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Abstract: Zygomycete fungi were classified as a single
phylum, Zygomycota, based on sexual reproduction by
zygospores, frequent asexual reproduction by sporangia,
absence of multicellular sporocarps, and production of
coenocytic hyphae, all with some exceptions. Molecular
phylogenies based on one or a few genes did not support
the monophyly of the phylum, however, and the phylum
was subsequently abandoned. Here we present phyloge-
netic analyses of a genome-scale data set for 46 taxa,
including 25 zygomycetes and 192 proteins, and we dem-
onstrate that zygomycetes comprise two major clades
that form a paraphyletic grade. A formal phylogenetic
classification is proposed herein and includes two phyla,
six subphyla, four classes and 16 orders. On the basis
of these results, the phyla Mucoromycota and Zoopago-
mycota are circumscribed. Zoopagomycota comprises
Entomophtoromycotina, Kickxellomycotina and Zoopa-
gomycotina; it constitutes the earliest diverging lineage
of zygomycetes and contains species that are primarily
parasites and pathogens of small animals (e.g. amoeba,
insects, etc.) and other fungi, i.e. mycoparasites. Mucor-
omycota comprises Glomeromycotina, Mortierellomy-
cotina, and Mucoromycotina and is sister to Dikarya.
It is the more derived clade of zygomycetes and mainly
consists of mycorrhizal fungi, root endophytes, and
decomposers of plant material. Evolution of trophic
modes, morphology, and analysis of genome-scale data
are discussed.

Key words: Entomophthoromycotina, fungi, Glo-
meromycotina, Kickellomycotina, Mortierellomyco-
tina, Mucoromycota, Mucoromycotina, paraphyly,
systematics, Zoopagomycota Zoopagomycotina

INTRODUCTION

Despite advances in our understanding of evolutionary
relationships within Kingdom Fungi, the earliest diverg-
ing events are still poorly understood. Included among
these unresolved events are the evolutionary transitions
that ultimately culminated in modern diversity and in
the emergence of terrestrial fungi, including subking-
dom Dikarya, which comprises the phyla Ascomycota
and Basidiomycota. Resolving the earliest branches in
the fungal genealogy is essential to identify characteristics
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of the ancestral fungi, to determine what traits emerged
with the dawn of terrestrial ecosystems, and to obtain
an accurate assessment of the morphological and genetic
homologies associated with fungal lifestyles. Central to
this transition are the fungi that were once classified
in the phylum Zygomycota Moreau (1954). However,
because the monophyly of Zygomycota was not sup-
ported in recent phylogenetic analyses (e.g. James et al.
2006, Liu et al. 2009, Chang et al. 2015), these fungi are
informally referred to herein as zygomycetes.

Zygomycetes are filamentous, nonflagellated fungi
that mark the major transition away from the earliest
diverging zoosporic fungi in Cryptomycota, Chytridio-
mycota, and Blastocladiomycota toward the rise of
the nonflagellated, filamentous, multicellular Dikarya.
The zygomycetes include: (i) Phycomyces blakesleeanus
and other important model organisms; (ii) species
such as Rhizopus stolonifer that cause economically
significant pre- and postharvest diseases of fruits; (iii)
members of Glomeromycota that colonize roots and
form endomycorrhizal symbioses with more than 80%
of land plants; and (iv) diverse and important patho-
gens or commensals of insects, nematodes, and other
soil invertebrates (Benny et al. 2014, Redecker and
Schüßler 2014). Some zygomycetes significantly benefit
humans by the production of compounds such as lyco-
pene, fatty acids, and biodiesel, but they can also cause
rare and deadly human diseases such as zygomycosis
(Papanikolaou and Panayotou 2007, Wang et al. 2011,
Doggett and Wong 2014).

Abandonment of the phylum Zygomycota was
formalized in Hibbett et al. (2007), which treated
zygomycete fungi as four subphyla incertae sedis, includ-
ing Entomophthoromycotina, Kickellomycotina, Mucor-
omycotina, and Zoopagomycotina and the phylum
Glomeromycota. Mortierella was classified with the mor-
phologically similar Mucorales until multigene analyses
demonstrated that it was phylogenetically distinct from
Mucoromycotina, resulting in the description of the sub-
phylum Mortierollomycotina (Hoffmann et al. 2011).
Results from rDNA and multigene molecular phyloge-
netic studies resolved these zygomycete taxa into two
larger groups. One of the groups, informally known as
“zygomycetes I”, includes Mucoromycotina and Mortier-
ellomycotina and in some studies, Glomeromycota
(James et al. 2006, White et al. 2006, Chang et al.
2015). Mucoromycotina includes Mucor, Rhizopus, and
the majority of the most common and best known zygo-
mycetes. Many of these are fast growing, early colonizers
of carbon-rich substrates, with several species used in
industry for organic acid production and fermen‐
tation (Jennessen et al. 2008). Mortierellomycotina are
common soil fungi that occur as root endophytes of
woody plants and also are commonly isolated as saprobes
(Summerbell 2005). Glomeromycota includes the

arbuscular mycorrhizal fungi, which arguably comprise
the most successful plant-fungal symbiosis on Earth.
Glomeromycota has been a phylogenetic enigma because
it lacks any known form of sexual reproduction. Morpho-
logical hypotheses placed Glomeromycota among the
zygomycetes (Gerdemann and Trappe 1974, Morton
and Benny 1990), whereas rDNA-based phylogenies
placed this phylum as sister to Dikarya (Schüßler et al.
2001). Mitochondrial phylogenies (Nadimi et al. 2012,
Pelin et al. 2012) placed Glomeromycota as sister to Mor-
tierellomycotina, which is supported by some but not all
genome-scale phylogenies (Tisserant et al. 2013, Chang
et al. 2015).

The second of the larger groups, “zygomycetes II”,
includes Entomophthoromycota, Kickxellomycotina,
and Zoopagomycotina (James et al. 2006, White et al.
2006, Sekimoto et al. 2011, Ebersberger et al. 2012,
Chang et al. 2015). Zygomycetes II is more difficult of
the two groups to study. In phylogenetic analyses, it
has been weakly supported (James et al. 2006, Sekimoto
et al. 2011) or strongly supported but based only on a
couple of taxa (Chang et al. 2015). Entomophthoromy-
cotina, the “insect destroyers”, includes parasites of
insects and mites, commensals of reptiles and amphib‐
ians, and poorly known parasites of desmid algae.
Kickxellomycotina comprises a diverse assemblage
of fungi associated with the hindgut of arthropods,
saprobic species with broad substrate ranges and myco-
parasites. Zoopagomycotina are either obligate myco-
parasites or pathogens of invertebrates, including
nematodes, rotifers, and amoebae. Members of the
zygomycetes II group are almost exclusively charac‐
terized by associations with animals and fungi with
essentially no associations with living plants, either as
pathogens or symbionts (Benny et al. 2014).

Although the applications of multigene analysis
has resulted in limited phylogenetic resolution of
zygomycetes in kingdom-level analyses, they have led
to significant refinement of evolutionary hypotheses
for selected groups of zygomycetes, based on a combi-
nation of molecular and morphological data. These
include a family-level phylogenetic classification of
Mucorales (Hoffmann et al. 2013), testing of ordinal-
level phylogenetic and taxonomic hypotheses for
Kickxellomycotina (Tretter et al. 2014) and characteri-
zation of the major clades of Entomophthoromycota
and temporal estimates of their origin in the geologic
record (Gryganskyi et al. 2012). However, unlike
Dikarya for which genome data and phylogenomic
analyses have transformed our understanding of phylo-
genetic relationships and evolutionary processes (e.g.
Floudas et al. 2012, Nagy et al. 2014, Kohler et al.
2015), genome data for zygomycetes have been sparse
with respect to phylogenetic depth and breadth
(Gryganskyi and Muszewska 2014). These gaps in
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our knowledge of zygomycete evolution have mani-
fested in a poor understanding of the homology of
numerous life history traits essential to Fungi. These
include characters associated with genomic, metabolic,
reproductive, morphological, biochemical, and ecologi-
cal traits.We attribute the limited amount of environmen-
tal data on zygomycetes to their molecular divergence,
limited amplicon-based barcoding success, and paucity
of well-annotated zygomycete reference data. For
example, Zoopagomycotina comprises 19 genera and
228 described species worldwide, but this subphylum
is only represented in GenBank by 125 DNA sequences
for 17 species, 12 unnamed isolates, and seven environ-
mental samples (NCBI nucleotide database accessed
21 Jan 2016).

Understanding zygomycete relationships from sub-
phyla to species will provide long-awaited insight into
transitions in form and function that changed as fungi
colonized land, became multicellular, evolved true fila-
mentous growth, and established intimate associations
with other clades of life. A robust phylogenetic classifica-
tion of zygomycetes will improve communication among
biologists, ending the current use of confusing alterna-
tive names for poorly defined taxa. Here we leverage
a phylogenomic approach with kingdom-wide sampling
of species and genome-scale sampling of loci to resolve
phylum-level relationships and propose a phylogenetic
classification of the zygomycetes.

MATERIALS AND METHODS

Taxon and genome sampling.—Assembled and annotated
genomes of 46 fungi were obtained from GenBank and
Joint Genome Institute as part of the 1000 Fungal Genomes
Project (http://1000.fungalgenomes.org) and published data-
sets (TABLE I). Genomes from 25 of the fungi represented all
zygomycete phyla and subphyla including Mucoromycotina
(12), Mortierellomycotina (2), Glomeromycota (1), Ento-
mophthoromycotina (5), Kickellomycotina (4), and Zoopago-
mycotina (1). The Entomophthoromycotina fungus Pandora
formicawas included, but the accession is an assembled RNASeq
of P. formica-infected ant and thus represents a metagenomic
sample and the Zoopagomycotina fungus Piptocephalis cylindros-
pora was sequenced using a single-cell sequencing approach.
Additional early diverging fungi included species from Chytri-
diomycota (6), Blastocladiomycota (2), and Cryptomycota
(1). Five Ascomycota and four Basidiomycota genomes repre-
sented all major subphyla of the subkingdom Dikarya. Three
outgroup species were included from theMetazoa, Choanozoa,
and Ichthyosporea.

Phylogenetic analyses.—Phylogenetically informative proteins
(markers) from the James et al. (2013) study of the placement
of Cryptomycota and early branching fungi were used to ana-
lyze relationships. These conserved proteins were identified
by comparing a pan-Eukaryotic set of species from plants,
Metazoa, and Fungi. In total, 192 clusters of orthologous pro-
teins (COPs) were aligned across the 39 eukaryotic species

sampled in James et al. (2013) and built into Profile
Hidden Markov Models (HMM) with TCOFFEE (Notredame
et al. 2000) and HMMER3 (Eddy 2011). Each HMM was then
searched against the predicted proteome from the 46 sam-
pled species in this study with HMMSEARCH. For each marker,
the highest scoring protein sequence in each species was
selected by applying a significance cutoff of 1e-10 and binned
to compose a file of fungal COPs for that marker. Alignments
of sequences orthologous to their marker HMM were gener-
ated with HMMALIGN. The alignments were trimmed with
TRIMAL (Capella-Gutiérrez et al. 2009) using the -strictplus
parameter. The alignments were concatenated into a single
super matrix alignment and analyzed using RAXML (Stamata-
kis 2006) with the ‘-f a’ fast bootstrapped tree method
and 100 bootstrap replicates (FIG. 1). The PROTGAMMAAUTO

option was used to determine the best model of amino acid
substitution across the following models with and without
empirical base frequencies: DAYHOFF, DCMUT, JTT, MTREV, WAG,

RTREV, CPREV, BT, BLOSUM62, MTMAM, LG, MTART, MTZOA, PMB,

HIVB, HIVW, JTTDCMUT, FLU, DUMMY, and DUMMY2. As an alterna-
tive test of the organismal tree inferred from the concatenat-
ed analysis and as a measure of potential conflict among
individual sequences, a protein sequence phylogeny for
each COP was inferred with RAxML using the same aforemen-
tioned parameters. The maximum likelihood tree and 100
bootstrapped trees generated by RAxML for each of the 192
individual COPs were analyzed in ASTRAL (Mirarab et al.
2014) to construct a greedy consensus tree under default set-
tings (FIG. 2). Branch support was calculated as the percent-
age of bootstrap replicates that contain a particular branch.
The concatenated alignment and the RAxML and ASTRAL
tree files are available at TreeBASE (accession No. TB2:
S18957). The individual alignments, tree files, and associated
scripts are available at http://zygolife.org/home/data/.

RESULTS

The final concatenated alignment comprised 60 382
amino acid positions after trimming. Individual protein
alignments ranged from 57 to 1048 positions resulting
in an average alignment length of 312 positions. LG
with fixed base frequencies was chosen as the best
model of amino acid substitution. The inferred phylog-
eny from the concatenated alignment supported two
clades of zygomycetes (FIG. 1). The earliest diverging
lineage, which we recognize below as Zoopagomycota,
comprised Entomophthoromycotina, Kickxellomyco-
tina, and Zoopagomycotina and was recovered with
100% BP support. Despite the potential for conflict
due to the mixed nature of the Pandora formicametage-
nomic sample and the single cell genome data from
Piptocephalis, strong support was recovered for their
phylum-level phylogenetic placement (FIG. 1). Ento-
mophthoromycotina and Kickxellomycotina were
supported by 89% BP and 100% BP, respectively. The
clade of zygomycetes including Mucoromycotina, Mor-
tierellomycotina, and Glomeromycota, which we recog-
nize below as Mucoromycota, was supported by 100%
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TABLE I. List of taxa and genome data sources

Species GenBank accession No./JGI Web Portal/(reference)

Allomyces macrogynus ATCC 38327 v3 ACDU00000000.1
Arthrobotrys oligospora ATCC 24927 ADOT00000000 (Yang et al. 2011)
Backusella circina FSU 941 http://genome.jgi.doe.gov/Bacci1
Batrachochytrium dendrobatidis JAM81 ADAR00000000.1
Basidiobolus heterosporus B8920 v1 JNEO00000000.1
Basidiobolus meristosporus CBS 931.73 http://genome.jgi.doe.gov/Basme2finSC
Capsaspora owczarzaki ATCC 30864 v2 ACFS00000000.2 (Suga et al. 2013)
Catenaria anguillulae PL171 http://genome.jgi.doe.gov/Catan1
Coemansia reversa NRRL 1564 JZJC00000000 (Chang et al. 2015)
Conidiobolus coronatus NRRL 28638 JXYT00000000 (Chang et al. 2015)
Conidiobolus thromboides FSU 785 http://genome.jgi.doe.gov/Conth1
Coprinopsis cinerea Okayama7_130 AACS00000000.2 (Stajich et al. 2010)
Cryptococcus neoformans JEC21 GCA_000149245.3 (Loftus et al. 2005)
Drosophila melanogaster vr6.04 http://flybase.org (Adams et al. 2000)
Gonapodya prolifera JEL478 LSZK00000000 (Chang et al. 2015)
Hesseltinella vesiculosa NRRL 3301 http://genome.jgi.doe.gov/Hesve2finisherSC
Homoloaphlyctis polyrhiza JEL142 v1 AFSM01000000.1 (Joneson et al. 2011)
Lichtheimia corymbifera FSU 9682 CBTN000000000.1
Lichtheimia hyalospora FSU 10163 http://genome.jgi.doe.gov/Lichy1
Linderina pennispora ATCC 12442 http://genome.jgi.doe.gov/Linpe1
Martensiomyces pterosporus CBS 209.56 http://genome.jgi.doe.gov/Marpt1
Monosiga brevicolis MX1 v1 ABFJ00000000.1 (King et al. 2008)
Mortierella elongata AG-77 http://genome.jgi.doe.gov/Morel2
Mortierella verticillata NRRL 6337 AEVJ00000000.1
Mucor circinelloides CBS277.49 http://genome.jgi.doe.gov/Mucci2
Neurospora crassa OR74A AABX00000000.3 (Galagan et al. 2003)
Orpinomyces sp. C1A ASRE00000000.1 (Youssef et al. 2013)
Pandora formicae v1 GCRV00000000.1
Phycomyces blakesleeanus NRRL 1555 http://genome.jgi.doe.gov/Phybl2 (Corrochano et al. 2016)
Piptocephalis cylindrospora RSA 2659 http://genome.jgi.doe.gov/Pipcy2/Pipcy2.home.html
Piromyces sp. E2 http://genome.jgi.doe.gov/PirE2_1
Puccinia graminis f. sp. tritici CRL 75-36-700-3 AAWC00000000.1 (Duplessis et al. 2011)
Ramicandelaber brevisporus CBS 109374 http://genome.jgi.doe.gov/Rambr1
Rhizophagus irregularis DAOM 181602 JARB00000000.1 (Tisserant et al. 2013)
Rhizopus delemar RA 99-880 AACW00000000.2 (Ma et al. 2009)
Rhizopus microsporus var chinensis CCTCC M201021 CCYT00000000.1 (Wang et al. 2013)
Rhizopus microsporus var microsporus ATCC 52813 http://genome.jgi.doe.gov/Rhimi1_1
Rozella allomycis CSF55 ATJD00000000.1 (James et al. 2013)
Saccharomyces cerevisiae S288C.vR64-2-1 http://yeastgenome.org/(Goffeau et al. 1996)
Saksenaea vasiformis B4078 JNDT00000000.1
Schizosaccharomyces pombe 972h-.vASM294v2 http://www.pombase.org/ (Wood et al. 2002)
Spizellomyces punctatus DAOM BR117 v1 ACOE00000000.1
Umbelopsis ramanniana NRRL 5844 http://genome.jgi.doe.gov/Umbra1
Ustilago maydis 521 v190413 AACP00000000.2 (Kamper et al. 2006)
Yarrowia lipolytica CLIB122 GCA_000002525.1 (Dujon et al. 2004)
Zoophthora radicans ATCC 208865 http://genome.jgi.doe.gov/ZooradStandDraft_FD/
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BP, and it was resolved as sister to Dikarya with 100%
BP. Mucoromycotina and Mortierellomycotina were
both supported by 100% BP, although the latter with
limited taxon sampling. The arbuscular mycorrhizal
species Rhizophagus irregularis was sister to Mucoromy-
cotina and Mortierellomycotina with 97% BP. Umbelop-
sis was placed outside of the core Mucorales clade with
100% BP. Internal nodes pertaining to the placement
of Saksenaea and Hesseltinella within Mucorales were
only moderately supported by the analyses. The phylo-
genetic placement of Blastocladiomycota and Chytri-
diomycota was not strongly supported by these
analyses, and their branching order is essentially inter-
changeable (FIGS. 1, 2).

The ASTRAL analyses provided an additional assess-
ment of organismal phylogeny and identified nodes
that may be affected by ancient incomplete lineage
sorting (FIG. 2). Despite low bootstrap values, the
node placing Blastocladiomycota as sister group to
the nonflagellated fungi was supported by 90%
ASTRAL branch support (ABS). The clades defined
below as Zoopagomycota and Mucoromycota were
supported by 96% and 100% ABS, respectively, and
the monophyly of Mucoromycota plus Dikarya was sup-
ported by 95% ABS. Within Zoopagomycota, lower
levels of ABS characterized the placement of Piptoce-
phalis (60%) and the branch defining Entomophthor-
omycotina (82%). Within Mucoromycotina, low levels

FIG. 1. RAxMLphylogenetic tree of KingdomFungi based on the concatenated alignment of 192 conserved orthologous proteins.
All branches received 100% bootstrap partitions except where noted by number above or below respective branches. Example images
include: a. Rhizopus sporangium (SEM). b. Phycomyces zygospore (LM). c.Mortierella chlamydospores (SEM). d. Rhizophagus spores and
hyphae (LM). e. Conidiobolus secondary (replicative) conidia forming on primary conidium (SEM). f. Basidiobolus ballistosporic
conidium (SEM). g. Piptocephalismerosporangia (SEM). h. Linderinamerosporangium (SEM). LM: light micrograph, SEM: scanning
electron micrograph.
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of ABS characterized the placement of Rhizophagus
(68%) and Hesseltinella and Saksenea within Mucorales.

TAXONOMY

Our classification follows the principles promoted in
Hibbett et al.’s (2007) phylogenetic classification of
Kingdom Fungi. All taxa are either demonstrated or
presumed to be monophyletic and are autotypified by
validly published genera. The name Zygomycota
Moreau is rejected as a name for either clade of zygo-
mycetes. Its taxonomic and nomenclatural use is in ref-
erence to the zygote, i.e. zygospore, formed through
gametangial conjugation in the sexual reproductive
phase. The zygospore, however, is not a synapomorphy
for either clade of zygomycete fungi; rather it is a
sympleisiomorphic trait inherited from the com‐
mon ancestor of Zoopagomycota, Mucoromycota,

and Dikarya (FIG. 1). As such, these findings support
the discontinued use of Zygomycota to avoid confusion
and misrepresentation of a more recent common
ancestor between Zoopagomycota and Mucoromycota
as opposed to Mucoromycota with Dikarya. Descrip-
tions of new taxa follow phylogenetic nomencla‐
ture (Cantino 2010) and define the least inclusive
monophyletic lineage as illustrated in a reference phy-
logenetic tree (FIG. 1). The classification presented
here is restricted to fungi historically classified as zygo-
mycetes, except where they have been demonstrated
not to be members of Kingdom Fungi (e.g. the tradi-
tional ‘trichomycete’ orders Eccrinales and Amoebi-
diales; Benny and O’Donnell 2000, Cafaro 2005).
Unnecessary intercalary taxa are avoided, and the clas-
sification does not treat taxa below the level of order.
The proposed classification includes two phyla, six
subphyla, four classes, and 16 orders (TABLE II).

FIG. 2. ASTRAL consensus cladogram of Kingdom Fungi based on analyses of individual bootstrap trees for each of 192
conserved orthologous proteins. All branches received 100% ASTRAL branch support except where noted by number above or
below respective branches.
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Phylum: Mucoromycota Doweld, Prosyllabus Tracheo-
phytorum, Tentamen systematis plantarum vascularium
(Tracheophyta): LXXVII. 2001, emend. Spatafora &
Stajich.

Synonym: Zygomycota F. Moreau, Encyclopédie
Mycologique 23:2035. 1954 (pro parte).

Type: Mucor P. Micheli ex L. (1753).
Emendation: Phylum Mucoromycota is emended

here to apply to all descendants of the node defined
in the reference phylogeny (FIG. 1) as the terminal
Mucoromycota clade. It is the least inclusive clade con-
taining Mucoromycotina, Mortierellomycotina, and
Glomeromycotina. Characters associated with sexual
reproductive states, where known, include zygospore
production by gametangial conjugation. Asexual
reproductive states can involve chlamydospores and
spores produced in sporangia and sporangioles.

Commentary. The name Mucoromycota Doweld
(2001) formally specifies the group referred to as

zygomycetes I in the INTRODUCTION. It is preferred to
Glomeromycota C. Walker & A. Schüßler (2001)
because it is more representative of the taxa that com-
prise the phylum. Mucoromycota shares a most recent
common ancestor with Dikarya and it is characterized
by plant-associated nutritional modes (e.g. plant sym-
bionts, decomposers of plant debris, plant pathogens
etc.) and only rare or derived ecological interactions
with animals (e.g. primarily associated with opportunis-
tic infections). Zygospores tend to be globose, smooth
or ornamented, and produced on opposed or apposed
suspensor cells with or without appendages. Asexual
reproduction typically involves the production of spor-
angiospores in sporangia or sporangioles, or chlamy-
dospores. Hyphae tend to be large diameter and
coenocytic with the exception of the delimitation of
reproductive structures by adventitious septa.
Subphylum:Glomeromycotina (C.Walker&A. Schüßler)

Spatafora & Stajich, subphylum and stat. nov.
MycoBank MB816301

Replaced name: Glomeromycota C. Walker & A.
Schüßler, in Schüßler et al., Mycol. Res. 105:1416. 2001.

Type: Glomus Tul. & C. Tul. 1845.
Description: Subphylum Glomeromycotina is erected

here for the least inclusive clade containing Archaeos-
porales, Diversisporales, Glomerales, and Paraglomerales
(Redecker & Schüßler 2014). Sexual reproduction is
unknown and asexual reproduction is by specialized
spores that resemble azygospores or chlamydospores.

Class: Glomeromycetes Caval.-Sm., Biol. Rev. 73:246.
1998. (as “Glomomycetes”).

Orders: Archaeosporales C. Walker & A. Schüßler, in
Schüßler et al., Mycol. Res. 105:1418. 2001; Diversispor-
ales C. Walker & A. Schüßler, Mycol. Res. 108:981. 2004;
Glomerales J.B. Morton & Benny, Mycotaxon 37:473.
1990. (as “Glomales”); Paraglomerales C. Walker & A.
Schüßler, in Schüßler et al., Mycol. Res. 105:1418. 2001.

Commentary. Glomeromycotina includes all fungi that
form arbuscular mycorrhizae and Geosiphon, a symbiont
of cyanobacteria in the genus Nostoc. Sexual reproduc-
tion is unknown but supported by genome evidence
(Ropars et al. 2016). Asexually formed chlamydospore-
like spores are borne terminally, laterally, or intercalary
on specialized hyphae. Most species produce spores
directly in soil or roots, but several species in different
lineages make macroscopic sporocarps (Gerdemann
and Trappe 1974). Arbuscules, the site of bidirectional
nutrient transfer in arbuscular mycorrhizae, are modi-
fied, highly branched haustorium-like cells that are pro-
duced in cortical plant root cells. Some taxa also
produce darkly staining, intercellular, and intracellular
vesicles. Species of Glomeromycotina produce coenocy‐
tic hyphae that can harbor bacterial endosymbionts
(Bianciotto et al. 2003, Torres-Cortés and Ghignone
2015). These fungi were previously treated as a family

TABLE II. Phylogenetic classification of zygomycete fungi

Mucoromycota Doweld (2001)
Glomeromycotina (C. Walker & A. Schüßler) Spatafora &

Stajich, subphylum and stat. nov.
Glomeromycetes Caval.-Sm. (1998)
Archaeosporales C. Walker & A. Schüßler (2001)
Diversisporales C. Walker & A. Schüßler (2004)
Glomerales J. B. Morton & Benny (1990)
Paraglomerales C. Walker & A. Schüßler (2001)

Mortierellomycotina Kerst. Hoffm., K. Voigt & P.M.
Kirk (2011)
Mortierellales Caval.-Sm. (1998)

Mucoromycotina Benny (2007)
Endogonales Moreau ex R.K. Benj. (1979)
Mucorales Fr. (1832)
Umbelopsidales Spatafora & Stajich, ord. nov.

Zoopagomycota Gryganskyi, M.E. Smith, Stajich & Spatafora,
phylum nov.

Entomophthoromycotina Humber (2007)
Basidiobolomycetes Doweld (2001)
Basidiobolales Jacz. & P.A. Jacz. (1931)

Entomophoromycetes Humber (2012)
Entomophthorales G. Winter (1880)

Neozygitomycetes Humber (2012)
Neozygitales Humber (2012)

Kickxellomycotina Benny (2007)
Asellariales Manier ex Manier & Lichtw. (1978)
Dimargaritales R.K. Benj. (1979)
Harpellales Lichtw. & Manier (1978)
Kickxellales Kreisel ex R.K. Benj. (1979)

Zoopagomycotina Benny (2007)
Zoopagales Bessey ex R.K. Benj. (1979)
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within Endogonales (Glomeraceae, Gerdemann and
Trappe 1974), an order within the class Zygomycetes
(Glomales, Morton and Benny 1990) and as a phylum
more closely related to Dikarya (Glomeromycota, Schüß-
ler et al. 2001). Its membership in Mucoromycota is sup-
ported by genome-scale phylogenetic analyses (FIG. 1)
and by gene content analyses (Tisserant et al. 2013).

Subphylum: Mortierellomycotina Kerst. Hoffm.,
K. Voigt & P.M. Kirk, in Hoffmann, Voigt & Kirk,
Mycotaxon 115:360. 2011.

Order: Mortierellales Caval.-Sm., Biol. Rev. 73:
246. 1998.

Commentary. Mortierellomycotina reproduce asexu-
ally by sporangia that either lack or have a highly
reduced columella. Mortierella was historically classified
within Mucorales, but molecular phylogenetic (Hoff-
mann et al. 2011) and phylogenomic analyses (Tisser-
ant et al. 2013) rejected this hypothesis. Rather,
Mortierella is best treated in its own subphylum related
to Mucoromycotina and Glomeromycotina (Hoff-
mann et al. 2011). Molecular phylogenetic analyses
reveal considerable diversity within Mortierellomyco-
tina (Wagner et al. 2013) and environmental sampling
supports a diversity of taxa associated with soils, rhizo-
sphere, and plant roots (Summerbell 2005, Nagy et al.
2011, Shakya et al. 2013). Mortierella species are known
as prolific producers of fatty acids, especially arachido-
nic acid (Higashiyama et al. 2002) and they frequently
harbor bacterial endosymbionts (Sato et al. 2010).
Most species of Mortierellomycotina only form micro-
scopic colonies, but at least two species in the genus
Modicella make multicellular sporocarps (Smith
et al. 2013).

Subphylum: Mucoromycotina Benny, in Hibbett
et al., Mycol. Res. 111:517. 2007.

Orders: Endogonales Moreau ex R.K. Benj., in
Kendrick, ed., Whole Fungus 2:599. 1979. Emend.
Morton & Benny, Mycotaxon 37:473. 1990; Mucorales
Fr., Syst. Mycol. 3:296. 1832; Umbelopsidales Spatafora,
Stajich & Bonito, ord. nov.

Commentary. Mucoromycotina has the largest num-
ber of described species of Mucoromycota and in‐
cludes the well-known model speciesMucor mucedo and
Phycomyces blakesleeanus. It also includes industrially
important species of Rhizopus and other genera. Where
known, sexual reproduction within Mucoromycotina
is by prototypical zygospore formation and asexual
reproduction typically involves the copious production
of sporangia and/or sporangioles. Species are fre-
quently isolated from soil, dung, plant debris, and
sugar-rich plant parts (e.g. fruits). As such, fungi in
the Mucoromycotina represent the majority of zygomy-
cetous fungi in pure culture. Endogonales includes both
ectomycorrhizal and saprobic species (Bidartondo et al.
2011). Sexual reproduction involves the production of

zygospores by apposed gametangia within a simple, often
sequestrate or enclosed sporocarp that may be hypoge-
ous, embedded in heavily decayed wood, or produced
among foliage of mosses or liverworts. Recent studies sug-
gest that ectomycorrhizae have probably evolved twice
within Endogonales (Tedersoo and Smith 2013). Endo-
gonales represents an independent origin ofmycorrhizae
relative to the arbuscular mycorrhizae of Glomeromyco-
tina and ectomycorrhizae of Dikarya (Bidartondo et al.
2011, Tedersoo and Smith 2013, Dickie et al. 2015) and
like many of Mucoromycota, they harbor endohyphal
bacteria (Desiro et al. 2014).
Order: Umbelopsidales Spatafora, Stajich & Bonito,

ord. nov.
MycoBank MB816302

Type: Umbelopsis Amos & H.L. Barnett (1966)
Description: Umbelopsidales is erected here to

apply to all descendants of the node defined in the ref-
erence phylogeny (FIG. 1) as the terminal Umbelopsi-
dales clade. It is the least inclusive clade containing
the genus Umbelopsis. Asexual reproduction is by spo-
rangia and chlamydospores. Sporangiophores may be
branched in a cymose or verticillate fashion. Sporangia
are typically pigmented red or ochre, multi- or single-
spored and with or without conspicuous columella.
Sporangiospores are globose, ellipsoidal, or polyhedral
and pigmented like sporangia. Chlamydospores are
filled with oil globules and often abundant in culture.
Sexual reproduction is unknown.

Commentary: Species in the Umbelopsidales were
previously classified in Mucorales (e.g. U. isabellina) or
Mortierellales (e.g. Micromucor [5Umbelopsis] ramanni-
ana). Phylogenetic analyses of genome-scale data
resolve this as a distant sister group to Mucorales, con-
sistent with ordinal status. Like Mortierellales, species
of Umbelopsidales are frequently isolated from rhizo-
sphere soils, with increasing evidence that these fungi
occur as root endophytes (Hoff et al. 2004, Terhonen
et al. 2014).
Phylum: Zoopagomycota Gryganskyi, M.E. Smith,

Spatafora & Stajich, phylum nov.
MycoBank MB816300

Synonym: Zygomycota F. Moreau, Encyclopédie
Mycologique 23:2035. 1954 (pro parte).

Type: Zoopage Drechsler (1935).
Description: Phylum Zoopagomycota is erected here

to apply to all descendants of the node defined in the
reference phylogeny (FIG. 1) as the terminal Zoopago-
mycota clade. It is the least inclusive clade containing
Entomophthoromycotina, Kickellomycotina, and Zoo-
pagomycotina. Sexual reproduction, where known,
involves the production of zygospores by gametangial
conjugation. Morphologies associated with asexual
reproductive states include sporangia, merosporangia,
conidia, and chlamydospores.
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Commentary. Zoopagomycota represents the earliest
diverging clade of zygomycetous fungi and formally
applies to the group referred to as zygomycetes II in the
INTRODUCTION. It comprises three subphyla in which
associations with animals (e.g. pathogens, commensals,
mutualists) form a common ecological theme, although
species from several lineages are mycoparasites (e.g. Syn-
cephalis, Piptocephalis, and Dimargaritales). Because of
its broader and more inclusive meaning, the name Zoo-
pagomycota (Gr.: zoo 5 animal, pago 5 frozen, ice or
unite) is preferred to other possible names for the clade
including Trichomycota R.T.Moore (1994), Basidiobolo-
mycota Doweld (2001), Entomophthoromycota Humber
(2012), and Harpellomycota Doweld (2013). All of these
alternative names were originally proposed to refer to
a particular clade within Zoopagomycota; therefore,
use of these alternative names would probably cause con-
fusion. Although some of the fungi in Zoopagomycota
can be maintained in axenic culture, most species are
more difficult to maintain in pure culture than species
of Mucoromycota. Accordingly, species of Zoopagomy-
cota are most frequently observed growing in association
with a host organism. Haustoria are produced by some of
the animal pathogens and mycoparasites. Zoopagomy-
cota hyphae may be compartmentalized by septa that
may be complete or uniperforate; in the latter, bifurcate
septa contain electron opaque lenticular plugs. Zygo-
spore formation typically involves modified hyphal tips,
thallus cells, or hyphal bodies (yeast-like cells) that func-
tion as gametangia.

Subphylum: Entomophthoromycotina Humber, in
Hibbett et al. Mycol. Res. 111:517. 2007.

Synonym: Entomophthoromycota Humber, Myco-
taxon 120:481. 2012.

Classes: Basidiobolomycetes Doweld, Prosyllabus
Tracheophytorum, Tentamen systematis plantarum
vascularium (Tracheophyta): LXXVII. 2001; Ento‐
mophthoromycetes Humber, Mycotaxon 120:486. 2012;
Neozygitomycetes Humber, Mycotaxon 120:485. 2012.

Orders: Basidiobolales Jacz. & P.A. Jacz., Opredelitel’
Gribov, (edn 3) I Ficomiţeti (Leningrad):8. 1931; Ento-
mophthorales G. Winter, Rabenh. Krypt.-Fl. 1:74. 1880;
Neozygitales Humber, Mycotaxon 120:486. 2012.

Commentary. Entomophthoromycotina includes three
classes and three orders of saprobic and insect pathogen-
ic fungi. The thallus may consist of coenocytic or septate
hyphae, which may fragment to form hyphal bodies,
or it may comprise only hyphal bodies. Asexual reproduc-
tion is by conidiogenesis from branched or unbranched
conidiophores; primary conidia are forcibly discharged
and secondary conidia are either forcibly or passively
released. Sexual reproduction involves the formation
of either zygospores by gametangial copulation, involving
hyphal compartments or hyphal bodies (Humber 2012).

Subphylum: Kickxellomycotina Benny, in Hibbett
et al. Mycol. Res. 111:518. 2007.

Synonym: Trichomycota R.T. Moore, Identifica‐
tion and Characterization of Pest Organisms:250. 1994
(pro parte).

Orders: Asellariales Manier ex Manier & Lichtw.,
Mycotaxon 7:442. 1978; Dimargaritales R.K. Benj., in
Kendrick (ed.), Whole Fungus 2:607. 1979; Harpellales
Lichtw. & Manier, Mycotaxon 7:441. 1978; Kickxellales
Kreisel ex R.K. Benj., in Kendrick (ed.), Whole Fungus
2:610. 1979; R.K. Benj., in Kendrick, ed., Whole Fun-
gus 2:607. 1979.

Commentary. Mycelium is regularly divided into com-
partments by bifurcate septa that often have lenticular
occlusions. Sexual reproduction involves the formation
of variously shaped zygospores by gametangial conjuga-
tion of relatively undifferentiated sexual hyphal com-
partments (Lichtwardt 1986). Sporophores may be
produced from septate, simple, or branched somatic
hyphae. Asexual reproduction involves the production
of uni- or multispored merosporangia arising from a
specialized vesicle (i.e. sporocladium), sporiferous
branchlets, or an undifferentiated sporophore apex.
Species may be saprobes, mycoparasites, and symbionts
of insects; the latter includes Harpellales that are typi-
cally found within the hindguts of aquatic life history
stages.

Subphylum: Zoopagomycotina Benny, in Hibbett
et al. Mycol. Res. 111:518. 2007.

Order: Zoopagales Bessey ex R.K. Benj., in Kendrick,
ed., Whole Fungus 2:590. 1979.

Commentary. Zoopagomycotina include mycopara-
sites and predators or parasites of small invertebrates
and amoebae. The hyphal diameter is characteristical-
ly narrow in thalli that are branched or unbranched;
sometimes specialized haustoria are produced in
association with hosts. Only a handful of species have
been successfully maintained in axenic culture. Sexual
reproduction, where known, is by gametangial conju-
gation, forming globose zygospores on apposed differ-
entiated or undifferentiated suspensor cells (Dreschler
1935). Asexual reproduction is by arthrospores, chla-
mydospores, conidia, or multispored merosporangia
that may be simple or branched.

DISCUSSION

Overview of Kingdom Fungi.—In the concatenated
RAxML analyses, we resolve and recognize seven
clades that we classify as phyla of Kingdom Fungi
(FIG. 1), with zoosporic fungi comprising the three ear-
liest diverging lineages. Cryptomycota, represented by
the genus Rozella, is the earliest diverging lineage of
Fungi followed by Chytridiomycota and Blastocladio-
mycota. The branching order of the latter two taxa is
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weakly supported and both have been resolved as shar-
ing a most recent common ancestor (MRCA) with the
nonflagellated fungi of Zoopagomycota, Mucoromy-
cota, and Dikarya (James et al. 2006, Chang et al.
2015). Within Chytridiomycota we recognize three
classes, including Chytridiomycetes Caval.-Sm. (1998),
Monoblepharidomycetes J.H. Schaffner (1909), and
Neocallimastigomycetes M.J. Powell (2007). The
remaining phyla of Fungi include the nonflagellated
phyla Zoopagomycota, Mucoromycota, Basidiomycota,
and Ascomycota. Because to the absence of genomic
data, we could not assess the validity of the newly
erected phylum Entorrhizomycota (Bauer et al 2015).

The 192 protein clusters incorporated into these
analyses are encoded by single to low-copy genes that
are conserved throughout eukaryotes (James et al.
2013). As such, these genes tend to be ubiquitously dis-
tributed in Fungi and arguably less susceptible to
errors associated with orthology assignment. The inter-
pretation of bootstrap support for branches in
genome-scale phylogenies is still poorly understood
given that some genes within a genome may have dif-
ferent evolutionary histories (e.g. Salichos et al.
2014). We attempted to alleviate this problem through
the use of conservative orthologs, but we cannot cur-
rently discount issues associated with ancient lineage
sorting events, whole genome duplications, and inad-
vertent biases associated with taxon sampling (e.g.
unsampled taxa, extinction events, etc.). In an attempt
to characterize the effect of ancient lineage sorting
events, ASTRAL analyses were performed on the boot-
strap trees derived from the RAxML analyses of each
protein sequence alignment. The placement of Blasto-
cladiomycota as sister group to the nonflagellated
lineages of Kingdom Fungi was supported by 56% BP
and 90% ABS values, suggesting that the node is not
characterized by high levels of ancient incomplete line-
age sorting but low levels of phylogenetic signal pres-
ent in the current dataset; a finding consistent with
the results of Chang et al. (2015). The effect of adding
taxa to fill the gaps among unsampled lineages is more
difficult to predict, but it is reasonable to assume that it
might increase support for long, relatively isolated
branches, such as Blastocladiomycota (Wiens and Mor-
rill 2011). At this time we consider the placement of
Blastocladiomycota unresolved.

Paraphyly of zygomycetes and support for major clades.—
Both the concatenated RAxML (FIG. 1) and the
ASTRAL (FIG. 2) analyses reject zygomycete monophy-
ly and resolve two clades, Zoopagomycota and Mucor-
omycota, which form a paraphyletic grade from
which Dikarya are derived. Although this finding is
consistent with rDNA analyses (White et al. 2006) and
multigene phylogenies (James et al. 2006, Chang et al.

2015), it provides greater clarity on clade membership
and relationship to other major clades of Kingdom
Fungi. By not resurrecting the abandoned name Zygo-
mycota Moreau, we propose names for each of the two
monophyletic phyla and we expand the use of auto‐
typification based on validly published genera as
espoused by Hibbett et al. (2007). Because the Interna-
tional Code for algae, fungi, and plants (McNeill et al.
2012) does not require adherence to the principle of
priority above the rank of family, we have selected
names that communicate taxa or traits that are charac-
teristic of the majority of species contained within the
two phyla. In addition, the names Zoopagomycota
and Mucoromycota avoid taxonomic confusion stem-
ming from previous use of other names that are linked
to alternative evolutionary hypotheses. For example,
Glomeromycota has been used over the last 15 y to
refer to the monophyletic group of arbuscular mycor-
rhizal fungi (Schüßler et al. 2001); the use of this
name for a wider group of fungi would likely be prob-
lematic and confusing. Finally, we recognize the mini-
mum number of phylum-level clades necessary to
name monophyletic clades of zygomycetes to produce
a classification system that is easier to teach and
reduces the use of redundant taxa.

Zoopagomycota is resolved as the earliest diverging
lineage of zygomycetes. Although genomic sampling
included representatives from all three subphyla, a fur-
ther increase in taxon sampling will undoubtedly
reveal additional phylogenetic diversity. Kickxellomy-
cotina is represented by four taxa that are all from
Kickxellales. Entomophthoromycotina is represented
by five taxa, three from Entomophthorales (Conidiobo-
lus spp., Pandora formicae, Zoophthora radicans) and two
from Basidiobolales (B. heterosporus and B. meristos-
porus). Branch support (BP 5 89, ABS 5 82) for Ento-
mophthoromycotina is the lowest of the subphyla,
which is in part a result of the topological instability
of Basidiobolus. This finding is similar to observations
in previous multigene studies (Gryganskyi et al. 2012)
and suggests that more robust support for the place-
ment of Basidiobolus will not be achieved by the addi-
tion of sequence data alone but will instead require
additional taxon sampling, consideration of episodic
events associated with rare genomic changes, and pos-
sibly the use of models of evolution that are not strictly
bifurcating (Than et al. 2008). The sole representative
of Zoopagomycotina is Piptocephalis cylindrospora, for
which the sequence data were generated based on sin-
gle-cell genomics methods (Rinke et al. 2013). Its
membership in Zoopagomycota is strongly supported
by these analyses, but its placement within the phylum
is less well supported (MLBS 5 96, ABS 5 60). This is
possibly a consequence of the nature of the data from
single-cell sequencing and sparse taxon sampling for
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the subphylum. As most species of Zoopagomycotina
are obligate symbionts, additional sampling will
require the use of advanced sequencing and computa-
tional techniques, use of dual-organism cultures and
novel approaches to establish axenic cultures.

Mucoromycota is resolved as the clade of zygomy-
cetes that diverged most recently from a shared ances-
tor with Dikarya. The most significant change from
previous molecular-based classifications of zygomycetes
(Schüßler et al. 2001) is the inclusion of Glomeromyco-
tina in Mucoromycota. Although Glomeromycotina
(5Glomeromycota) was previously resolved as more
closely related to Dikarya than Mucoromycotina and
Mortierellomycotina using nuclear SSU rDNA and
multigene sequence data (Schüßler et al. 2001, James
et al. 2006), this was not supported by the present anal-
yses. Rather, the topology presented here is consistent
with recent mitochondrial phylogenies (Nadimi et al.
2012, Pelin et al. 2012), genome-scale phylogenies,
and gene content analyses (Tisserant et al. 2013,
Chang et al. 2015), as well as with traditional morphol-
ogy-based classifications (Gerdemann and Trappe
1974, Morton and Benny 1990). As in previous studies
(Chang et al. 2015), the position of Glomeromycotina
is equivocal and it appears alternatively as the earliest
diverging lineage of the Mucoromycota (FIG. 1, MLBS5
97) or as a sister group to Mortierellomycotina (FIG. 2,
ABS 5 68). Mortierellomycotina is represented by the
genomes of two species of Mortierella; their placement
is consistent with being phylogenetically distinct from
Mucoromycotina. Because of the ease of their mainte-
nance in axenic culture, the strongly supported Mucor-
omycotina is sampled more and is represented by
11 taxa, two orders, and eight families. Although
represented only by a single taxon, Umbelopsidales
is supported as the sister clade to Mucorales, a find‐
ing consistent with multigene phylogenetic analyses
(Sekimoto et al. 2011, Hoffmann et al. 2013). Sugges-
tive of phylogenetic conflict among protein-sequence
trees within the Mucorales, several nodes within the
order are resolved differently between the RAxML
and ASTRAL analyses. Expanding the sampling density
throughout the Mucoromycota is needed to better
understand processes underlying molecular evolution
(e.g. possible genome duplications) around these
potentially problematic nodes.

Evolution of host association and nutritional modes.—Our
phylogenomic analysis shows a striking contrast between
the host associations and trophic modes of Zoopagomy-
cota and Mucoromycota (TABLE III). Most species of
Zoopagomycota are pathogens, parasites, or commen-
sals of animals and other fungi, whereas a few species
are considered to be more generalized saprobes (Benny
et al. 2014). Associations with living plants are rare for T
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the phylum. In contrast, Mucoromycota includes multi-
ple mycorrhizal lineages (Glomeromycotina, Endogo-
nales; Bidartondo et al. 2011, Redecker and Schüßler
2014), root endophytes (Mortierellomycotina, Umbe-
lopsidales; Hoff et al. 2004, Summerbell 2005, Terhonen
et al. 2014) and decomposers of plant-based carbon
sources (Mucorales; Benny et al. 2014). Members of
both Mucoromycotina and Glomeromycotina can also
form mycorrhiza-like relationships with nonvascular
plants (Field et al. 2015a). All species of Mucoromy‐
cotina known as mycoparasites (e.g. Spinellus fusiger,
Syzygites megalocarpa) or putative parasites of arthropods
(e.g. Sporodiniella umbellata) are evolutionarily derived
and closely related to saprobes (Hoffman et al. 2013).
In rare cases when species in Mucoromycota infect
humans or other animals, they are interpreted as oppor-
tunistic pathogens, typically of immunocompromised
individuals.

The phylogenetic distribution of these nutritional
associations illuminates two elements of fungal evolution
that shape the development of evolutionary hypotheses
of early diverging fungi. First, deep divergences among
Zoopagomycota point to an early origin for animal-
and fungus-associated nutritional relationships. Ancient
associations with animals, other fungi, and non-plant
organisms are poorly documented in the known fossil
record (Taylor et al. 2014) and our results predict hid-
den fungal associations yet to be detected through anal-
ysis of animal fossils. The second major point of
emphasis from these analyses is the sister-group relation-
ship of Mucoromycota and Dikarya and the diversifica-
tion of fungi in association with land plants. Dikarya
clearly diversified with land plants in terrestrial ecosys-
tems (Selosse and Le Tacon 1998, Berbee 2001). It is
now reasonable to consider that nutrition from land
plants had a deeper origin in fungal evolutionary history,
extending back to the common ancestor of Mucoromy-
cota and Dikarya. This is consistent with studies that
considered ancient fungal relationships with algae and
the land plant lineage (Chang et al. 2015, Field et al.
2015a). Furthermore, it is consistent with the record of
fossil fungi from some of the earliest 407 million year
old land plants. Such fossils include arbuscules charac-
teristic of the Glomeromycotina (Glomites rhyniensis; Tay-
lor et al. 1995), swellings and hyphae reminiscent of
Mucoromycotina (Strullu-Derrien et al. 2014) and spor-
ocarps suggestive of Dikarya (Paleopyrenomycites devonicus;
Taylor et al. 2005). It has been hypothesized that symbi-
oses with heterotrophic fungi played a role the evolution
of land plants (Bidartondo et al. 2011, Field et al.
2015b). Our results specify the plant-associated, terrestri-
al MRCA of Mucoromycota plus Dikarya as the species
that gave rise to independent and parallel origins of
important plant-fungal symbioses from endophytes to
mycorrhizae.

Evolution of morphology.—Interpretation of morphology
in the context of this genome-scale phylogeny high-
lights the importance of Zoopagomycota, Mucoromy-
cota, and their MRCA in understanding the evolution
of fungal traits associated with the flagellum, hyphae,
reproduction, and multicellularity. We provide a brief
summary of these traits with an emphasis on develop-
ment and refinement of evolutionary hypotheses, but
direct readers to more comprehensive treatments for
detailed discussions (Humber 2012, Benny et al.
2014, Redecker and Schüßler 2014, McLaughlin
et al. 2015).

Although these analyses resolve a single loss of the
flagellum in the MRCA of Zoopagomycota, Mucoromy-
cota, and Dikarya, it should be noted that numerous
lineages were not sampled here and their inclusion
would indicate additional losses of the flagellum
among early diverging fungi. Microsporidia are sister
group to Cryptomycota and represent the loss of the
flagellum in the earliest diverging lineage of Fungi
(James et al. 2013). Similarly, Hyaloraphidium is a non-
flagellated member of Chytridiomycota and represents
a loss of the flagellum among the core clade of zoo-
sporic fungi (James et al. 2006). Relevant to the zygo-
mycete fungi is Olpidium, a genus of zoosporic fungi
that has been hypothesized to be closely related to
Zoopagomycota based on multigene phylogenies
(Sekimoto et al. 2001, James et al. 2006). Analysis of
genomic data for this genus is crucial to more accu-
rately estimate the number of losses of flagellum, their
placement on the fungal tree of life, and to test alter-
native hypotheses of a single loss of the flagellum
(Liu et al. 2006). Furthermore, the placement of Zoo-
pagomycota as the earliest diverging lineage of nonfla-
gellated fungi is intriguing because some of its species
have retained what may be relicts of a flagellum in the
form of cylindrical, centriole-like organelles. Centriole-
like organelles are associated with the nuclei of Basidio-
bolus of Entomophthoromycotina (McKerracher and
Heath 1985, Roberson et al. 2011) and Coemansia of
Kickxellomycotina (McLaughlin et al. 2015). In con-
trast to these centriole-like organelles, Mucoromycotina
and Dikarya share discoidal to hemispherical spindle
pole bodies. Although spindle pole bodies function as
microtubule organizing centers, as do centrioles, they
lack any obvious remnant of the centrioles’ character-
istic 9+2 microtubule arrangement (reviewed in
McLaughlin et al. 2015). Broader analyses are needed,
but the distribution of putative relict centrioles is con-
sistent with flagellum loss occurring shortly before or
during the diversification of Zoopagomycota.

Hyphae vary among species and clades in Mucoro-
mycota and Zoopagomycota. Species of Zoopagomyco-
tina typically produce small diameter coenocytic
hyphae and haustoria in association with parasitism
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of hosts. Species of Kickxellomycotina produce hyphae
that are regularly compartmentalized by uniperforate,
bifurcate septa occluded by lenticular plugs (Jeffries
and Young 1979, Saikawa 1989). Species of Ento-
mophthoromycotina produce either coenocytic hyphae,
hyphae with complete septa that may disarticulate into
one or two-celled hyphal bodies (reviewed in Humber
2012), or with septa similar to those of Kickxellomyco-
tina (Saikawa 1989). Species of Mucoromycotina and
Mortierellomycotina produce large diameter, coeno-
cytic hyphae characteristic of textbook zygomycetes,
as do Glomeromycotina, which in addition make high-
ly branched, narrow hyphal arbuscules in host cells.
Where septations do occur in Mucoromycota they
tend to be adventitious and formed at the base of
reproductive structures.

The Spitzenkörper is associated with hyphal growth
in Dikarya but has been elucidated for only a few
species of zygomycetes. Roberson et al. (2011) docu-
mented an apical spherical organization of microvesi-
cles in Basidiobolus (Zoopagomycota) consistent with
a Spitzenkörper. In contrast, hyphae of Coemansia
(Zoopagomycota) and Gilbertella, Mortierella, and Mucor
(Mucoromycota) (Fisher and Roberson 2016) and the
germ tubes of Gigaspora (Mucoromycota) (Bentivenga
et al. 2013) lack a classical Spitzenkörper, but instead
possess a hemispherical organization of vesicles, the
apical vesicle crescent, which in some taxa has been
demonstrated to be mandatory for hyphal growth
(Fisher and Roberson 2016).

Asexual reproduction by sporangia is present in all
subphyla of Zoopagomycota and Mucoromycota with
three notable exceptions (Benny et al. 2014). Ento-
mophthoromycotina is characterized by the produc-
tion of conidia with the formation of forcibly
discharged primary conidia that may undergo germi-
nation to form passively dispersed secondary conidia
(Humber 2012). Conidia are also described for species
in Zoopagomycotina that are pathogenic to amoebae
and nematodes (Dreschler 1935, 1936), but mycopara-
sitic lineages produce reduced sporangia, sporan-
gioles, and merosporangia (Benny et al. 2014).
Presumably, conidiogenesis in Zoopagomycota and
Dikarya arose independently, but closer analysis may
yet reveal homologies at the level of molecular devel-
opment. Glomeromycotina are known to reproduce
only asexually via unique spores that resemble chlamy-
dospores or azygospores.

Where sexual reproduction is known in species of
both Zoopagomycota and Mucoromycota, it is by the
formation of zygospores via gametangial conjugation
(Drechsler 1935, Lichtwardt 1986, Humber 2012). In
Mucoromycota, sexual reproduction is under the con-
trol of mating type genes, sexP and sexM, which regu-
late the production of pheromones required for the

maturation of hyphae into gametangia (Idnurm et al.
2008) and confer + and – mating-type identity, respec-
tively (reviewed in Lee et al. 2010). Recent genomic
studies have revealed numerous mating genes in the
genomes of Glomeromycotina (Riley et al. 2013) and
a Dikarya-like mating processes in R. irregularis (Ropars
et al. 2016), suggesting that they may have a cryptic
sexual cycle. In Zoopagomycota, the genetic basis and
physiological control of mating has not been charac-
terized. From commonalities across fungal phyla
(Cassleton 2008), we assume that genetic systems in
Zoopagomycota and Mucoromycota might be similar,
but detailed studies are needed.

Multicellular sporocarps are not produced by Zoo-
pagomycota and though rare, they are present within
Mucoromycota through independent origins in Endo-
gone (Mucoromycotina; Bidartondo et al. 2011), Modi-
cella (Mortierellomycotina; Smith et al. 2013) and as
aggregations of spore-producing hyphae and spores
in species of Glomeromycotina (Gerdemann and
Trappe 1974, Redecker and Schüßler 2014). Along
with the multicellular sporocarps in Agaricomycotina
(Basidiomycota) and Pezizomycotina (Ascomycota),
multicellular sporocarps within Mucoromycota have
been derived independently, suggesting that while
the genetic and metabolic potential for complex thal-
lus diversity did not arise until the MRCA of Mucoro-
mycota and Dikarya, it then resulted in multiple
independent origins of complex spore-producing
structures involving hyphal differentiation (Stajich
et al. 2009).
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