately Unbiased
1 130838.63840 (best)
2 131517.01639 678.37799 ~0*
3 131489.20977 650.57137 ~0*
4 131385.49278 546.85438 ~0*
5 130936.80186 98.16346 0.0076*
6 130884.12206 45.48365 0.0691

Values for the Shimodaira Approximately Unbiased test are P values

for null hypothesis of no difference between trees.

* P <0.05, indicating a significant difference between unconstrained

Tree 1 and constrained Trees 2—6.

Tree 1. No constraints. This is the tree for which the data are most
probable.

Tree 2. Constraint to make monophyletic all clades possessing species
with Aspergillus anamorphs (2A, 2B, 2C, 2D, 2E, 2F, 3A, 4B,
4C, 7).

Tree 3. Constraint as in Tree 2 excluding Sclerocleista (7) from the
monophyletic group (2A, 2B, 2C, 2D, 2E, 2F, 3A, 4B, 4C).

Tree 4. Constraint as in Tree 3 retaining only A. penicilliformis (3A) in
addition to Wide Aspergillus (24, 2B, 2C, 2D, 2E, 2F, 3A).

Tree 5. Constraint as in Tree 3 retaining only 4. zonatus (4B) in addi-
tion to Wide Aspergillus (2A, 2B, 2C, 2D, 2E, 2F, 4B).

Tree 6. Constraint as in Tree 3 retaining only A. clavatoflavus (4C) in
addition to Wide Aspergillus (2A, 2B, 2C, 2D, 2E, 2F, 4C).

Number of bootstrap replicates = 10,000.

Table 2. Likelihood ratio tests with taxa in clades 1 and 2.

Shimadaira
Tree —InL Diff-In L Approximately Unbiased
1 106903.77264 (best)
2 106950.17747 46.40484 0.0475%
3 106903.85140 0.07876 0.5838

*P < 0.05, indicating a significant difference between unconstrained

Tree 1 and constrained Trees 2-3.

Tree 1. No constraints. This is the tree for which the data are most
likely.

Tree 2. Constraint to make monophyletic all taxa in clade 2 possessing
species with Aspergillus anamorphs (2A, 2B, 2C, 2E, 2F).

Tree 3. Constraint to make monophyletic all taxa in clade 2, including
species lacking Aspergillus anamorpbhs, i.e., Phialosimplex and
Polypaecilum (2D) (2A, 2B, 2C, 2D, 2E, 2F).

This is a preliminary version that will no longer be available online once replaced by the final version. 3
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Aspergillus phylogeny (Table 1). To determine if the rejection
was due to the inclusion of Sclerocleista, the earliest diverg-
ing clade with Aspergillus morphology in Fig. 1, Sclerocleista
was excluded from a subsequent test. Again, the widest pos-
sible Aspergillus phylogeny was rejected (Table 1). Similarly,
rejection resulted if A. zonatus or A. penicilliformis (but not
A. clavatoflavus), was included in the widest possible Aspergil-
lus (Table 1). Thus, it is not possible to recognize a monophy-
letic genus Aspergillus that includes all of the species, and only
those species, possessing Aspergillus morphology.

The second test involved Wide Aspergillus and its inclu-
sion of taxa lacking Aspergillus morphology (i.e., Phialosim-
plex and Polypaecilum). When Wide Aspergillus was con-
strained to include only species with Aspergillus morphology
by excluding Phialosimplex and Polypaecilum, the Shimadaira
Approximately Unbiased Test rejected the resulting phylogeny
as significantly less likely than the unconstrained tree (Table 2),
which also included Penicillium species.
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Fig. 1. The Aspergillus problem in black and white. Tree topology pre-
sented as a diagram based on the phylogenetic analyses of Houbraken &
Samson (2011). White clades have Aspergillus asexual morphology, black
do not. The genus Aspergillus as “Narrow Aspergillus” encompasses just
clade 2A, Aspergillus subg. Circumdati (Pitt & Taylor, 2014); as “Wide
Aspergillus”, it encompasses clades 2A—2F (Houbraken & Samson,
2011); and if to be inclusive of all species with Aspergillus anamorphs,
it would need to encompass clades 1-7. Bold branches are strongly sup-
ported (Bayesian probabilities of 1 and ML bootstrap support >95).
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The third test involved Wide Aspergillus and the inclusion
of Penicillium, as shown in Fig. 2. When Wide Aspergillus was
constrained to exclude Penicillium species, the resulting tree
was less likely than the most likely unconstrained tree, but it
was not significantly less likely.

To summarize the results of likelihood ratio testing, at-
tempts to bring together all of the species with Aspergillus
morphology to make the widest possible, truly inclusive genus
Aspergillus, are rejected. Similarly, attempts to create a Wide
Aspergillus that excludes taxa lacking the Aspergillus mor-
phology, that is, Phialosimplex and Polypaecilum, are rejected.
Finally a Wide Aspergillus that includes Phialosimplex and
Polypaecilum but excludes Penicillium is not rejected. The most
likely phylogeny is reflected in Fig. 2, where Wide Aspergillus
is rendered non-monophyletic by the inclusion of Phialosimplex
and Polypaecilum as well as Penicillium.

Recently, Samson and colleagues (Samson & al., 2014) ad-
dressed these problems of non-monophyly of Wide Aspergillus.
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Fig. 2. The Aspergillus problem in black and white. Tree topology pre-
sented as a diagram based on the phylogenetic analyses of Pitt & Taylor
(2014). White clades have Aspergillus asexual morphology, black do
not. The genus Aspergillus as “Narrow Aspergillus” encompasses just
clade 2A, Aspergillus subg. Circumdati (Pitt & Taylor, 2014); as “Wide
Aspergillus”, it encompasses clades 2A-2F (Houbraken & Samson,
2011); and if to be inclusive of all species with Aspergillus anamorphs,
it would need to encompass clades 1-7. Bold branches are strongly sup-
ported (Bayesian probabilities of 1 and ML bootstrap support >95).
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To solve the non-monophyly due to the inclusion of two genera
lacking Aspergillus morphology, Phialosimplex and Polypae-
cilum, they simply applied the name Aspergillus broadly to
include these fungi. Thus, Wide Aspergillus was enlarged to
embrace fungi that lacked the defining morphology of Aspergil-
lus. This approach could not be applied to the non-monophyly
caused by Penicillium, because nothing would be gained by
preserving the name Aspergillus at the cost of losing the name
Penicillium. The phylogenies presented in support of Wide
Aspergillus (Fig. 1; Houbraken & Samson, 2011; Samson & al.,
2014) show Wide Aspergillus and Penicillium to be reciprocally
monophyletic, whereas the phylogeny presented here (Fig. 3)

aur
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and in Pitt & Taylor (2014) do not. Initially we expected that dif-
ferences in alignment were responsible for this incongruence.
There are two regions in tsr/ where alignment is ambiguous
and these regions comprise less than 2% of the alignment of all
four gene regions. However, when we excluded these regions,
we still found Wide Aspergillus to be non-monophyletic due to
the inclusion of Penicillium. As such, we are at a loss to explain
the differences in phylogenies. Albeit, as noted at the outset,
branch support is weak for all of the basal branches (Fig. 3).
A frequently noted shortcoming of Linnaean classifica-
tion germane to the problem of whether to recognize a Nar-
row Aspergillus versus Wide Aspergillus is that Linnaean taxa
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Fig.3. Maximum likelihood phylogeny (RAxML) of four gene regions showing the most likely tree based on all taxa (clades 1-7 and the outgroup).
Outgroup selection from Houbraken & Samson (2011). Note four, albeit weakly supported, branches (arrows) make Wide Aspergillus non-mono-

phyletic by uniting clades with Aspergillus morphology with Penicillium (ar

row). Bootstrap numbers at branches are percentages of 1000 maximum

likelihood RAXML phylogenies possessing that branch based on 1000 resampled datasets.

This is a preliminary version that will no longer be av.

ailable online once replaced by the final version.



Taylor & al.  Choosing names for Aspergillus and teleomorphs

Fig. 4. Graphic demonstration of
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of the same rank are not normally quantitatively comparable,
which can cause taxonomic inconsistency (Zachos, 2011). A
taxonomic classification can be judged to be inconsistent re-
garding its ranks if it contains a taxon that is more divergent
than a taxon of higher rank, for example, a genus with more
divergence than a family, or if a single taxon is more diver-
gent than neighboring clades embracing more than one taxon
of the same rank (Fig. 4). To avoid taxonomic inconsistency,
microbiologists have used thresholds for pairwise distances or
similarities to assign taxonomic ranks (Schloss & Handelsman,
2004). However, threshold-based sequence clustering, like all
clustering approaches that group according to increased simi-
larity, is fundamentally distinct from phylogenetic inference,
as more similar organisms are not necessarily more closely
related. To guarantee that a set of organisms located within
a certain maximum distance from each other, or from an or-
ganism acting as a type, formed a monophyletic group, their
sequences would need to have evolved under a molecular clock
(Felsenstein, 2004; Goker & al., 2009; Wiley & Lieberman,
2011). Moreover, it is not logical to cluster sequences when a
phylogenetic tree is already present that contains all groupings
of potential interest. Temporal banding has been suggested as a
phylogenetic approach to achieve consistency (Avise & Johns,
1999; Holt & Jensson, 2014), but it is not generally applicable
because it requires molecular clocks, too, as well as phyloge-
netic dating. Here we instead employ PRBO (Liu & al., 2015),
which is the phylogenetic variant of clustering optimization
(Goker & al., 2009).

Six hypothetical classifications were tested for inconsisten-
cies regarding the divergences of their genera. Due to the partial
lack of resolution at the backbone of the unconstrained trees
(Figs. 1, 2), and because monophyly has been treated above,

here a phylogeny was inferred by simultaneously constraining
for the monophyly of all alternative hypothetical genera. Given
the large difference between Wide Aspergillus, which would
combine six clades (2A through 2F) and Narrow Aspergillus,
which is limited to clade 2A, we also examined a third taxo-
nomic possibility, Intermediate Aspergillus, in which the genus
Aspergillus would comprise clades 2A, 2B and 2C. As shown in
Table 3, experiment 1 tested Narrow Aspergillus with separate
genera for clades 2A, 2B, 2C, 2D, 2E and 2F, as well as a single
genus Penicillium combining clade 1A and clade 1B; experi-
ment 2 tested Intermediate Aspergillus (like experiment 1 but
combining clades 2A, 2B and 2C); and experiment 3 tested
Wide Aspergillus (like experiment 1 but unifying clades 2A to
2F). Experiments 4—6 paralleled 1-3, but treated clade 1A and
clade 1B as separate genera. A second series of experiments
(7-12) was conducted that used the same classification as in
experiments 1-6, but, for each experiment, enforced only the
monophyly of its specific set of hypothetical genera. In all six
experiments, the monophyly of the appropriate outgroup was
enforced, which in different experiments consisted of a group
comprising both clade 6 and clade 7, clade 5, or both clade 3
and clade 4. Experiments 7-12 nevertheless yielded six distinct
topologies.

Of the 12 experiments, the three most germane to con-
sideration of the appropriate size of the genus Aspergillus are
those that maintain one genus for Penicillium and that use an
input phylogeny inferred by simultaneously constraining for
the monophyly of all alternative hypothetical genera, that is,
experiments | (Narrow Aspergillus), 2 (Intermediate Aspergil-
lus) and 3 (Wide Aspergillus) (Table 3).

Examining the results of experiments in Table 3, it
can be seen that Intermediate Aspergillus could be made

6 This is a preliminary version that will no longer be available online once replaced by the final version.
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taxonomically consistent by merging Eurotium, Cristaspora
Fort & Guarro, Phialosimplex and Polypaecilum into one ge-
nus, and also merging clades 3 through 7 into a second genus,
which would include Warcupiella Subram., Hamigera Stolk
& Samson, Penicilliopsis Solms, Monascus Tiegh., Xeromy-
ces L.R.Fraser, Leiothecium Samson & Mouch., Phialomyces
P.C. Misra & P.H.B.Talbot and Sclerocleista. Wide Aspergillus
could be made taxonomically consistent by merging clades 3
through 7 into one genus, which would include Warcupiella,
Hamigera, Penicilliopsis, Monascus, Xeromyces, Leiothecium,
Phialomyces and Sclerocleista, keeping in mind that Wide
Aspergillus already includes Eurotium, Cristaspora, Phialo-
simplex and Polypaecilum. Narrow Aspergillus could be made
taxonomically consistent by merging Eurotium, Cristaspora,
Phialosimplex and Polypaecilum into one genus.

The type of Cristaspora, C. arxii Fort & Guarro, belongs
in the same clade as Aspergillus wentii Wehmer (Houbraken &
Samson, 2011), which belongs in the same clade as the sexual
genus Chaetosartorya (Peterson, 2000). Cristospora is thus a
synonym of Chaetosartorya.

Table 3. Divergence tests with taxa in clades 1 and 2

Exp. Thresh. Merge Split

1 0.348 2D, 2E, 2F -

2 0.395 2D,2E,2F,3&4,5,6&7 -

3 0421 3&4,5,6&7 -

4 0.321 2D, 2E, 2F -

5 0.283 - 1A1, 1A2,2A, 2B, 2C
6 0.321 - 2A,2B,2C, 2D & 2E & 2F
7 0.341 2D, 2E,2F -

8 0415 3&4,5,6&7 -

9 0421 3&4,5 -

10 0317 2D,2E,2F -

11 0320 - 2A,2B,2C

12 0424 1A,1B,3&4,5 -

Experiments (Exp.):

1. Containing Narrow Aspergillus and one genus for Penicillium

2. Containing Intermediate Aspergillus and one genus for Penicillium

3. Containing Wide Aspergillus and one genus for Penicillium

4. Containing Narrow Aspergillus and two genera for Penicillium

5. Containing Intermediate Aspergillus and two genera for Penicillium

6. Containing Wide Aspergillus and two genera for Penicillium

7-12. Like 1-6, respectively, but distinct trees inferred with a con-
straint involving only the genera from the specific hypothetical
classification

Threshold (Thresh.): Upper threshold of intraclade divergence to
achieve taxonomic consistency.

Merge: Clades that would need to be merged into a single genus to
obtain a classification consistent in terms of the divergences of
the genera.

Split: Clades that would need to be retained as discrete genera to
obtain a classification consistent in terms of the divergences of
the genera.

Taylor & al. * Choosing names for Aspergillus and teleomorphs

A clear result from the PRBO analysis is that Narrow
Aspergillus provides the most consistent taxonomy compared
to both Intermediate and Wide Aspergillus and the one that
would require the fewest taxonomic rearrangement to achieve
consistency. Here, our focus is on Aspergillus, so we will not
address combining Eurotium, Cristaspora (= Chaetosartorya),
Phialosimplex and Polypaecilum into one genus.

H TAXONOMY AND NOMENCLATURE

Having presented the biological information, which sup-
ports Narrow Aspergillus over Wide Aspergillus in terms of
phylogeny as tested by maximum likelihood analysis, likeli-
hood ratio testing and taxonomic consistency, we now consider
taxonomy and nomenclature. The monophyletic group compris-
ing clades 2D, 2E and 2F (Figs. 1, 2), cannot be included in
Wide Aspergillus due to the presence of species of Phialosim-
plex and Polypaecilum (clade 2D in Figs. 1 and 2), and those ge-
neric and species names should continue to be used. Excluding
these genera also removes from Wide Aspergillus species in the
teleomorph genera Cristaspora (= Chaetosartorya, see above)
(2E) and Eurotium (2F). Species in Eurotium and the few other
species in the current Aspergillus subg. Aspergilloides (Gams
& al., 1985; Houbraken & Samson, 2011) therefore should con-
tinue to be known by Eurotium, their well established, widely
used, teleomorph name. Names in Chaetosartorya should also
continue to be used.

The remaining clades with Aspergillus anamorphs, 2A,
2B and 2C, form a monophyletic group in Fig. 1 and might
comprise the aforementioned Intermediate Aspergillus. Thus
constituted, the genus would embrace industrially important
species (4. niger, A. oryzae (Ahlb.) Cohn), toxigenic species
(A. flavus Link, A. parasiticus Speare, A. ochraceus K.Wilh.,
A. carbonarius (Bainier) Thom), medically important spe-
cies (4. fumigatus Fresen.), and scientific models (4. nidu-
lans (Eidam) G.Winter), any of which could be selected as
the conserved type of Aspergillus. However, the new phylo-
genetic analyses presented here reveal that, in the most likely
phylogeny, Penicillium prevents these clades from forming a
monophyletic group (Table 2; Figs. 2, 3). Therefore, only one
of the clades 2A, 2B or 2C can be named Aspergillus. The
justification for choosing A. niger as the conserved type, in the
clade representing Aspergillus subg. Circumdati, rests on the
importance of this and closely related species in the subgenus
to human society in terms of industrial microbiology, food
toxicology and research activity (Pitt & Taylor, 2014).

Narrow Aspergillus is favored over Wide Aspergillus
in three ways: (1) by genotype, as measured by phylogenetic
analysis; (2) by phenotype, as evidenced by the names based
on distinct sexual morphologies, which reflect equally distinct
physiological attributes; and (3) by PBRO analysis, which shows
that Narrow Aspergillus provides a more consistent taxonomy
than either Intermediate or Wide Aspergillus and, as shown in
Table 3, would require the fewest taxonomic rearrangements
to achieve consistency. In other words, Narrow Aspergillus
results in genera that convey more precise morphological and
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physiological information, that are monophyletic, and that come
closer to taxonomic consistency.

In our opinion, based on the information presented here,
the advantages of Narrow Aspergillus are so numerous and
compelling that Wide Aspergillus might never be adopted un-
der the normal processes of nomenclature. However, in the
wake of the revision of the rules of fungal nomenclature, which
necessitates large-scale changes of names, the normal nomen-
clatural processes were altered, also necessarily, in the name
of expediency under ICN Art. 56.3. This article encourages
subcommittees to develop lists of names for rejection by the
Nomenclature Committee for Fungi (NCF) and, although not
specifically mentioned, has also resulted in the generation of
lists of names for approval by NCF. In replacing the normal
process of publication of taxonomic hypotheses followed by
community acceptance or rejection with the opinion of a sub-
committee, there is a danger that science could be supplanted
by politics. Therefore, it will be important (1) that the member-
ship of subcommittees be representative of the breadth of my-
cological thought; (2) that debate is encouraged about generic
concepts and specific lists; and (3) that normal nomenclatural
processes are resumed once the current large-scale changes
of names are accomplished. To ensure that the lists and the
biological and taxonomic principles underlying their creation
be widely circulated and open to discussion and amendment,
we advocate their submission to the International Committee
on Taxonomy of Fungi, a committee under NCF.

We believe that our example of Aspergillus demonstrates
how phylogenetics combined with tests of topology and genetic
divergence can be used to apply one name to one fungal ge-
nus in a scientific manner. We hope that our approach will be
considered as mycologists grapple with the need to choose one
name for fungal genera, particularly those that are too large to
be taxonomically consistent.

B ACKNOWLEDGEMENTS

We acknowledge Dr. William Iles for valuable instruction and
consultation on the use of RAXML at CIPRES. This research was sup-
ported in part by National Science Foundation grants DEB 1257528
and DBI 1046115 to JWT.

B LITERATURE CITED

Avise, J.C. & Johns, G.C. 1999. Proposal for a standardized temporal
scheme of biological classification for extant species. Proc. Natl.
Acad. Sci. U.S.A. 96: 7358-7363.
http://dx.doi.org/10.1073/pnas.96.13.7358

Edgar, R.C. 2004. MUSCLE: Multiple sequence alignment with high
accuracy and high throughput. Nucl. Acids Res. 32: 1792-1797.
http://dx.doi.org/10.1093/nar/gkh340

Felsenstein, J. 2004. Inferring phylogenies. Sunderland, Massachusetts:
Sinauer.

Gams, W., Christensen, M., Onions, A.H., Pitt, J.I. & Samson, R.A.
1985. Infrageneric taxa of Aspergillus. Pp. 55—62 in: Samson, R.A.
& Pitt, J.1. (eds.), Advances in Penicillium and Aspergillus system-
atics. New York: Plenum Press.

TAXON — 1 Jun 2016: 9 pp.

Geiser, D.M. 2009. Sexual structures in Aspergillus: Morphology, im-
portance and genomics. Med. Mycol. 47(Suppl. 1): S21-S26.
http://dx.doi.org/10.1080/13693780802139859

Goker, M., Garcia-Blazquez, G., Voglmayr, H., Telleria, M.T. &
Martin, M.P. 2009. Molecular taxonomy of phytopathogenic
fungi: A case study in Peronospora. PLOS ONE 4: e6319.
http://dx.doi.org/10.1371/journal.pone.0006319

Holt, B.G. & Jonsson, K.A. 2014. Reconciling hierarchical taxonomy
with molecular phylogenies. Syst. Biol. 63: 1010-1017.
http://dx.doi.org/10.1093/sysbio/syu061

Houbraken, J. & Samson, R.A. 2011. Phylogeny of Penicillium and the
segregation of Trichocomaceae into three families. Stud. Mycol.
70: 1-51. http://dx.doi.org/10.3114/sim.2011.70.01

Huson, D.H. & Scornavacca, C. 2012. Dendroscope 3: An interactive
tool for rooted phylogenetic trees and networks. Syst. Biol. 61:
1061-1067. http://dx.doi.org/10.1093/sysbio/sys062

Liu, X.-Z., Wang, Q.-M., Goker, M., Groenewald, M., Kachalkin,
A.V., Lumbsch, H.T., Millanes, A.M., Wedin, M., Yurkov, A.M.,
Boekhout, T. & Bai, F.-Y. 2015. Towards an integrated phylo-
genetic classification of the Tremellomycetes. Stud. Mycol. 81:
85-147. http://dx.doi.org/10.1016/j.simyc0.2015.12.001

McNeill, J., Barrie, F.R., Buck, W.R., Demoulin, V., Greuter, W.,
Hawksworth, D.L., Herendeen, P.S., Knapp, S., Marhold,
K., Prado, J., Prud’homme van Reine, W.F., Smith, G.F.,
Wiersema, J.H. & Turland, N.J. (eds.) 2012. International Code
of Nomenclature for algae, fungi, and plants (Melbourne Code).
Regnum Vegetabile 154. Konigstein: Koeltz Scientific Books.

Munoz, J.F., Gauthier, G.M., Desjardins, C.A., Gallo, J.E., Holder,
J., Sullivan, T.D., Marty, A.J., Carmen, J.C., Chen, Z.H., Ding,
L., Gujja, S., Magrini, V., Misas, E., Mitreva, M., Priest, M.,
Saif, S., Whiston, E.A., Young, S., Zeng, Q.D., Goldman, W.E.,
Mardis, E.R., Taylor, J.W., McEwen, J.G., Clay, O.K., Klein,
B.S. & Cuomo, C.A. 2015. The dynamic genome and transcrip-
tome of the human fungal pathogen Blastomyces and close relative
Emmonsia. PLOS Genet. 11.
http://dx.doi.org/10.1371/journal.pgen.1005493

Paradis, E.C. & Strimmer, K. 2004. APE: Analyses of phylogenetics
and evolution in R language. Bioinformatics 20: 289-290.
http://dx.doi.org/10.1093/bioinformatics/btg412

Peterson, S.W. 2000. Phylogenetic relationships in Aspergillus based on
rDNA sequence analysis. Pp. 323-355 in: Samson, R.A. & Pitt, J.I.
(eds.), Integration of modern taxonomic methods for classification
of Penicillium and Aspergillus. Amsterdam: Harwood Academic.

Pitt, J.I. & Taylor, J.W. 2014. Aspergillus, its sexual states, and the new
International Code of Nomenclature. Mycologia 106: 1051-1062.
http://dx.doi.org/10.3852/14-060.

Pitt, J.I. & Taylor, J.W. 2016. (2441) Proposal to conserve the name
Aspergillus (Fungi: Eurotiales: Trichocomaceae) with a conserved
type to maintain also the name Eurotium. Taxon 65: 631-632.
http://dx.doi.org/10.12705/653.17

R Development Core Team 2015. R: A language and environment
for statistical computing. Vienna: R Foundation for Statistical
Computing.

Samson, R.A., Visagie, C.M., Houbraken, J., Hong, S.-B., Hubka,
V., Klaassen, C.H.W., Perrone, G., Seifert, K.A., Susca, A.,
Tanney, J.B., Varga, J., Kocsube, S., Szigeti, G., Yaguchi, T. &
Frisvad, J.C. 2014. Phylogeny, identification and nomenclature of
the genus Aspergillus. Stud. Mycol. 78: 141-173.
http://dx.doi.org/org/10.1016/j.simyc0.2014.07.004

Scheuner, C., Tindall, B.J., Lu, M., Nolan, M., Lapidus, A.,
Cheng, J.-F., Goodwin, L., Pitluck, S., Huntermann, M.,
Liolios, K., Pagini, J., Mavromatis, K., Ivanova, N., Pati, A.,
Chen, A., Palaniappan, K., Jeffries, C.D., Hauser, L., Land,
M., Mwirichia, R., Rohde, M., Abt, B., Detter, J.C., Woyke,
T., Eisen, J.A., Markowitz, V., Hugenholtz, P., Goker, M.,
Kyrpides, N.C. & Klenk, H.-P. 2014. Complete genome se-
quence of Planctomyces brasiliensis type strain (DSM 5305T),

8 This is a preliminary version that will no longer be available online once replaced by the final version.



TAXON — 1 Jun 2016: 9 pp.

phylogenetic analysis and reclassification of Planctomycetes in-
cluding the description of Gimesia gen. nov., Planctopirus gen.
nov. and Rubinisphera gen. nov. and emended descriptions of the
order Planctomycetales and the family Planctomycetaceae. Stan-
dards Genomic Sci. 9: 10. http://dx.doi.org/10.1186/1944-3277-9-10

Schloss, P.D. & Handelsman, J. 2004. Status of the microbial census.
Microbiol. Molec. Biol. Rev. 68: 686—691.
http://dx.doi.org/10.1128/ MMBR.68.4.686-691

Shimodaira, H. 2002. An approximately unbiased test of phylogenetic
tree selection. Syst. Biol. 51: 492-508.
http://dx.doi.org/10.1080/10635150290069913

Stamatakis, A. 2006. RAXML-VI-HPC: Maximum likelihood based
phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22: 2688-2690.
http://dx.doi.org/10.1093/bioinformatics/btl446

Taylor & al. * Choosing names for Aspergillus and teleomorphs

Therneau, T., Atkinson, B. & Ripley, B. 2015. Recursive partitioning
for classification, regression and survival trees. R package ver-
sion 4.1-10. http://CRAN.R-project.org/package=rpart (accessed
8 Oct 2015).

Wiley, E. & Lieberman, B. 2011. Phylogenetics: Theory and practice
of phylogenetic systematics. Hoboken, New Jersey: Wiley.
http://dx.doi.org/10.1002/9781118017883

Zachos, F.E. 2011. Linnean ranks, tempore banding, and time-clipping:
why not slaughter the sacred cow? Biol. J. Linn. Soc. 103: 732-734.
http://dx.doi.org/10.1111/1.1095-8312.2011.01711.x

This is a preliminary version that will no longer be available online once replaced by the final version. 9



