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Abstract: Previous genome-scale phylogenetic analyses of Fungi have under sampled
taxa from Zoopagales; this order contains many predacious or parasitic genera, and
most have never been grown in pure culture. We sequenced the genomes of 4
zoopagalean taxa that are predators of amoebae, nematodes, or rotifers and the
genome of one taxon that is a parasite of amoebae using single cell sequencing
methods with whole genome amplification. Each genome was a metagenome, which
was assembled and binned using multiple techniques to identify the target genomes.
We inferred phylogenies with both super matrix and coalescent approaches using 192
conserved proteins mined from the target genomes and performed ancestral state
reconstructions to determine the ancestral trophic lifestyle of the clade. Our results
indicate that Zoopagales is monophyletic. Ancestral state reconstructions provide

moderate support for mycoparasitism being the ancestral state of the clade.
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1. INTRODUCTION

Fungi are an evolutionary lineage within Opisthokonta with remarkable
morphological and ecological diversity. Fungi range from single-celled organisms, such
as yeasts and chytrids, to multicellular organisms with differentiated tissues and
complex life-cycles, such as morels, mushrooms, and rusts. Saprotrophic, mutualistic,
predacious, and parasitic lifestyles have arisen multiple times within Fungi. Thus, Fungi
represent an ideal group to study the evolution of complex traits and interactions, such
as the predacious lifestyle. However, the deep nodes within Fungi are under-sampled
and poorly resolved, which limits our ability to reconstruct ancestral states and
determine homologies of lifestyles within Fungi (Spatafora et al. 2016; Berbee et al.
2017).

Predation and parasitism are both forms of exploitation (Molles 2008). Some
authors do not distinguish between predator and parasite when discussing fungi (e.g.
Duddington 1956), which is natural because the two categories often overlap and
combining them has advantages from an ecological point of view (Raffel et al. 2008).
The disadvantage to lumping predators and parasites together is that the different
lifestyles present different selective forces on an organism (Lafferty and Kurtis 2002).
For example, selection on a predator will involve means of physically immobilizing prey
while selection on a parasite will involve mechanisms of avoiding host immune
defenses. Additionally, some authors use nematophagous (e.g., de Freitas Soares et al.

2018), amoebophagous (e.g., Corsaro et al. 2018), or carnivorous (e.g., Thorn and



Barron 1984; Yang et al. 2012) instead of “predator” or “parasite”, but this approach also
lumps predators and parasites together. For the purposes of this study, we define
predatory fungi to include those taxa that exploit more than one individual as a food
source during a life-history stage (Lafferty and Kurtis 2002). This definition of predatory
fungi includes trapping along undifferentiated hyphae as is seen in Stylopage hadra
(Drechsler 1935b), trapping with specialized structures as is seen in Zoophagus
insidians (Prowse 1954), penetration of eggs as is seen in Rhopalomyces elegans (Ellis
and Hesseltine 1962), and/or secretion of immobilizing poisons as is seen in Pleurotus
ostreatus (Thorn and Barron 1984). We define parasitic fungi to include those taxa that
exploit a single individual during a life-history stage (Lafferty and Kurtis 2002). This
definition of parasitic fungi includes endoparasites such as Cochlonema odontosperma,
ectoparasites such as Amoebophilus simplex, and mycoparasites such as Piptocephalis
cylindrospora. Predation has evolved multiple times in Fungi, though the exact number
of times it has evolved remains to be determined. Predation has evolved in Ascomycota
(Yang et al. 2012; Baral et al. 2018), Basidiomycota (Dreschler 1935c; Barron and
Dierkes 1977; Saikawa et al. 1994; Thorn et al. 2000; Luo et al. 2004; Zohar et al.
2013), and Zoopagomycota (White et al. 2006; Corsaro et al. 2018).

Zoopagomycotan fungi are difficult to culture and therefore poorly sampled
lineage from the former phylum Zygomycota (hereafter referred to as zygomycetes).
Zygomycetes represent the earliest fungal forms that transitioned from zoosporic
reproduction (e.g., Chytridiomycota and Blastocladiomycota) to nonflagellated taxa with
a primarily terrestrial habit and aerial dispersal (Berbee et al. 2017). Spatafora et al.

(2016) re-classified the zygomycetes into two phyla and six subphyla. The main phyla



are Mucoromycota, which mainly associate with plants and their byproducts (e.g. mostly
plant symbionts and saprotrophs on plant debris), and Zoopagomycota, which are
associated with heterotrophic eukaryotes (e.g., mostly animal symbionts, microbe
symbionts, mycoparasites, and saprotrophs on animal debris). Zoopagomycota contains
three subphyla: the Entomophthoramycotina, the Kickxellomycotina, and the
Zoopagomycotina. Among the lineages of Zoopagomycota, Zoopagomycotina is the
least studied group. Zoopagomycotina contains one order (Zoopagales) of
mycoparasites and taxa that parasitize or prey on amoebae, nematodes, and rotifers.
Zoopagales is of great interest because it contains the highest diversity of predacious
fungal genera (Kirk et al. 2010). In previous genome-scale phylogenetic analyses,
Entomophthoromycotina was represented by six species, Kickxellomycotina was
represented by four species, and Zoopagomycotina was only represented by one
species (mycoparasite Piptocephalis cylindrospora). Sparse sampling may explain the
weak support for relationships among the subphyla within Zoopagomycota and
increased sampling may help clarify relationships in this group (Spatafora et al. 2016).
To resolve the phylogeny of Zoopagales and examine the evolution of the
predacious lifestyle, we used single cell methods to generate partial genomes for
phylogenetic analyses. In contrast to methods that obtain DNA from bulk samples for
whole genome or metagenome sequencing, single cell methods obtain DNA from lysed
cells with multiple displacement amplification (MDA; Gawad et al. 2016). Multiple
displacement amplification uses isothermal priming and extension with [PHI]29
polymerase that has high processivity and a lower error rate than taq (Binga et al. 2008;

Gawad et al. 2016), though it can generate chimeras (Gawad et al. 2016). The use of



single cell techniques has been developed and used extensively to study prokaryotic
microbes (Woyke et al. 2017). These techniques were used to obtain genomes for the
microsporidian fungi Amphiamblys sp. and Metchnikovella incurvate with subsequent
placement in molecular phylogenies using markers from across the genomes (Mikhailov
et al. 2016; Galindo et al. 2018). Ahrendt et al. (2018) developed a high-throughput
single cell pipeline targeting unculturable fungi. They showed that combining multiple
single cell amplified genomes recovers a larger portion of the genome and that enough

markers are recovered to infer robust phylogenies (Ahrendt et al. 2018).

We previously showed that DNA sequence analysis of single to multiple cells can
be used to generate rDNA data for members of Zoopagales, but deep relationships
were poorly resolved with rDNA markers (Davis et al. in press). For this study, we
generated whole genome sequences for Acaulopage tetraceros, Cochlonema
odontosperma, Stylopage hadra, Zoopage sp. and Zoophagus insidians using single
cell methods with whole genome amplification from a few cells. Using a set of 192
conserved orthologous markers (James et al. 2013; Spatafora et al. 2016), we retrieved
amino acid sequences from the annotated genomes and inferred a phylogeny using
supermatrix and coalescent approaches. Based on morphology-based taxonomy and
previous rDNA phylogenies (Corsaro et al. 2018; Davis et al. in press), we hypothesized
that Zoopagales would be monophyletic. We sought to determine the relationships
among the sampled genera in Zoopagales, to produce a robust hypothesis of how many
times predation has evolved in the clade, and to determine the ancestral trophic state of
the clade. Based on their phylogeny, Corsaro et al. (2018) hypothesized the ancestral

state of the clade to be predacious (=zooparasitic). Based on our rDNA phylogeny, we



hypothesized the ancestral state of the clade to be either mycoparasitism or predation

(Davis et al. in press).

2. MATERIALS AND METHODS

2.1. Isolates

Acaulopage tetraceros (Fig. 1A-B) was isolated from soil collected from a farm on
Foster Loop Road, Hale County, Alabama, USA (33.087807, -87.632033) and
incubated on a 0.1% sea salt water agar plate (0.1g sea salt, 1L water, 15g agar; Michel
et al. 2015) for 15 days. Cochlonema odontosperma (Fig. 1E-F) was isolated from a
specimen of Auricularia auricula collected from a tree stump on Manchester Road,
Summit County, Ohio, USA (40.941174, -81.568891) March 2016; thinly sliced pieces
were moistened with sterile water and incubated on 0.1% sea salt agar for 1 week.
Stylopage hadra (Fig. 1C-D) was isolated from forest soil collected from the E. S.
George Reserve, Livingston Co., Ml (42.4600, -84.0231) October 2015 and incubated
on Y4 strength corn meal agar (0.5g corn meal infusion solids, 1L water, 15g agar)
inoculated with wild type N2 Caenorhabditis elegans. Zoopage sp. (Fig. 1H) was
isolated from soil collected beneath leaf litter in a Populus stand on Chenoweth Dr.,
Summit County, Ohio, USA (41.000930504, -81.500723362) August 2016, and
incubated on a 0.1% sea salt water agar plate for 1 month. Zoophagus insidians (Fig.
1G) was isolated from water collected from Bryant’s Bog, Cheboygan County, Michigan,
USA (45.558653, -84.6775977) July 2016 and incubated in a sterile Petri dish with a
sesame seed for one week. Voucher slides of C. odontosperma and A. tetraceros were
deposited in The University of Michigan Herbarium (MICH 231390 and MICH 231389

respectively).



2.2 Multiple displacement amplification & polymerase chain reaction

We used a single cell approach (Gawad et al. 2016) to obtain genomes for these
fungi by lysing and performing whole genome amplification of target taxa using the
Qiagen REPLI-g Single Cell kit (Qiagen, Maryland, USA). We used the manufacturer’s
protocol except with half-volume reactions. The laminar flow hood and workstations
were sterilized with a 70% ethanol/50% bleach solution and exposure to UV light for
15mins prior to use. PBS solution (provided in the kit), sterile water, pipette tips,
pipettes, 1.5 mL microfuge tubes, 0.2mL PCR tubes, and racks were sterilized with
exposure to UV light for 2hrs in a UV Stratalinker 2400. Under laminar flow, 2uL PBS
was aliquoted into PCR tubes. A portion of each fungus (1 hypha of Zoophagus
insidians; 10 spores of Acaulopage tetraceros; 5 spore chains of Zoopage sp; 10 spores
of Stylopage hadra; and 2 thalli of Cochlonema odontosperma) was transferred into the
2uL PBS solution using a dental file (Henry Schein Inc., Melville, New York, USA). We
then added 1.5yl of the lysis buffer and the tubes were incubated in a thermocycler at
65C for 10mins. To neutralize the reaction, 1.5uL of the stop buffer was added. To
each tube, 20uL of the MDA master mix was added, and tubes were incubated on a
thermocycler at 30C for 6hrs. To maximize the amount of the genome recovered, two to
six replicates were made for each fungus (Ahrendt et al. 2018). Successful amplification

was confirmed via gel electrophoresis.

Successful MDA reactions were diluted 1:100 for quality control PCR. To confirm
that the target fungus was amplified in each reaction, the eukaryotic small subunit of the
ribosomal DNA (18S) was amplified, sequenced, and assembled as previously

described (Davis et al. in press). To check levels of bacterial contamination, the



prokaryotic small subunit of the ribosomal DNA (16S) was amplified and sequenced
using the BSF/BSR primer pair (Weisburg et al. 1991) under the same PCR conditions
as the 18S sequences. To check the integrity of the target genome, the single copy
gene EF1-a was amplified and sequenced using the EF1a1F/EF1a1R primer pair

(James et al. 2006).

2.3 Library preparation & sequencing

Each MDA reaction was prepared as a separate library with an lllumina Nextera
XT Library Prep kit according to the manufacturer’s instructions, except using 2.5 ng of
input DNA instead of 1 ng. For Acaulopage tetraceros, Stylopage hadra, Zoopage sp.,
and Zoophagus insidians, libraries were sequenced on an lllumina HiSeg-2500 whereas

Cochlonema odontosperma libraries were sequenced on an lllumina NextSeq 500.

2.4 Assembly, contig binning, and protein prediction

Preliminary quality control of the raw reads was performed with fastqc 0.11.5
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), which revealed the
presence of Nextera transposase contamination in some reads. Raw reads were
trimmed with trimmomatic 0.36 (Bolger et al. 2014) with palindrome parameters and
passed through fastqc a second time to ensure the transposase sequences were
removed. The libraries for each individual species were co-assembled in spades 3.10.0
(Bankevich et al. 2012). Contigs less than 1000bp were removed using a publicly

available script (https://github.com/elyons/BiolnfoUtility).

Because the assemblies were likely to be metagenomes, we used three

approaches to metagenomic contig binning to sort the target genome from potential



contamination. Each assembly was binned using ESOM 1.1 (http://databionic-
esom.sourceforge.net/), GC-coverage blob plots (Kumar et al 2013), and the
combination of relative synonymous codon usage (RSCU) and ClaMS (Pati et al. 2011;
Mikhailov et al 2016). The final genome only included contigs if at least two methods
identified them as part of the target genome. This selection process has since been
developed into a stand-alone pipeline (Amses et al. in prep;
https://github.com/amsesk/scgid). Briefly, for the ESOM analysis, each assembly was
segmented into 3000bp windows and tetramer frequencies calculated for each window
using the print_tetramer_freqs_deg_filter_esom.pl perl script (Dick et al. 2009). The
frequencies were used to train ESOM to generate a topological map of the genomes
present in the assembly. We overlaid mega-blast-assigned taxonomy and then
manually selected the area corresponding to the target genome. The resulting file was
used to obtain the corresponding contigs from the assembly using the getClassFasta.pl
perl script (Dick et al. 2009). In order to generate GC-coverage blob plots, proteins on
each contig in the assembly were predicted using Augustus 3.2.3 (Stanke and Waack
2003; Keller et al. 2011). Taxonomic identity was assigned to each contig based on the
top blastp hit of its predicted proteins against an amended version of the Uniprot swiss-
prot database, which was expanded with a set of draft zygomycete and chytrid
proteomes, at a relaxed e-value threshold of 1e-°. Next GC content was plotted against
coverage for each contig in R 3.4.1 (https://www.r-project.org/), and these points
annotated with taxonomy. Contigs with a blastp-assigned taxonomy were either
included or excluded based on that taxonomy (e.g., include Fungi and other eukaryotes

but exclude Bacteria). To make decisions about the inclusion/exclusion of unidentified

10



contigs, contigs identified as Fungi were used to draw GC-coverage windows
encompassing a best estimate of target-genome contig spread in GC-coverage space
(Table S1; Amses et al. in prep). Then all unidentified contigs that fell within the
selection window were indiscriminately included in the blob-derived final assembly. To
select contigs based on RSCU (Mikhilov et al. 2016), the RSCU index for each contig
was calculated using the software package GCUA (Mclnerney 1998). The resulting
RSCU values were then used to construct a distance matrix and infer neighbor-joining
trees in R. Taxonomy according to blastn searches of the NCBI nt database was
overlaid on leaves and high-confidence target clades were selected for each assembly.
These clades were used to train ClaMS (Pati et al. 2011). Using 2-mer frequencies and
a Pearson’s distance cutoff of 0.1, ClaMS determined whether each contig in the
assembly had similar sequence signature to those in the training set. These similar
contigs constituted the final RSCU-derived genome. As noted above, the consensus
assembly determined by maijority rule: the draft genome of each fungus contained only
those contigs identified by two or more of the methods. Statistics for the consensus
genomes were determined with assemblathon_stats.pl (Earl et al. 2011). Completeness
was estimated with cegma 2.5 (Parra et al. 2007). Proteins were predicted with Maker
2.3.8 (Holt and Yandell 2011) with Rhizopus oryzae as the augustus model and

keep_preds setto 1.

2.5 Genome-scale phylogenetic analyses

We retrieved protein sequences for additional taxa from NCBI and the
MycoCosm portal of the Joint Genome Institute (JGI) for use in the genome-scale

phylogenetic analyses (Table 1). We followed the Spatafora et al. (2016) pipeline, using
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their hmmer models for 192 markers and several custom scripts from their GitHub
repository (https://github.com/zygolife/Phylogenomics). Hmmer 3.1b2 (hmmer.org) was
used to screen the genomes for the corresponding markers, and custom scripts from
Spatafora et al (2016) were used to assemble the identified sequences into fasta files.
We used hmmalign to align the markers and a combination of default settings in easel
and trimAl 1.2 (Capella-Gutierrez et al. 2009) with settings determined automatically to
trim the alignments. Gene trees were inferred with RAXML 8.2.8 (Stamatakis 2006;
Stamatakis et al. 2008) with the model of evolution determined automatically and
bootstrapped with 100 replicates. Individual gene trees were screened manually for
paralogs and contamination. Paralogs were suspected if ingroup RAXML taxa were on
long branches and/or grouped with the outgroup. Sequences suspected of paralogy
were checked against NCBI’s nr database with blastp; if the top match was to a non-
orthologous gene, then the suspect amino acid sequence was considered a paralog.
Orthologs were identified by manually screening the hmmer output for potential
orthologs and comparing their blastp identification to those of the outgroup taxa
Capsaspora owczarzaki and Drosophila melanogaster. Contamination was suspected if
a taxon was misplaced (e.g. Pandora formicae or Zoophagus insidians grouping with
Drosophila melanogaster) with 100% bootstrap support. Contaminated sequences were
replaced when possible with the correct ortholog identified with the same procedure
described above for paralogs. Once all paralogs and contaminants were removed, new
gene trees were inferred and screened. The markers were concatenated using custom
scripts from Spatafora et al. (2016), and the final tree was inferred with RAxML 8.2.8

using 20 searches starting from distinct randomized maximum parsimony trees (Zhou et

12



al. 2018) with the model of evolution determined automatically and bootstrapped using
500 pseudoreplicates. A greedy consensus tree was constructed with ASTRAL 5.6.1
(Mirarab et al. 2014; Zhang et al. 2017) using the individual gene trees under default
settings. Individual gene trees were also used to calculate Internode Certainty (IC/ICA)
and Tree Certainty (TC/TCA) for both the ML and ASTRAL trees using the -fiflag in
RAXML (Salichos et al. 2014). Since the gene tree set contained both comprehensive
and partial trees, the probabilistic adjustment scheme was used (Kobert et al. 2016).
Since our gene tree set contained mostly partial gene trees, we used QuartetScores
(Zhou et al. 2017) to calculate Quadripartition Internode Certainty (QP-IC), Lowest
Quartet Internode Certainty (LQ-IC), and Extended Quadripartition Internode Certainty

(EQP-IC) for both the ASTRAL and ML trees.

To reconstruct ancestral trophic lifestyles, the ML and ASTRAL trees were
analyzed in Mesquite 3.40 (Maddison and Maddison 2018). Taxa were coded according
to their trophic lifestyle: saprobe, multitrophic, parasite of microorganisms, predator of
microorganisms, mycoparasite, insect parasite, insect commensal, and plant mutualist.
Definitions of these trophic lifestyles were generated based on descriptions in
Alexopoulos et al. (1996). We considered a taxon a saprobe if it relied on dead and/or
decaying biomass for energy and nutrients. A taxon was considered a parasite of
microorganisms if an individual infected a host through spores and grew internally (i.e.,
endoparasite) or externally (i.e., ectoparasite). A taxon was considered a predator of
microorganisms if it used multiple individuals as a food source. Mycoparasites were
considered those fungi that parasitize other fungi. Insect parasites were those fungi that

grow in or on insect hosts and have a negative effect to the host, and insect
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commensals were those fungi that grow in or on insect hosts and have no apparent
effect on the host. Finally, multitrophic taxa were those taxa that are capable of getting
nutrients and energy through two or more trophic lifestyles. Examples of multitrophic
fungi are Conidiobolus coronatus and Catenaria anguillulae: both of these fungi are
parasites that can be grown as saprobes in axenic culture. Ancestral states were
reconstructed using both parsimony and maximum likelihood. For the maximum
likelihood analysis, the stochchar module (Maddison and Maddison 2006) was used
with the one-parameter Markov k-state model, a generalized Jukes-Cantor model
(Lewis 2001). The judgement of the best character state(s) was made using a decision
threshold of 2 log likelihoods with the character state(s) with the lower likelihood being
rejected (Maddison and Maddison 2006; Ekman et al. 2008). For the ancestor of the
Zoopagales, we report the negative log likelihood values and the probability
(proportional relative likelihood) for the character states passing the decision threshold
(Maddison and Maddison 2006; Reyes et al. 2018). For ease of interpretation, following
Reyes et al. (2018), we classify the proportional relative likelihoods into categories of
support. Character states with proportional relative likelihood values 20.90 were
considered to receive strong support; values between 0.61 and 0.89 were considered
as moderately supported; and, values <0.60 were considered weakly supported (Reyes
et al. 2018). The ancestral state for a node was only considered resolved if a single

character state both passed the decision threshold and received strong support.

2.6 Data accessibility

Assemblies and raw reads were deposited in NCBI’'s databases under Bioproject

PRJNA451036. Scripts and representative output files are available on GitHub

14



(https://github.com/wjdavis90/ZyGoL.ife/tree/master/phylogenomics). The concatenated
alignment, ML tree, ASTRAL tree, and trophic character matrix are deposited in

TreeBase (http://purl.org/phylo/treebase/phylows/study/TB2:5S22698).

3. RESULTS

3.1 Quality control of MDA genomic libraries

Three libraries of Acaulopage tetraceros (Fig. 1A-B) were successfully amplified
by MDA. Sanger sequencing of 18S (Genbank: MG920179) and EF1-a sequences
(GenBank: MH923231) confirmed the presence of the fungus in each library. 16S
sequences (GenBank: MH791043) were clean and identified as Chitinophaga sp. Three
libraries of Cochlonema odontosperma (Fig. 1E-F) were successfully amplified. 18S
(GenBank: MG920177) and EF1-a (GenBank: MH923229) confirmed the presence of
the target fungus in two libraries; in the third, the sequences were identified as
Mortierella sp., and the library was discarded. 16S did not return clean sequences Five
libraries of Stylopage hadra (Fig. 1C-D) were successfully amplified, and the presence
of the fungus was confirmed with 18S (GenBank: MG920178) and EF1-a (GenBank:
MH708607). Four out of five 16S sequences from the S. hadra libraries were clean and
identified as Mycoavidus sp. (GenBank: MH536851). Three libraries of Zoopage sp.
(Fig. 1H) were successfully amplified, 18S (GenBank: MG920182) and EF1-a
(GenBank: MH923232) were identified as the target fungus, and 16S did not return
clean sequences. Two libraries of Zoophagus insidians (Fig. 1G) were successfully
amplified (18S GenBank: MG920183). 18S sequence of one indicated the presence of
contaminating rotifer DNA, but EF1-a (GenBank: MH923230) indicated the fungus was

present in both libraries. No clean 16S sequences could be obtained from either library.
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3.2 Assembly, binning, & protein prediction

Each of the three genome binning methods were differentially successful with
different genome assemblies, demonstrating the utility of the consensus method (Table
S2; Amses et al. in prep). For example, the Acaulopage tetraceros ESOM map
indicated the presence of two main genomes with one being fungal and the other being
bacterial (Fig. 2A); however, this method did not resolve a clear map of Zoophagus
insidians (Fig. 2B). The consensus genomes ranged in size from 10.20 Mbp to 55.96

Mbp and an estimated completeness that ranged from 72% to 91% (Table 2).

3.3 Phylogenomics

The concatenated alignment contained 51571 distinct patterns. The best ML tree
from the concatenated alignment (-In=1912187; Fig. 3; Fig. S1) was inferred with the LG
model of protein evolution. With few exceptions, nodes across the tree had 290%
bootstrap support. Zoopagomycota was recovered as monophyletic with 97% bootstrap
support. Basidiobolus was placed sister to the Zoopagales with56% bootstrap support,
and Entomophthoromycotina and Kickxellomycotina were placed sister to each other
with 62% bootstrap support. Zoopagales (Zoopagomycotina) was recovered as
monophyletic with 100% bootstrap support and all internal nodes had 100% bootstrap
support. Zoophagus insidians and Stylopage hadra were sister taxa. Acaulopage
tetraceros was sister to the Zoophagus + Stylopage clade. Cochlonema odontosperma
and Zoopage sp. were sister taxa and were sister to the Zoophagus + Stylopage +
Acaulopage clade, forming a clade containing all of the sampled predators and

parasites. Piptocephalis cylindrospora was sister to this clade, while the remaining
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mycoparasites formed a clade comprised of Thamnocephalis sphaerospora and

Syncephalis spp.

The ASTRAL tree (Fig. 4) was congruent with the ML when considering
relationships within Zoopagales and most other relationships across the kingdom.
However, there were three cases of incongruence. First, the ASTRAL tree placed
Hesseltinella vesiculosa sister to the Phycomyces blakesleeanus + Rhizopus oryzae
clade. Second, in the ASTRAL tree, Basidiobolus was sister to the Entomophthorales,
which is consistent with its current classification based primarily on morphological

features. Third, in the ASTRAL tree, Kickxellomycotina was sister to the Zoopagales.

Internode certainty scores were generally low (< 0.50) across the ML and
ASTRAL trees (Fig.3—4). The internode representing Zoopagales received QP-IC/LQ-
IC/EQP-IC scores of 0.142/0.029/0.130 in the ASTRAL tree and 0.149/0.029/0.132 in
the ML tree. In the Zoopagales, the most uncertain internode was Cochlonema +
Zoopage with QP-IC/LQ-IC/EQP-IC scores of 0.008/-0.007/0.008 in the ASTRAL tree
and 0.008/-0.007/0.007 in the ML tree. The most certain internode in the Zoopagales
was the Thamnocephalis + Syncephalis clade with QP-IC/LQ-IC/EQP-IC scores of
0.824/0.671/0.720 in the ASTRAL tree and 0.824/0.671/0.808 in the ML tree.
Concerning the three cases of incongruence between the ASTRAL and ML trees, the
ASTRAL placement of Basidiobolus, Hesseltinella and Kickxellomycotina received QP-
IC/LQ-IC/EQP-IC scores of 0.007/-0.124/0.007, 0.007/0.001/0.007, and
0.001/-0.104/0.001 respectively. In the ML tree, placement of Basidiobolus,
Hesseltinella and Kickxellomycotina received QP-IC/LQ-IC/EQP-IC scores of

-0.0001/-0.196/-0.022, -0.007/-0.017/-0.007, and 0.0004/-0.196/-0.022 respectively.
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The TC/TCA scores for the ML tree were 12.732/13.715 and were 12.798/13.655 for the

ASTRAL tree.

Maximum parsimony ancestral state reconstruction of the ML and ASTRAL trees
indicated mycoparasitism was the ancestral trophic lifestyle of Zoopagales. Maximum
likelihood ancestral state reconstructions of the ML and ASTRAL trees yielded similar
results (Fig. 5A, B). For the ML tree (Fig. 5A), the character states that passed the
decision threshold at the node representing Zoopagales were mycoparasitism (—InL=
66.73) with moderate support (0.61), saprotrophic (-InL=67.95) with weak support
(0.18), predacious (-InL=68.00) with weak support (0.17), and multitrophic (-InL=69.64)
with weak support (0.03). For the ASTRAL tree (Fig. 5B), the character states at the
Zoopagales node were mycoparasitism (-InL=66.83) with moderate support (0.66),
saprotrophic (-InL=68.12) with weak support (0.18), and predacious (-InL=68.41) with

weak (0.14) support.

3.4 Bacterial endosymbionts

As mentioned in Section 3.1, the MDA libraries of Acaulopage tetraceros and
Stylopage hadra yielded clean 16S sequences. The top BLAST hit for the 16S
sequence from the A. tetraceros libraries was to Chitinophaga sp. NR 2-02 (KM253107)
with 99% similarity across the full length of the sequence. In the taxonomy report of the
A. tetraceros genome, 48 contigs were identified as Chitinophaga. These contigs had
an average coverage of 500x with a range of 6x—3300x. In the ESOM analysis of the A.
tetraceros genome, there was a clear genomic region corresponding to Chitinophaga

(the contigs highlighted in blue in Fig. 2A).
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Clean, identical 16S sequences were present in four of the five Stylopage hadra
libraries. The top BLAST hit was to Mycoavidus cysteinexigens strain B1-EB
(AP018150) with 99% similarity across the full length of the sequence. We identified 89
contigs with a cumulative sequence length of approximately 1.92 Mbp corresponding
the Mycoavidus genome. These contigs had an average coverage of 66x ranging from
3x—1160x. ESOM analysis revealed a similarly clear genomic region encompassing the

contigs identified as Mycoavidus (data not shown).

4. DISCUSSION

Fungal lifestyles vary greatly across the tree of life, and different nutritional habits have
arisen multiple times. Understanding the genomic basis of the evolution of these
lifestyles can be facilitated by comparing taxa that have the same lifestyle but are of
phylogenetically diverse origins. While such comparative studies can take place at the
tips, e.g. among species of Tolypocladium (Quandt et al. 2018), a comprehensive
comparison across the fungal tree is hampered by the lack of sampling and resolution at
the deeper nodes. To help lay the groundwork for resolving these deeper nodes and to
produce the first genomic sequences of the largest predacious fungal group, we

sequenced the genomes of 5 predacious/parasitic taxa of Zoopagales.

In this study, we use single cell genomic approaches to generate genome-scale
data for five uncultured zoopagalean fungi that interact antagonistically with other
microorganisms. A side effect of the non-specific amplification steps required by these
methods is that sequencing libraries are especially prone to contamination from the
environment and evidence uneven sequencing coverage across the resulting

metagenomes (Pinard et al. 2006). Successful identification of assembly scaffolds
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belonging to our target fungi was further hindered by underrepresentation of
zoopagalean fungi in sequence databases. To combat these problems, we leveraged
scaffold binning approaches that hinge on sequence characteristics other than
taxonomic annotation (Mikhailov et al. 2016; Amses et al. in prep). Despite the strong
effects of contaminating sequence reads on library purity, we are able to resolve
phylogenetic trees that describe relationships among zoopagalean fungi with high
confidence. This bodes well for future genomic studies in Zoopagomycota as well as

other uncultured lineages across the tree of life.

Given our methods, there are a few potential sources of error worth mentioning.
First, the addition of the MDA step is likely a source of additional chimeras and
mutations compared to a bulk extraction and direct sequencing of DNA. However, the
error rates of the [PHI]29 are lower than that of faq (Binga et al. 2008; Gawad et al.
2016), though the formation of chimeras is still a concern. Second, since we were
working with metagenomes, there is the possibility of contamination from other
genomes. In fact, we did observe this with the genomes of Pandora formicae (from
GenBank), Cochlonema odontosperma, and Zoophagus insidians, which were
contaminated with genes from ants, Mortierella, and rotifers, respectively. These
contaminating genes were identified using the gene trees and removed and/or replaced
with correct orthologue when possible. Thus, we are reasonably confident that these
sources of error have been accounted for and that those errors that were not detected

had a minimal effect on our results.

Our inferred tree confirms that Zoopagales is a monophyletic lineage, but the

relationship of Zoopagales to the other orders and subphyla remains unresolved. Early
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molecular studies based on 18S data challenged the monophyly of Zoopagales due to
Zoophagus insidians grouping with Kickxellales (Tanabe et al. 2000; White et al. 2006).
More recent studies relying on 18S sequences showed that with increased taxon
sampling, Zoopagales is recovered as a monophyletic lineage, though internal nodes
often have <80% bootstrap support (Corsaro et al. 2018; Davis et al. in press). In
agreement with previous studies (i.e., Corsaro et al. 2018; Davis et al. in press) we
resolve a monophyletic Zoopagales but do so with strong bootstrap support for all
internal nodes. We recover a Zoophagus insidians + Stylopage hadra clade and a
Syncephalis + Thamnocephalis clade. In stark contrast to previous studies, our results
indicate Zoophagus insidians + Stylopage harda is a derived lineage with strong
bootstrap support rather than an early diverging lineage. In our analysis, the Zoophagus
+ Stylopage clade is sister to Acaulopage rather than Piptocephalis as observed in 18S
phylogenies. In addition, the Syncephalis + Thamnocephalis clade is a separate lineage
from the other taxa rather than being sister to Acaulopage and Cochlonema. This shows
that additional sampling of 18S is not sufficient to resolve relationships within
Zoopagales. Instead, it will take a combination of additional taxa and loci to accurately

explore the relationships within this group.

Our results affirm the need for reclassification of genera in Zoopagales, which
has been noted in previous studies. Currently, the mycoparasitic genera Piptocephalis
and Syncephalis are classified together in the Piptocephalidaceae (Benny et al. 2016a),
but previous 18S rRNA molecular phylogenies placed these taxa in separate clades
(e.g. White et al. 2006; Corsaro et al. 2018) making the family Piptocephlidaceae

paraphyletic. Our results confirm that the family Piptocephalidaceae is paraphyletic. The
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amoeba predators were also paraphyletic in our tree, and our results suggest
Cochlonemataceae should not have been separated from Zoopagaceae (Benny et al.
2016b). However, additional sampling of taxa from the other families,
Helicocephalidaceae and Sigmoideomycetaceae, is needed before formal revisions can

be made.

Corsaro et al. (2018) hypothesized the ancestral state of Zoopagales was
“zooparasitic” (i.e., predacious) due to the position of Zoophagus insidians. Based on
our rDNA phylogeny, we hypothesized the ancestral state to be mycoparasitism or
predation (Davis et al. in press). Our results could not resolve the ancestral trophic state
of Zoopagales with mycoparasitism, predation, and saprobe as possible candidates. In
both the ASTRAL and ML tree reconstructions, mycoparasitism had the highest
probability among the character states passing the decision threshold, which could be
interpreted to mean it is the most likely ancestral state (Schluter et al. 1997). An
alternative interpretation is that because mycoparasitism has only moderate support as
the ancestral character state, the ancestral state remains unresolved (Reyes et al.
2018). Even so, it is our opinion that mycoparasitism is the best candidate for the
ancestral state of the Zoopagales. We base this claim on the fact that reconstructions of
both the ML and ASTRAL trees gave the highest probability to mycoparasitism, the fact
that the other candidate character states were weakly supported and the difference in
probability between mycopararsitism and saprotrophy was ~0.46, the fact that
mycoparasites and animal parasites have more similar genomic signatures compared to
each other than to saprobes (Ardhent et al. 2018), and the observation that the ancestor

to the clade likely did not form specialized traps as, based on the position of Zoophagus
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insidians, specialized traps are a derived trait. A strong argument can be made that
mycoparasitism of the Zoopagalean ancestor evolved from saprotrophy as it is the
ancestral state of the three nodes preceding Zoopagalean divergence (i.e., only the
saprobic trophic state passed the decision threshold), the fact that saprobes generally
have a large complement of enzymes that can then be co-opted for other lifestyles (e.g.
Kohler et al. 2015; Quandt et al. 2015), and that the fact that transitions from saprobe to
other trophic states are more common than transitions back to saprobe (Tedersoo et al.

2010; Spatafora et al. 2012; Kohler et al. 2015).

Both Corsaro et al. (2018) and Davis et al. (in review) recover amoebophagous
fungi as a monophyletic lineage suggesting the ability to utilize amoeba evolved once.
Our results do not recover a monophyletic lineage of amoebophagous fungi, but they do
not discount a single evolution of amoebophagy. Rather, they suggest that amoeba may
have been the ancestral prey with later transitions to nematodes and rotifers in
Stylopage + Zoophagus and endoparasitism in Cochlonema. However, our inferences
are limited by the fact most of the diversity in Zoopagales is still not represented. For
example, the placement of ectoparasites such as Amoebophilus remains unknown.
Increased sampling of zoopagalean taxa and a more fine-scale ancestral state analysis
is required to determine the ancestral invertebrates that were utilized and also to

determine the frequency of host switching within the order.

It is tempting to hypothesize that the evolution of predation evolved a single time
in the Zoopagales based on our results. However, in previous phylogenetic analyses of
the order (e.g., Tanabe et al. 2000; White et al. 2006; Corsaro et al. 2018; Davis et al. in

press, Rhopalomyces elegans was consistently placed sister to Syncephalis and
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Thamnocephalis with high bootstrap support. Rhopalomyces elegans preys on
nematode eggs and adult nematodes (Ellis and Hesseltine 1962; Barron 1973), and
other members of the genus prey on nematodes or rotifers (Barron 1980). Considering
that the Syncephalis + Thamnocephalis clade received strong support in both the ML
and ASTRAL trees and was the most certain internode in the Zoopagales, we
hypothesize that a genome-wide phylogeny would also place Rhopalomyces sister to
Syncephalis and Thamnocephalis. Furthermore, there is no molecular data for several
other predacious taxa (e.g., Cystopage, Brachymyces, and Verrucomyces). Thus, until
the placement of these taxa is known, it is unclear how many times the predacious

lifestyle evolved in Zoopagales.

Contrary to Spatafora et al. (2016), we cannot confidently determine the
relationships among Entomophthoromycotina, Kickxellomycotina, and
Zoopagomycotina. The ML tree and ASTRAL tree from Spatafora et al. (2016) were
based on the same 192 conserved proteins and placed a monophyletic
Entomophthoromycotina sister to a clade containing the Zoopagomycotina and
Kickxellomycotina. Our ASTRAL consensus tree is congruent with the topology
recovered by Spatafora et al. (2016), but in our ML tree, the Entomophthoromycotina
was not monophyletic because Basidiobolus was sister to Zoopagales. As well, our ML
tree place Kixellomycotina sister to Entomophthorales instead of Zoopagales. Our
Internode Certainty and Tree Certainty analyses suggest that the ASTRAL topology is
the correct one. The TC scores for the ASTRAL tree were slightly higher than those for
the ML tree, though the TCA score was higher for the ML tree, and the quartet IC

scores for the ASTRAL tree placement of Basidiobolus and Kickxellomycotina were
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higher than the for the ML placement of those taxa. However, additional taxon and
marker sampling coupled with a detailed analysis of conflicting signal and noise among
the markers and/or an analysis of non-bifurcating evolution is needed to determine the

correct topology.

There is a growing body of research on bacterial endosymbionts in fungi, and it is
proposed that the symbiosis is a major factor in fungal ecology and evolution (Araldi-
Brondolo et al. 2017). These endosymbionts are mainly known from plant-associated
fungi, but also appear to be frequent in Mucoromycota (Araldi-Brondolo et al. 2017).
However, at this time, there are no reports of endosymbionts in predacious fungi. An
interesting observation made in the course of this study was the potential presence of
endosymbiotic bacteria in Stylopage hadra and Acaulopage tetraceros. The 16S
sequence from S. hadra was identified as Mycoavidus sp, a genus known to be an
endosymbiont of Mortierellomycotina (Araldi-Brondolo et al. 2017). Given that this
bacterial taxon is a known endosymbiont and that S. hadra spores are aerial (Dreschler
1935b), it seems unlikely this is a contaminant. The 16S sequence from A. tetraceros
was identified as Chitinophaga, a genus known to be an endosymbiont of at least one
strain of Fusarium (Shaffer et al. 2017). However, most members of Chitinophaga are
soil saprobes and potentially degrade fungal mycelia (Brabcova et al. 2016). Also, A.
tetraceros spores are sessile on the hyphae (Dreschler 1935a). Thus, it is harder to
make the case that Chitinophaga is an endosymbiont of A. tetraceros. Screening
additional isolates from a broad geographic range both molecularly and microscopically
will be needed to distinguish between the bacterial endosymbiont and contaminant

hypotheses.
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6. Conclusions

We sequenced the genomes of several predacious taxa in Zoopagales in an
effort to help resolve the deep nodes in the fungal phylogeny. Our results confirm a
monophyletic Zoopagales but are unable to resolve the ancestral trophic state of the
zoopagalean ancestor. The relationships among the subphyla of Zoopagomycota varied
depending on method of analysis, which suggests that greater taxonomic and genomic

sampling is required to resolve these deep nodes.
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Figure Captions

Figure 1. Micrographs of the fungi from Zoopagales sequenced. (A) Conidium of
Acaulopage tetraceros imaged at 40x magnification. Scale bar is 25 ym. (B) Amoeba
trapped on a hypha of A. tetraceros imaged at 20x magnification. Scale bar is 25 pm.
(C) Conidium and conidiophore of Stylopage hadra imaged with a stereoscope. Scale
bar is 25 ym. (D) Partially digested nematode captured on a S. hadra hypha. Scale bar
is 50 um. (E) Coiled thallus of Cochlonema odontosperma inside of an amoeba with a
chain of conidia emerging. Imaged with differential interference contrast microscopy at
40x magnification. Scale bar is 50 um. (F) Conidia of Cochlonema odontosperma. Scale
bar is 25 ym. (G) Hypha of Zoophagus insidians with peg traps imaged at 20x. Scale
bar is 25 ym. (H) Partially digested amoeba trapped on a hypha of Zoopage sp imaged

at 40x. Scale bar is 25 ym.
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Figure 2. ESOM profiles for A. tetraceros (A) and Z. insidians (B) with blue/green areas
indicating genomic space of high similarity and brown/white areas indicating genomic
space of low similarity. In both, dark blue pixels represent contigs taxonomically
identified as Chitinophaga sp. Aqua pixels represent contigs taxonomically identified as
Chytridiomycota or Zygomycota s./. Fuchsia pixels represent contigs taxonomically
identified as Basidiomycota, and purple pixels represent contigs taxonomically identified
as Ascomycota. Note the presence of brown and white ridges delineating the area
corresponding to fungal contigs in (A) the A. tetraceros ESOM and their absence in (B)

the Z. insidians ESOM.

Figure 3. Best ML tree (-In=1912187) from the concatenated alignment. Node labels are
bootstrap support/QP-IC/LQ-IC/EQP-IC. The TC/TCA scores for the tree were

12.732/13.715.

Figure 4. ASTRAL consensus tree. Node labels are consensus frequency/QP-IC/LQ-

IC/EQP-IC. The TC/TCA scores for the tree were 12.798/13.655.

Figure 5. Ancestral state reconstructions of trophic state on the best ML tree (A) and the

ASTRAL consensus tree (B) using maximum likelihood. Pie graphs at nodes show the

proportional likelihood of each character state.
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Supplemental Figure 1. Best ML tree (-In=1912187) from the concatenated alignment.
Branch lengths were scaled by a factor of 10 for ease of reading node labels. The scale

bar represents a change of 0.09 along the branches.
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