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Abstract

We formed the Collection of Zoosporic Eufungi at the University of Michigan (CZEUM) in 2018 as a cryopreserved
fungal collection consolidating the University of Maine Culture Collection (UMCC, or JEL), the University of Alabama
Chytrid Culture Collection (UACCC), and additional zoosporic eufungal accessions. The CZEUM is established as a
community resource containing 1045 cryopreserved cultures of Chytridiomycota, Monoblepharidomycota, and
Blastocladiomycota, with 52 cultures being ex-type strains. We molecularly characterized 431 cultures by amplifying
the majority of the rDNA operon in a single reaction, yielding an average fragment length of 4739 bp. We
sequenced multiplexed samples with an Oxford Nanopore Technology MinlON device and software, and
demonstrate the method is accurate by producing sequences identical to published Sanger sequences. With these
data, we generated a phylogeny of 882 zoosporic eufungi strains to produce the most comprehensive phylogeny
of these taxa to date. The CZEUM is thus largely characterized by molecular data, which can guide instructors and

portal.

researchers on future studies of these organisms. Cultures from the CZEUM can be purchased through an online
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Introduction

Zoosporic eufungi are members of Kingdom Fungi that
reproduce with flagellated spores. The zoosporic fungi
form a diverse paraphyletic assemblage at the base of the
fungal phylogeny and comprise the superphylum Chytri-
diomyceta (phyla Chytridiomycota, Monoblepharidomy-
cota, and Neocallimastigomycota), and the phyla
Blastocladiomycota, Olpidiomycota, and Rozellomycota/
Cryptomycota (Tedersoo et al. 2018; Naranjo-Ortiz and
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Gabald6n 2019). Collectively, these microscopic fungi
that reproduce with zoospores produced in a sporan-
gium are often referred to as chytrids (Greek for “little
pot”). In 2018 the Collection of Zoosporic Eufungi at the
University of Michigan (CZEUM) was established with
the aim of safeguarding historical culture collections
from the two most active research labs in chytrid sys-
tematics over the last 30 years. Because these cultures re-
sided in personal collections, the goal was to create a
repository with infrastructure that would persist and fa-
cilitate continued research on the group. Support from
the U. S. National Science Foundation’s program Collec-
tions in Support of Biological Research made the
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cryopreserved cultures at the University of Michigan RMC

Fig. 1 a Gorgonomyces JEL0965 (Rhizophydiales) on agar medium. b Endochytrium JELO386 (Cladochytriales) on onionskin; measurement bar
equals 10 um for (a—f). ¢ Rhizophlyctis rosea JELO764 (Rhizophlyctidales) on onionskin. d Rhizoclosmatium globosum JELO006 (Chytridiales) releasing
zoospores after 24 h on agar medium. e Cladochytrium JELO592 (Cladochytriales) on soil water medium. f Thoreauomyces humboldtii JELO095
(Spizellomycetales) on agar medium. g Custom BioGenic Systems (CBS) Isothermal V-3000-AB Series cryopreservation freezer containing CZEUM

transition possible. The collection is now housed at the
University of Michigan’s Research Museums Complex
(RMC) in a modern cryopreservation facility with liquid
nitrogen freezers (Fig. 1). Here we describe the contents
of the collection from a taxonomic and phylogenetic
perspective. Combining existing DNA sequence data
with sequencing data we acquired from CZEUM with
Oxford Nanopore Technologies (ONT) single-molecule
sequencing, we developed a comprehensive phylogeny of
a large percentage of isolates in the collection. This
growing resource is designed to safeguard a unique col-
lection of significant biodiversity and to support research
on zoosporic fungi, a group that is attracting growing
interest concerning their ecological roles, cell biology,
and pathology, among other topics of research
(Longcore and Simmons 2012a, 2020; Powell 2017).

The availability of pure cultures of Chytridiomyceta
and Blastocladiomycota has made possible major ad-
vances in our knowledge of these zoosporic eufungi,

perhaps the largest being their molecular phylogenetics
and taxonomy. The availability of pure cultures facili-
tated chytrid systematics via transmission electron
microscopic studies of zoospores (Barr 1980). More re-
cently, the availability of DNA sequencing data has led
to the description of new orders in the last 15 years
(Letcher et al. 2006, 2008; Mozley-Standridge et al. 2009;
Simmons et al. 2009; Longcore and Simmons 2012b;
Karpov et al. 2014, 2016; Seto et al. 2020). Additional or-
ders are likely to exist as evidenced by environmental
DNA studies that show a poor match between cul-
tured diversity and uncultured (Freeman et al. 2009;
Davis et al. 2016). The proper identification and
cataloging of culture collections will not only add to
our knowledge of basal fungal diversity, but also will
provide DNA information to public databases, infor-
mation that is necessary to identify and characterize
novel diversity detected with environmental DNA
sampling techniques.
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The most biodiverse collection of zoosporic eufungi
was the University of Maine Culture Collection
(UMCC, or JEL collection) begun by Joyce E. Long-
core in 1984. Longcore was an undergraduate student
and employee of Frederick K. Sparrow at the Univer-
sity of Michigan in the 1950s and 1960s, and she
began isolating chytrids in the 1980s. At that time,
Longcore received training in transmission electron
microscopy from Donald J. S. Barr, culminating in the
description of new species (Longcore 1992b, 1992a,
1993), one of which, Podochytrium dentatum Long-
core (1992a), is represented by a viable ex-type cul-
ture (JEL0030). After obtaining a Ph.D. from the
University of Maine in 1991, Longcore continued cul-
turing and publishing on chytrid systematics (e.g.,
Longcore 1995; Longcore et al. 1995). In 1997 Long-
core was contacted by veterinary pathologists at the
Smithsonian National Zoo to help identify a pathogen
of frogs; she requested fresh diseased frog skin tissue,
from which she isolated the first pure cultures of the
amphibian pathogen Batrachochytrium dendrobatidis
(Bd) (Longcore et al. 1999). The availability of Bd cul-
tures was pivotal for demonstrating the role of a chy-
trid fungus in global amphibian declines (Nichols
et al. 2001). Longcore’s collaborations over the years
increased the UMCC to include Bd from multiple lo-
cations across the globe. The UMCC was expanded
by, and essential to, two NSF PEET projects (DEB-
9978094, DEB-0529694). Primarily using cultures
housed in the UMCC, Longcore and her student D.
Rabern Simmons published revisionary taxonomic
treatments of taxa in the Lobulomycetales (Simmons
et al. 2009, 2012), Polychytriales (Longcore and Sim-
mons 2012b), Spizellomycetales (Simmons and Long-
core 2012), and Synchytriales (Longcore et al. 2016).

Contemporaneously, a second chytrid culture collec-
tion in the United States was being developed by Martha
J. Powell. Powell earned a Ph.D. in 1974 working with
William J. Koch at the University of North Carolina. Her
work, which focused on zoosporic electron microscopy,
was widely recognized and led to her research programs
on the systematics and cell biology of chytrids, most re-
cently at the University of Alabama (1997-2019). Powell
led the two NSF PEET projects that supported Long-
core’s work, and she also received two REVSYS grants
(DEB-0516173, DEB-0949305) that allowed the recruit-
ment and training of additional investigators, including
longtime collaborator Peter M. Letcher (Ph.D. 2003,
University of Alabama Adjunct Associate Professor).
Powell maintained chytrid cultures for over 40 years, and
established the University of Alabama Chytrid Culture
Collection (UACCC), which was widely expanded by
Letcher (e.g, PL, PLAUS, and ARG isolates), under-
graduate and graduate students, and graduate student
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William J. Davis (e.g., WJD isolates). The UACCC cul-
tures are integral to over 100 manuscripts on chytrid
systematics.

Together, the UMCC and UACCC contain 52 ex-type
cultures, represent over 100 years of isolation effort by
Longcore, Powell, their colleagues and students, and
combined constitute the most biodiverse zoosporic
eufungal culture collection in the world, in addition to
the largest and most diverse collection of Batrachochy-
trium dendrobatidis. In 2017, Longcore and Powell
worked with Simmons and Timothy Y. James to relocate
the UMCC and UACCC to the University of Michigan’s
Fungarium, a collection within the Herbarium (MICH).
With the initial transfer of the UMCC in Jun—-Aug of
2018, we established the Collection of Zoosporic Eufungi
at the University of Michigan (CZEUM) to ensure the
long-term preservation of these collections. The CZEUM
grew immediately by the donation of Allomyces isolates
from the Fungal Genetics Stock Center (FGSC). These
cultures, which were collected by Ralph Emerson and
Lauritz W. Olson, had been given to the FGSC in 1995
by Lene Lange; 74 isolates from this dried collection are
now viably cryopreserved.

One of the goals of the formation of the CZEUM is to
fully characterize the diversity of its holdings by sequen-
cing the rDNA operon for each culture. We estimated
that 280 JEL strains (excluding Bd) and 169 UACCC
strains lacked any DNA sequence when accessioned,
whereas others lacked either 18S, ITS, or 28S rDNA se-
quences. In past studies, the amplification of all three of
these rDNA regions would necessitate individual ampli-
fication reactions and up to twelve sequencing reactions
by Sanger sequencing methods. Zoosporic eufungi phy-
logenetics has been primary based on 28S rDNA se-
quences, while environmental metabarcoding studies
have been primarily conducted with either the more
conserved 185 rDNA sequences and species-specific
ITS. To provide a unified platform for studying chytrid
diversity at many scales, full-length rDNA operon se-
quencing is required. The Oxford Nanopore Technology
(ONT) MinION sequencing device is capable of sequen-
cing long reads of fungal rDNA amplicons generated
from a single reaction (Wurzbacher et al. 2018). If rep-
licable across the zoosporic eufungi, amplification of all
three regions in a single reaction, followed by nanopore
sequencing, would provide a wealth of knowledge with
relatively minimal effort and cost, when sequenced in
bulk with multiplexed barcoding of pooled amplicons.
We have begun to characterize the diversity of the
CZEUM with ONT sequencing technology and our re-
sults compare favorably with a sample of Sanger sequen-
cing products.

Herein we describe the current holdings of the
CZEUM and the efforts made thus far to determine
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viability and phylogenetic diversity of the cultures
therein. We hope to make this fungal collection a lead-
ing resource for the study of zoosporic eufungi by pro-
viding researchers with vouchered cultures and
accepting new cultures for permanent cryopreservation.
We have amassed previously-generated GenBank acces-
sions and new ONT sequences from 77% of the publicly
available CZEUM cultures (excluding Bd), with 61% pos-
sessing sequence data for all three (18S, ITS, 28S) rDNA
operon regions, and we provide a comparison of ONT
sequencing technology versus Sanger sequencing prod-
ucts. Our phylogenetic analysis (Figs. 3, 4, 5, 6, 7, 8, 9,
10, 11, 12 and 13) of the CZEUM holdings plus unavail-
able cultures is based on newly-generated ONT and
published rDNA sequences.

Methods

Cryopreservation facility, collection transports, and
database construction

The CZEUM is maintained in a cryopreserved state at
the University of Michigan RMC cryopreservation unit.
The cultures are stored in up to five replicate 1.2 or 2
mL screw-cap cryovials in 81-cell storage boxes in a
Custom BioGenic Systems (CBS) Isothermal V-3000-AB
Series cryopreservation freezer (hereafter RMC freezer)
that is liquid nitrogen cooled (Fig. 1g). At this time, all
cultures are maintained in a single freezer; future goals
include dividing replicates to other storage units or facil-
ities. No liquid makes contact with the preserved speci-
mens, making their handling relatively easy and safe
with minimal personal protective equipment, i.e., cryo-
gloves and face mask. The RMC freezer is on a CBS
2301 Series automated filling system, with daily sched-
uled fillings, and automated fillings if liquid nitrogen
levels reach a set minimum. In the event of low liquid
nitrogen levels or high temperatures, RMC staff and ap-
propriate researchers are automatically notified by a CBS
Versalert programmed by the cryopreservation unit col-
lection manager. Maximum ultralow temperature is ~ -
190°C, and should the temperature reach -150°C,
RMC staff and appropriate researchers are automatically
notified via email or cellular data. The cryopreservation
unit is on a separate power system so that electricity is
maintained when it fails in the building; in a total failure
event, RMC staff and appropriate researchers are auto-
matically notified. Without scheduled liquid nitrogen
fillings during a power failure, RMC freezers can remain
at ultralow temperatures for 14 days, if undisturbed.

We transported the UMCC from the University of
Maine overnight to the RMC in Cryoport Express® Dry
Shippers (FedEx Deep Frozen Shipping Solution) and
transferred cultures to the RMC freezer within 6 h of de-
livery. We transported the UACCC from the University
of Alabama to the RMC overnight on dry ice in a single
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large cooler containing all cultures and placed cultures
in the RMC freezer immediately upon arrival to the
RMC. We received Allomyces isolates from the FGSC in
individual 1.5mL microcentrifuge tubes containing
strips of filter paper, onto which resting spores had been
dried.

We transcribed digital and hard-copy notes from the
UMCC, UACCC, FGSC, and University of Michigan cul-
ture collection into a database in Microsoft Access,
which is regularly updated and uploaded to the CZEUM
online searchable database (czeum.herb.lsa.umich.edu).
The CZEUM collection is integrated into the fungarium
of the University of Michigan Herbarium, leveraging
shared infrastructure and collection management
experience.

Revitalization and restocking efforts

We prioritized our culture viability check, subsequent
growth for restocking, and DNA extraction efforts on (1)
cultures in the UMCC for which there was no previously
generated molecular data, (2) the UACCC, which had
minimal replicates, and (3) the Allomyces cultures of the
FGSC, this latter group being the focus of additional sys-
tematic work beyond the scope of this manuscript. For
revitalization of each UMCC and UACCC culture, we
removed a single cryovial (1.2 or 2 mL screw-cap vial)
from the RMC freezer and placed it on dry ice until
thawing at 43°C for 2min. If the culture was sus-
pended in liquid medium, we extracted the mixed
volume out of the cryovial and placed the sample on
two agar plates of the isolate’s preferred medium, as
noted by the isolators; we then added an equal vol-
ume of sterile distilled water to the agar plate (Boyle
et al. 2003). When a polycentric rhizomycelium or Q-
tip® (Barr and Babcock 1994) was present in the
cryovial, we placed half of the liquid contents of the
cryovial on one agar plate and the remaining liquid
and fungal/cotton mass from the cryovial on a second
agar plate; we then added approximately equal vol-
umes of distilled water to each agar plate. For
revitalization of FGSC cultures, Allomyces resting
spores were stored at —80°C until we attempted to
revive them by placing a piece of filter paper with
resting spores in a well-plate in sterile water. After
noting zoospore release, we aspirated the zoospore
suspension from the well-plate and inoculated it onto
an agar plate of Y%-strength YpSs (Emerson 1958).
Once the culture was growing and free of contami-
nants, the culture was cryopreserved, as below.

Most cultures that were revitalized grew within 24—
96 h, but we incubated plates for a minimum of 2
weeks before scoring viability. Isolates that scored as
inviable after one revitalization attempt remained in
the CBS freezer for repeat processing at a later time.
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Contaminated cultures were noted and retained for
processing at a later time. After we detected growth
with a stereoscope (motile zoospores and/or fungal
tissue attached to the agar) in revitalized cultures, we
assessed the need for additional cryopreserved tissue
based on the number of cryovials still available in the
RMC freezer. For cultures with fewer than three rep-
licates, we optimally attempted to cryopreserve a total
of five replicates, via 10% FBS/DMSO cryopreserva-
tion (Boyle et al. 2003) in isopropanol-buffered
freezing containers placed at —80°C for at least 18 h.
We preserved an additional cryovial exceeding our
optimal replicate count to allow for a quality control
check of our restocking attempt. We thawed this
quality control cryovial as described above. If the
culture was viable and contaminant-free, the
remaining cryovials were placed into the RMC
freezer. If the fungus was unviable or contaminated,
we made two more attempts to revitalize the tissue
before repeating the cryopreservation process with vi-
able, contaminant-free thalli. A workflow of the pro-
cesses described above is visualized in Fig. 2.
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DNA extraction, amplification, and sequencing

DNA extraction

We placed an agar plug of viable culture into ~ 20 mL of
each isolate’s preferred sterile liquid medium in 50 mL
centrifuge tubes and incubated the culture for 1-2 weeks
at room temperature, unless otherwise noted by the iso-
lators. For monocentric taxa, we centrifuged cultures
ready for DNA extraction at 4000 RPM at 4°C for 20
min. After pelleting, we removed most of the super-
natant, resuspended the pellet in the remaining < 1.5
mL, and transferred the suspension to a 1.5 mL micro-
centrifuge tube. We then centrifuged the microcentri-
fuge tube at 13000 RPM for 5min and removed the
majority of the liquid medium. For polycentric taxa, we
removed tissue from the ~ 20 mL of liquid medium with
a sterilized probe made of 26 gauge resistance heating
wire, placed the tissue directly in the microcentrifuge
tube, and centrifuged at 13000 RPM for 5 min before re-
moving the majority of the liquid medium. Once fungal
tissue was pelleted and relatively free from liquid
medium, we followed a 2X CTAB extraction protocol
similar to James et al. (2008), without use of phenol.

New Cultures

Metadata

Biomass Growth s

Migration of UMCC, UACCC,
FGSC Cultures

Active Cultures

Revitalization

Cryopreserved
Cultures

Storage at UM
Research Museums
Center
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Check

T
@pic Validation
Y A4

Ship Requested

Cultures Extract DNA

|

Cryopreserve to
Replenish Stock

MinION
Sequencing

y

-— DNA PCR

CZEUM Database

efforts (yellow boxes) are also recorded in the database

Fig. 2 Metadata of collections and new cultures and information on the cultures’ storage (cryopreservation/active status) are kept in the CZEUM
database and provided online to the public. Collection maintenance and quality control (blue boxes) and internal and independent research

Public Interface
czeum.herb.lsa.umich.edu
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rDNA amplification

We quantified stock DNA extracts with a Qubit 4
fluorometer (Thermo Fisher Scientific) and diluted
working stocks for PCR amplification to 0.25-0.75 ng/
pL. To amplify the majority of the 18S-ITS1-5.8S-ITS2-
28S rDNA operon, we used the rRNA-PCR primers
NS1short/RCA95m described by Wurzbacher et al.
(2018), to which we added barcodes to allow multiplexed
sequencing (Table S1). We prepared 12.5 pL amplifica-
tions with TaKaRa LA Taq® DNA Polymerase Kkits
(Takara Bio USA, Inc.) composed of the following: (1)
2.875 pL. UV-radiated PCR water, (2) 1.25puL 10X LA
Taq® buffer, (3) 1.25 uL 25 mM MgCl,, (4) 2 uL 10 mM
dNTPs, (5) 0.125uL. LA Taq® polymerase, (6) 1.25puL
each barcoded primer NSIlshort/RCA95m, and (7)
2.5 uL. working stock DNA template. We amplified our
products on a Eppendorf Mastercycler Pro S with an ini-
tial denaturing at 95 °C for 5 min, followed by 35 cycles
of denaturing at 95 °C for 30 s, annealing at 55 °C for 30
s, and extension at 68 °C for 4 min, and a final hold at
4.°C. We confirmed amplification of our 4.5—6 kbp prod-
ucts by gel electrophoresis. We pooled 2 pL of successful
amplicons in sample sets of 96 amplicons with unique
barcode combinations to maximize sequencing
efficiency.

ONT MinlON sequencing

DNA library preparation, MinION, and MinKNOW
To sequence each pool of up to 96 barcoded ampli-
cons, we followed the ONT Ligation Sequencing Kit
(SQK-LSK109) protocol, briefly described here. We
conducted DNA repair and end-prep of our pooled
samples with FFPE Repair Mix and Buffer and Ultra
II End Prep Mix and Buffer (New England Biolabs®
Inc.), followed by purification and size selection by
the addition of 60uL AMPure XP bead solution
(Beckman Coulter Inc.). We incubated samples at
room temperature for 5min on a Hula shaker,
washed AMPure XP beads twice with freshly-made
70% ethanol after magnetic pelleting, added 60 puL of
UV-radiated water and resuspended beads, incubated
beads at room temperature for 10 min, magnetic pel-
leted them for 3 min, and retained 60 uL of the pre-
pared pool in a fresh microcentrifuge tube for
immediate ligation or overnight refrigeration. For
adapter ligation, we incubated our 60 pL prepared
pool with 25pul. ONT ligation buffer, 5uL ONT
adapter mix, and 10 pL T4 ligase from the NEB Quick
Ligation Module (New England Biolabs® Inc.) for 45
min at room temperature. We purified and size se-
lected our ligation pool by adding of 40 uL. AMPure
XP bead solution and incubating at room temperature
for 5 min on a Hula shaker. We resuspended beads in
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two washes of ONT Long Fragment Buffer after mag-
netic pelleting, removed the supernatant after mag-
netic pelleting, incubated for 20 min in 16 uL. ONT
elution buffer, and retained the ligated pool super-
natant after magnetic pelleting. We used 1pL of the
ligated pool to quantify the pool on a Qubit 4
fluorometer, and, if necessary, diluted our working li-
gated pool solution with ONT elution buffer to the
recommended optimal molarity (50-100 fmols).

After flow cell priming, we applied our DNA library
composed of 37.5ul. ONT sequencing buffer, 25.5 uL
ONT loading beads, and 12 pL of our working ligated
pool to the flow cell. We conducted the MinION experi-
ments on a Mac OS for 25-310 min (Table S2) in Min-
KNOW, with live basecalling inactivated. After the
experiment concluded, we used an ONT Wash Kit to
clean and store the flow cell at 4 °C until its next use.

Quality and size filtering, demultiplexing, assembly,
and polishing To get fastq files for downstream pro-
cessing, we performed basecalling of resulting fast5 files
from each MinlON experiment in Guppy 3.2.4 (ONT)
according to manufacturer-recommended settings for
R9.4.1 flow cells. We compiled individual fastq files into
a single fastq file for each experiment. We filtered se-
quences based on length (4—7 kb) and minimum quality
score (10) with NanoFilt (De Coster et al. 2018), con-
verted fastq to fasta for downstream processing with
Seqtk (https://github.com/lh3/seqtk), and demultiplexed
the single experiment fasta file with Minibar (Krehen-
winkel et al. 2018). We attempted assemblies of demulti-
plexed samples in Canu 1.9 (Koren et al. 2017),
accepting the output of the first setting that yielded an
assembly composed of 220 reads, with four settings from
the manual and developers’ recommendations (Koren,
pers. comm.), listed here by highest to lowest priority:
(1) “faster” default setting (overlapper = mhap utgReA-
lign = true), (2) smash haplotypes setting (corOutCover-
age =200 correctedErrorRate =0.15), (3) continuity
improvement setting (corMhapSensitivity = normal), and
(4) metagenomics setting (corOutCoverage = 10,000
corMhapSensitivity = high  corMinCoverage =0). We
polished assemblies with Medaka (https://github.com/
nanoporetech/medaka) to obtain final rDNA sequences.

Sequence comparison to Sanger technology

We initially targeted amplification of UMCC cultures for
which there was no previous sequence data; however, we
also sequenced taxa with Sanger rDNA sequences in
GenBank. To evaluate the use of our ONT sequencing
methods, we used the BLAST algorithm to compare ar-
chived Sanger data from 136 cultures to our long-read
rDNA for the same isolates (Table S3).
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Molecular phylogeny

For our phylogeny of the Chytridiomyceta and Blastocla-
diomycota, we focused on phyla held in the CZEUM, i.e.
Chytridiomycota, Monoblepharidomycota, and Blastocla-
diomycota, and thus excluded Neocallimastigomycota
from the analysis. From GenBank, we selected 28S
rDNA sequence data from cultured zoosporic eufungi,
and added 18S rDNA sequence data when available from
the same culture. This led to rDNA sequence data for
451 cultures (Table S4), to which we aligned ONT
rDNA sequences generated from 431 CZEUM cultures
(Table S5). We concatenated GenBank sequences in
Geneious 9.1.8, aligned the complete data matrix of 882
sequences in MAFFT (v. 7.310), and edited ambiguously
aligned regions in TrimAl (v. 1.2). We conducted ML
best tree searches and calculated bootstrap percentages
from 500 replicates in RAXML (v. 8.2.11). We submitted
the TrimAl alignment and best ML with bootstrap sup-
port to TreeBASE as Submission 26,377.

Results

CZEUM database and collection biodiversity

As of Feb 2020, the CZEUM contains 1045 publicly
available cryopreserved cultures, spanning the Blastocla-
diomycota and Chytridiomyceta (Table 1). The collection
includes 52 species ex-type and lectotype strains and
752 of the cultures have proven viable. The CZEUM can
be accessed at czeum.herb.Isa.umich.edu, where it can be
searched on multiple fields (e.g., genus, substrate) and
strain requests can be made. Strains are distributed for a
recharge fee under a fixed, standard material transfer
agreement.

Revitalization, restocking, and DNA extraction

Of the attempted revitalization of 415 UMCC cultures,
369 proved viable (88.92%). Of these, we extracted DNA
from 314 UMCC cultures, for which growth was suffi-
cient, and we attempted rDNA PCR amplification from
all extracts, resulting in 270 successful amplifications.
We attempted ONT sequencing of all 270, and success-
fully sequenced rDNA for 269 UMCC cultures (99.63%).

Of the attempted revitalization of 341 UACCC cultures, 285
proved viable (83.58%). Of these, we extracted DNA from
177, for which growth was sufficient, and we attempted rDNA
PCR amplification of all 177, resulting in 144 successful ampli-
fications. We attempted ONT sequencing of all 144, and suc-
cessfully sequenced rDNA for 137 cultures (95.14%).

Of the attempted revitalization of 33 Batrachochy-
trium (Bd) cultures, mainly from those already previ-
ously cryopreserved in the James laboratory at the
University of Michigan, 25 proved viable (75.76%). We
extracted DNA from 2Bd cultures, and successfully
amplified ONT sequences for both cultures. The
remaining ONT sequencing efforts were focused on
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cultures held by the CZEUM, but these cultures (e.g.
Barr isolates) are not publicly available due to intellec-
tual property restrictions.

DNA sequencing and Sanger comparisons

We generated ONT MinION sequences for 431 CZEUM
cultures (Table S4). To compare Sanger sequencing prod-
ucts with our ONT sequencing products, we sampled
GenBank submissions generated from 136 cultures that
are now in the CZEUM (Table S3). The 18S rDNA ONT
sequences were 99.79% similar to 64 Sanger sequences,
with a range of 97.51-100% similarity. The 28S rDNA
ONT sequences were 99.83% similar to 131 Sanger se-
quences, with a range of 98.33-100% similarity. The ITS
rDNA ONT sequences were 99.37% similar to 44 Sanger
sequences, with a range of 90.39-100% similarity. Differ-
ences between sequences were most commonly observed
in single nucleotide repeats, or poorly edited primer sites
and unresolved polymorphisms in the Sanger sequence.

Molecular phylogeny

Our ML phylogeny of 882 cultures represents 13 orders
of the Blastocladiomycota and Chytridiomyceta. The
Rhizophydiales (Figs. 3, 4 and 5) resolve into 15 recog-
nized families and additional lineages. A group consist-
ing of the Mesochytriales, Synchytriales, and
Chytridiales, which has three families, (Figs. 6, 7 and 8)
is sister to the Rhizophydiales. The Spizellomycetales
(Figs. 9 and 10) resolve into two families and is sister to
the Rhizophlyctidales (Figs. 10 and 11). The Lobulomyce-
tales (Fig. 11) is sister to all orders above, and this group
of seven orders is sister to the monophyly of the Clado-
chytriales and Polychytriales (Fig. 12), with the Zygoph-
lyctidales and Zygorhizidiales in a basal lineage of the
Chytridiomycota (Fig. 12). The Monoblepharidomycota,
Blastocladiomycota, and Cryptomycota form distinct
clades outside of Chytridiomycota (Fig. 13).

Discussion

CZEUM database

The CZEUM contains 1045 publicly available cultures,
with 752 proven viable. The collection represents at least
85 genera in 10 orders across the Chytridiomyceta and
Blastocladiomycota. The CZEUM database is searchable
online (czeum.herb.lsa.umich.edu), and for most cultures
it contains information on estimated (by the collections’
previous holders) or documented taxonomic assign-
ments, many of which were putatively determined based
on the comprehensive phylogeny (Figs. 3, 4, 5,6, 7, 8, 9,
10, 11, 12 and 13). Also included for most cultures are
recommended growth media and metadata, such as iso-
lator of culture, locality of sample, and ex-type recogni-
tion. Further improvements on data collection, such as
isolator’s notes, sequence data, and DNA extract
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Phylum Order Culture Counts

Genera

Species Ex-type or Ex-Lectotype

Blastocladiomycota Blastocladiales 96

Chytridiomycota Chytridiales 210

Cladochytriales 86

Lobulomycetales 10

Polychytriales 5

Allomyces
Blastocladiella
Catenaria
Catenomyces
Catenophlyctis
Paraphysoderma
Asterophlyctis
Avachytrium
Chytridium
Chytriomyces
Delfinachytrium
Dendrochytridium
Dinochytrium
Entophlyctis
Fayochytriomyces
Irineochytrium
Obelidium
Odontochytrium
Phlyctochytrium
Phlyctorhiza
Physocladia
Podochytrium
Polyphlyctis
Pseudorhizidium
Rhizoclosmatium
Rodmanochytrium
Siphonaria
Wheelerophlyctis
Zopfochytrium
Catenochytridium
Cladochytrium
Cylindrochytridium
Diplophlyctis
Endochytrium
Nephrochytrium
Nowakowskiella
Septochytrium
Alogomyces
Clydaea
Lobulomyces
Arkaya
Lacustromyces
Neokarlingia

Polychytrium
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Table 1 Taxa of available cryopreserved cultures in CZEUM (Continued)

Phylum Order Culture Counts Genera Species Ex-type or Ex-Lectotype
Rhizophlyctidales 25 Borealophlyctis
Rhizophlyctis
Sonoraphlyctis
Rhizophydiales 436 Alphamyces

Angulomyces

Aquamyces

Batrachochytrium (235)° 1

Betamyces 1

Boothiomyces 1

Coralloidiomyces 1

Gammamyces 1

Globomyces 1

Gorgonomyces

Homolaphlyctis 1

Kappamyces 1

Operculomyces 1

Paranamyces 1

Protrudomyces 1

Rhizophydium 1

Terramyces 1

Uebelmesseromyces

Ulkenomyces

Urceomyces 1
Spizellomycetales 162 Brevicalcar 1

Bulbosomyces 1

Fimicolochytrium 2

Gaertneriomyces 1

Gallinipes 2

Geranomyces 4

Kochiomyces

Powellomyces

Spizellomyces

Thoreauomyces 1

Triparticalcar 1
Synchytriales 3 Synchytrium 1
Incertae sedis 1 Quaeritorhiza 1

Monoblepharidomycota Monoblepharidales 11 Gonapodya

Harpochytrium

Hyaloraphidium

Monoblepharella

Telaspaerula 1

Totals: 10 1045 85 52

Ordinal and generic rank based on molecular phylogenetics and isolators’ notes. “indicates culture number of specific genus
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@

'WJD102 Boothiomyces macroporosum O
‘WJD117 Boothiomyces O

PL174 Boothiomyces O

JEL0838 Boothiomyces O

[— PL042 Boothiomyces G

MP75 Boothiomyces G

WJD113 Boothiomyces macroporosum O
WJD110 Boothiomyces macroporosum O
WJD135 Boothiomyces macroporosum O
WJD127 Boothiomyces O

PLAUS09 Boothiomyces O

WJD128 Boothiomyces O

WJD118 Boothiomyces macroporosum O
PLO10 G
PLO11 G

PLO73 G
PL064 G

PLO88 G
PLAUS21 Boothiomyces macroporosum G/T
PLAUS02 G
PLAUS06 G
PLAUS08 Boothiomyces G
PLAUS07 G
PL102 G
PLAUS10 G
— JEL0008 Boothiomyces sphaerotheca G
JA15 Boothiomyces macroporosum G
JEL0055 Boothiomyces sphaerotheca G
JEL0847 Boothiomyces O
JA24 Boothiomyces O
JA32 Boothiomyces O
JEL0950 Boothiomyces O
JEL0940 Boothiomyces O
JEL0856 Boothiomyces O
JEL0866 Boothiomyces O
PLAUS36 Boothiomyces O
JEL0348 Boothiomyces O
PL159 Boothiomyces O
GHJA11 Boothiomyces O
PL175 Boothiomyces O
JEL0953 Boothiomyces O
WJD202 Boothiomyces O
WJD165 Boothiomyces macroporosum O
JEL0954 Boothiomyces O
WJD109 Boothiomyces macroporosum O
ARGO090 Boothiomyces O
— JEL0302 Terramyces sphaerotheca G
— ARG040 Boothiomyces G
- JELO876 Boothiomyces O
PLO72 G
PLO03 Terramyces subangulosum G/T
PLAUS12 Boothiomyces G
PL144 Terramyces G
PL153 Terramyces G
PL152 Terramyces G
JELO0396 Terramyces G
PL005 G
PL0O01 G
- PLO04 G
PLO08 G

JA45 Terramyces O

PLAUS22 G

PL141 Terramyces G
PL147 Terramyces G
JELO0395 Terramyces G
PL143 Terramyces G
WJD194 Terramyces O
WJD134 Terramyces O
JEL0968 Terramyces O
PLAUSO03 Terramyces O
JELO728 Terramyces O
KP66 Terramyces O
PL145 Terramyces O
PL133 Terramyces O
JEL0393 Terramyces O

I— PLAUS24 G
PLAUS18 Terramyces O

— JEL0909 Terramyces O
JEL0385 G

0.07

Fig. 3 Portion of RAXML phylogeny containing Rhizophydiales, family Terramycetaceae. For Figs. 3,4, 5,6, 7, 8,9, 10, 11, 12 and 13: Branches with
250% ML bootstrap support in bold; cultures available in the CZEUM in blue, unavailable cultures in red; G = published GenBank sequences, O =
ONT sequences generated in this study, T=ex-type culture; “//" on branches indicate length reduced by half, “///" reduced to a third of full

length, “////" reduced to a quarter of full length

Terramycetaceae

Rhizophydiales

availability, will be integrated into the website in the fu-

ture. Most importantly, the

CZEUM website provides in-

structions for ordering cultures and directions for
culturing and cryopreservation of zoosporic eufungal

cultures.

Management and standard operating procedures of the
CZEUM

The CZEUM is registered in the World Directory of
Collections of Cultures and Microorganisms (WDCM).
The CZEUM is managed under the auspices of the
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MP42 Rhizophydium G
ARGO013 Rhizophydium G
L ArRGO14 Rhizophydium G
JELO138 Rhizophydium G
JEL0547 Rhizophydium O
ARGO014 Rhizophydium O
JEL0525 Rhizophydium O
ARG130 Rhizophydium O
WJD120 Rhizophydium O
JEL0911 Rhizophydium O
PLAUS R-13 Rhizophydium O
ARGO052 Rhizophydium G
ARGO055 Rhizophydium G
- PL149A Rhizophydium G
WJD145 Rhizophydium G
ARGO051 Rhizophydium O
ARGO016 Rhizophydium G
MP43 Rhizophydium G
ARGO035 Rhizophydium O
UM1565 Rhizophydium O
UM1569 Rhizophydium O
MP49 Rhizophydium G
UM1563 Rhizophydium O
JEL0292 Rhizophydium O
WJD126 Rhizophydium brooksianum O
JEL0222 Rhizophydium globosum O
JEL0294 Rhizophydium globosum G
MP50 Rhizophydium brooksianum G
PL127 Rhizophydium G
JEL0136 Rhizophydium brooksianum G/T

®

JEL0830 O

Rhizophydiaceae

ARGO046 Pateramyces corrientinensis G/T
_L_EARGw G
ARG027 G

JELO150 Globomyces pollinis pini G
ARG069 Globomyces pollinis pini G

JELO300 Globomyces pollinis pini G
Barr003 Globomyces pollinis pini G

MP82 Globomyces pollinis pini G

WJD133 Globomyces pollinis pini O
JEL0801 O
JEL0291 Globomyces pollinis pini O
JEL0855 O
WJD132 Globomyces pollinis pini O
JEL0886 O

JEL0223 Operculomyces laminatus O/T

ARG048 Urceomyces sphaerocarpum GIT
ARGO038 Urceomyces sphaerocarpum G
ARG068 Globomyces pollinis pini GIT

ARG129 Urceomyces sphaerocarpum O

Operculomycetaceae

_I_— PL163L Coralloidiomyces digitatus G/T  Coralloidiomycetaceae
JE

I Pateramycetaceae

Globomycetaceae

JEL0316 Rhizophydium G

0.07

@

Corallioidiomycetaceae, Uebelmesseromycetaceae
A

L0171 Uebelmesseromyces harderi GIT ~ Uebell

Fig. 4 Portion of RAXML phylogeny containing Rhizophydiales, families Rhizophydiaceae, Pateramycetaceae, Globomycetaceae, Operculomycetaceae,

omy

Rhizophydiales

University of Michigan Herbarium. Oversight of the col-
lection is provided by the fungal curator with advice from
an external advisory board consisting of four scientists.
Figure 2 outlines the current practices for handling culture
acquisition and requests. We intend to genetically barcode
all incoming strains in order to provide confirmation of
their placement in the fungal tree. Requests for cultures
undergo quality checks and refreshment of cryopreserved
stocks after revival and before shipment. We are working
on implementing quality standards and management
structures following WDCM best practices.

ONT MinION sequencing
On average across eight experiments (Table S2), the
MinION took 2.05min to generate 3843 reads per

amplicon. Though this seems to be a high output, qual-
ity filtering and assembly steps eliminated many reads
from consideration, rarely assembling final products
from more than 100 reads. Our low success rate in later
experiments also could be correlated to the life span of
one flow «cell, which was used for experiments
CZEUMO04 through CZEUMOS8. During the course of
this and other projects from 2017 to 2019, we purchased
the ONT MinION, 3 flow cells, two ligation kits, and
two wash kits for $2748 USD. In total, we successfully
sequenced rDNA sequences for 534 cultures or multiple
displacement amplification samples, over 2.5 Mb nucleo-
tides, with an average fragment size of 4739 bp. This
translates to a cost of $0.001086 USD per nucleotide,
averaging $5.15 USD per sequence and $1.72 USD per
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PL117 Kappamyces G
JEL0001 Kappamyces G
PL118 Kappamyces G
PL120 Kappamyces G
JAB7 Kappamyces O
WJD189 Kappamyces O
KP02 Kappamyces O
PLO75 Kappamyces G
PLAUS15 Kappamyces G
JA26 Kappamyces O
PL098 Kappamyces laurelensis GIT
WJD162 Kappamyces O
JELO0829 Kapp o
JEL0680 Kappamyces O
JEL0614 Kappamyces O
JEL0356 Kappamyces O
JELO737 Kappamyces O
JEL0947 Kappamyces O
JA56 Kappamyces O
UM1567 Betamyces O
UM1568 Betamyces O

PL173 Betamyces G
ARG058 Alphamyces chaetifer G
ARG003 Alphamyces chaetifer G

ARGO025 Alphamyces chaetifer GIT
ARGO028 Alphamyces chaetifer G
ARG110 Alphamyces chaetifer G

MP45 Alphamyces chaetifer G

MP48 Alphamyces chaetifer G

MPA47 Alphamyces chaetifer G

JEL0952 Alphamyces O

ARGO033 Angulomyces G

ARGO008 Angulomyces argentinensis GIT
ARGO70 Angulomyces argentinensis G
WJD137 Angulomyces argentinensis O
ARGO007 Angulomyces argentinensis G
WJD129 Angulomyces argentinensis G
ARGO015 Angulomyces argentinensis G
JEL0845 Angulomyces O
JELO0317 Aquamyces chlorogonii G
JEL0915 Aquamyces O

ARG020 Aquamyces G
ARG017 Aquamyces G
Barr102 Aquamyces chlorogonii G
ARGO018 Aquamyces chlorogonii GIT

WJD193 Paranamyces uniporus O
WJD158 Paranamyces uniporus O
JEL0695 Paranamyces uniporus O
WJD150 Paranamyces uniporus O

uniporus GIT

JELO174 Entophlyctis O

JEL0957 Gorgonomyces O

MP57 Gorgonomyces haynaldii O

ARG029 Gorgonomyces O

JEL0887 Gorgonomyces O

JEL0923 Gorgonomyces O

JEL0930 Gorgonomyces O

JEL0862 Gorgonomyces O

JEL0299 Gorgonomyces G

JEL0965 Gorgonomyces O

JEL0964 Gorgonomyces O

I— ARG026 Gorgonomyces haynaldii GIT
JEL0151 Gorgonomyces haynaldii O
Barr100 Gorgonomyces haynaldii G

WJD130 Gorgonomyces haynaldii G

Barr106 Gorgonomyces haynaldii G

JA06 Gorgonomyces haynaldii G

ARG024 Gorgonomyces haynaldii O
ARG120 Gorgonomyces haynaldii O
ARG125 Gorgonomyces haynaldii O
ARG036 Gorgonomyces haynaldii O
ARG119 Gorgonomyces haynaldii O

L UM1559 Gorgonomyces O

ARGO063 Betamyces americaemeridionalis G/T

PL116 Gammamyces ourimbahensis G/T

PLO74 K: G

Kappamycetaceae

Alphamycetaceae

Angulomycetaceae

Aquamycetaceae

Protrudomycetaceae

Halomycetaceae |

Gorgonomycetaceae

JEL0932 O
JEL0888 O

JELO0197 Batrachochytrium dendrobatidis GIT
—L_[JELOSSM i is O h

JELO0405 Batrachochytrium dendrobatidis O

JELO142 F

JEL0326 G

Barr303 Ulkenomyces aestuarii GIT
PL190 Ulkenomyces aestuarii G
Barr263 Halomyces littoreus GIT
ATCC26191 Paludomyces mangrovei GIT

®

Fig. 5 Portion of RAXML phylogeny containing Rhizophydiales families Kappamycetaceae, Alphamycetaceae, Angulomycetaceae, Aquamycetaceae,

Protrudomycetaceae, Halomycetaceae, Gorgonomycetaceae, Batrachochytriaceae

D polyrhiza GIT

Halomycetaceae Il

Rhizophydiales
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JA19 Rhizoclosmatium globosum G
ATCC22918 Rhizoclosmatium globosum G
‘WJD220 Rhizoclosmatium globosum G
'WJD155 Rhizoclosmatium globosum G
PL0O06 Rhizoclosmatium G
JA04 Rhizoclosmatium globosum O
JA74 Rhizoclosmatium globosum O
JEL0006 Rhizoclosmatium globosum O
JEL0800 Rhizoclosmatium globosum O
JELO0852 Rhizoclosmatium globosum O
JAO5 Rhizoclosmatium globosum O
JEL0864 Rhizoclosmatium O
JEL0882 Rhizoclosmatium O
JEL0951 Rhizoclosmatium O
JEL0960 Rhizoclosmatium O
JEL0961 Rhizoclosmatium O
WJD182 Rhizoclosmatium O
JAT3 Rhizoclosmatium O
WJD215 Rhizoclosmatium O
JELO0117 Rhizoclosmatium O
JEL0585 Rhizoclosmatium O
JAT72 Rhizoclosmatium O
JEL0347 Rhizoclosmatium O
JAO2 Rhizoclosmatium globosum G
WJD143 Rhizoclosmatium G
‘WJD111 Rhizoclosmatium globosum G
'WM200-1 Rhizoclosmatium globosum G
WJD206 Rhizoclosmatium G

WJD205 Rhizoclosmatium globosum G
[- JA17 Rhizoclosmatium globosum G

WJD216 Rhizoclosmatium globosum G

WJD177 Rhizoclosmatium globosum G

KSP001 Rhizoclosmatium globosum G

WJD184 Rhizoclosmatium G

JA21 Rhizoclosmatium globosum G

JA18 Rhizoclosmatium globosum G

JA20 Rhizoclosmatium globosum G
JELO0881 Rhizoclosmatium O
WB266C Rhizoclosmatium sparsum O
MP56 Rhizoclosmatium sparsum GIT
MP46 Rhizoclosmatium globosum G
ARG043 Rhizoclosmatium globosum G
MP14 Rhizoclosmatium persicum G
MP15 Rhizoclosmatium persicum G
‘WJD187 Rhizoclosmatium persicum G
MP67 Rhizoclosmatium persicum G/T
JELO0823 Rhizoclosmatium pessaminum O/T
JELO0849 Rhizoclosmatium pessaminum O
JELO796 Rhizoclosmatium umbonatum var. sphaericum O
JELO0128 Rhi: i var. i orr
JEL0516 Rhi: var. o
WJD185 Rhizoclosmatium sparsum G
MP44 Rhizoclosmatium sparsum G
JEL0850 O
JEL0946 Siphonaria sparrowii O
JEL0851 0
JEL0029 Siphonaria O
JELO0797 Podochytrium O
JELOO080 Phlyctorhiza endogena O

JELO0103 Odontochytrium milleri G
ARGO095 Odontochytrium milleri GIT
JEL0034 Odontochytrium G

JEL0939 Odontochytrium O

JEL0942 Odontochytrium O

ARG123 Avachytrium platense G
ARGO053 Avachytrium platense GIT
ARGO050 Avachytrium platense G

MP51 Rhizidium G

JELO116 G

JEL0378 Rhizidium phycophilum G
KP13 Rhizidium phycophilum GIT
JEL0102 Siphonaria petersenii G
JELO065 Siphonaria O

JEL0824 Rhizoclosmatium O
JEL0890 O
JEL0802 Obelidium O
JELO057 Obelidium mucronatum G
JEL0182 Obelidium O
JELO161 Podochytrium G
JEL0030 Podochytrium dentatum GIT
JEL0129 Entophlyctis luteolus O/T
JEL0120 Entophlyctis luteolus O
JELO0112 Entophlyctis O
JEL0220 Entophlyctis G
JEL0279 O
JELO187 G
JEL0513 Physocladia obscura O
JEL0825 Physocladia O
JELO137 P/ ia obscura O

JELO0139 Physocladia obscura G
‘WJD186 Fayochytriomyces spinosus G/T
| JELO059 Fayochytriomyces spinosus G
JELO710 F i spinosus G
‘WJD210 Fayochytriomyces spinosus G

JELO0091 Chytriomyces

A»JELMGS Chytriomyces appendiculatus G
G
JEL0937 Chytri o

@

L JEL0967 Chytriomyces appendiculatus O

Chytriomycetaceae

Chytridiales

0.07

Fig. 6 Portion of RAXML phylogeny containing Chytridiales, first part of family Chytriomycetaceae
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PLAUS38 G

MP59 Rodmanochytrium sphaericum G
ARGO012 Rodmanochytrium G

MP60 Rodmanochytrium sphaericum G
ARGO039 Rodmanochytrium G

MP61 Rodmanochytrium sphaericum G
MP41 Rodmanochytrium sphaericum GIT
UM1564 Rodmanochytrium O

MP72 Rodmanochytrium pyriforme GIT
WB235A Rodmanochytrium G

ARG122 Chytriomyces hyalinus O
MPO5 Chytriomyces hyalinus G
‘WJD183 Chytriomyces hyalinus G
MP69 Chytriomyces hyalinus G
JA13 Chytriomyces hyalinus G
WB266F Chytriomyces hyalinus G
WJD107 Chytriomyces hyalinus G
JELO0345 Chytriomyces hyalinus O
JEL0826 Chytriomyces hyalinus O
JA22 Chytriomyces hyalinus O
JEL0908 Chytriomyces hyalinus O
JAOQ7 Chytriomyces hyalinus O
JEL0546 Chytriomyces hyalinus O
PLAUS19 Chytriomyces hyalinus O
WJD122 Chytriomyces hyalinus O
JEL0906 Chytriomyces hyalinus O
JA11 Chytriomyces hyalinus O
JFC5 Chytriomyces hyalinus O
WJD167 Chytriomyces hyalinus O
PL151 Chytriomyces hyalinus O
PLAUS23 Chytriomyces hyalinus O
PL123 Chytriomyces hyalinus O
JEL0833 Chytriomyces hyalinus O
ARG121 Chytriomyces hyalinus O
JEL0832 Chytriomyces hyalinus O
JEL0878 Chytriomyces hyalinus O
PLAUS Ob-1 Chytriomyces_hyalinus O
UGa14 Chytriomyces hyalinus O
JEL0834 Chytriomyces hyalinus O
WJD131 Chytriomyces hyalinus O
WJD139 Chytriomyces hyalinus O
JA08 Chytriomyces hyalinus O
WJD161 Chytriomyces hyalinus O
JA09 Chytriomyces hyalinus O
JEL0831 Chytriomyces hyalinus O
JEL0085 Chytriomyces hyalinus O
ARGO085 Chytriomyces hyalinus O
PL148 Chytriomyces hyalinus O
WB266E Chytriomyces hyalinus G
‘WJD138 Chytriomyces hyalinus G
PL115 Chytriomyces hyalinus G
ARGO097 Chytriomyces hyalinus G
MP81 Chytriomyces hyalinus G
MP83 Chytriomyces hyalinus G
MP66 Chytriomyces hyalinus G

1
JELO176 Chytriomyces hyalinus O
WB266D Chytriomyces hyalinus O
WJD157 Chytriomyces hyalinus O
PL180 Chytriomyces hyalinus O
JEL0632 Chytriomyces hyalinus O
JFC4 Chytriomyces hyalinus O
WJD112 Chytriomyces hyalinus G
WJD136 Chytriomyces hyalinus G
JA34 Chytriomyces hyalinus G
WJD108 Chytriomyces hyalinus G
MP70 Chytriomyces hyalinus G
MP80 Chytriomyces hyalinus G
ARG062 Chytriomyces hyalinus G
KSP004 Chytriomyces hyalinus G
WJD140 Chytriomyces hyalinus G
JA14 Chytriomyces hyalinus G
SL001 Chytriomyces hyalinus G
PLAUS14 Chytriomyces hyalinus G
ARGO037 Chytriomyces hyalinus O
JA33 Chytriomyces hyalinus O
JAO3 Chytriomyces hyalinus O
JA37 Chytriomyces hyalinus O
JEL0944 Chytriomyces hyalinus O
JA10 Chytriomyces hyalinus O
JA12 Chytriomyces hyalinus O
JEL0963 Chytriomyces hyalinus O
JAO1 Chytriomyces hyalinus O
PL181 Chytriomyces hyalinus O
{ WJD105 Chytriomyces hyalinus O

JELO794 Rhopalophlyctis sarcoptoides G

®

_|— UCBB81-1 Chytriomyces hyalinus G
ARG041 Chytriomyces hyalinus G

Barr097 Chytriomyces hyalinus G

PLO13 Chytriomyces hyalinus G

Chytriomycetaceae

Chytridiales

Fig. 7 Portion of RAXML phylogeny containing Chytridiales, second part of family Chytriomycetaceae
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® ®

MP58 Wheelerophlyctis interior GIT
JEL0524 Wheelerophlyctis interior O
— I JEL0934 Asterophlyctis O

JEL0885 Wheelerophlyctis interiexterior O
JEL0857 Wheelerophlyctis interiexterior O/T

+‘ JEL0962 Asterophlyctis O
WJD209 Asterophlyctis sarcoptoides G/T

ARG117 Delfinachytrium mesopotamicum G

ARG113 Delfinachytrium mesopotamicum G/T

ARG 116 Delfinachytrium mesopotamicum O

JELO755 Delfinachytrium mesopotamicum G

JEL0221 Pseudorhizidium endosporangiatum G/T

# JEL0186 Asterophlyctis michiganensis G/T

Asterophyctaceae

JEL0842 O

JEL0844 O

JEL0812 O

JA28 Pseudorhizidium G

JEL0837 Blyttiomyces O
JEL0341 O

R

PLAUS26 Polyphlyctis willoughbyi GIT

JEL0891 Zopfochytrium polystomum G
I w228 Zopfochytrium polystomum GIT

JEL0600 Zopfochytrium polystomum G

I
17

JELO879 Phlyctochytrium O

UM1560 O
ARG066 Chytridium lagenaria G

ARG100 Chytridium olla GIT

®

0.07

ARG112 Phlyctochytrium bullatum G

JELO754 Phlyctochytrium bullatum O
KLL_TL_06062013 Dinochytrium kinnereticum O/T
JELO0364 Dinochytrium kinnereticum G

JELO0388 Phlyctochytrium planicorne O
ARG109 Phlyctochytrium planicorne G
JEL0894 Phlyctochytrium planicorne O
KP61 Phlyctochytrium aureliae G

JEL0354 Dendrochytridium crassum G
JEL0353 Dendrochytridium crassum G/T
JELO729 Irineochytrium annulatum O/T
JEL0047 Phlyctochytrium planicorne G

DUH9363 Synchytrium macrosporum G
DUH9362 Synchytrium decipiens G

'————————————— CALU-X-10 Mesochytrium penetrans GIT

Fig. 8 Portion of RAXML phylogeny containing Chytridiales, families Asterophyctaceae, Chytridiaceae, Synchytriales, and Mesochytriales

GHJ CCIBt 4013-1 Cladochytrium tenue G

Chytridiaceae

Chytridiales

Synchytriales
Mesochytriales

region (i.e, ITS, 28S, 18S). Costs will certainly reduce
over time, making ONT an attractive option for future,
rapid, and accurate sequencing.

Our rDNA sequences generated by ONT compared
favorably to sequences generated by Sanger sequen-
cing (Table S3). Our 18S and 28S rDNA sequences
were ~ 99.8% similar to published sequences on aver-
age, generally indicating one or two insertions or
polymorphisms between the two sequences. Errors
were commonly associated with differences in single-
nucleotide repeats, or poorly edited primer sites and
unresolved polymorphisms in the Sanger sequence.
Our ITS rDNA sequences were less similar, (99.37%).
We believe that this may reflect the increased substi-
tution rate and heterogeneity in the ITS1 and ITS2
regions. The two cultures with the lowest ITS rDNA
similarities (ARGO029: 95.07%; JEL0333: 90.39%) have
other Sanger rDNA sequences with over 99% similar-
ity to our ONT sequences, and removal of these

outliers increases the average similarity of the ITS
rDNA sequences to 99.69%. For large-scale phylogen-
etic analyses, these errors are within a range of ac-
ceptability and should have little effect on
interspecific relationships, and we believe that ONT
sequencing is a suitable alternative to Sanger
sequencing.

A phylogenetic tour of the CZEUM collection
Comprehensive phylogeny

Our phylogeny (Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and 13)
of rDNA sequences from 882 cultures constitutes the
largest phylogeny of the Chytridiomyceta. The
Blastocladiomycota and Chytridiomyceta resolve into
13 recognized orders, and we discuss taxa of
particular interest below. The Rhizophydiales (Figs. 3,
4 and 5), Chytridiales (Figs. 6, 7 and 8), Spizellomyce-
tales (Figs. 9 and 10), and Cladochytriales (Fig. 12)
make up the bulk of the phylogeny and the CZEUM
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JEL0566 Geranomyces variabilis O
JEL0613 Geranomyces variabilis O
WJD178P Geranomyces variabilis O
JEL0557 Geranomyces variabilis O
JEL0542 Geranomyces variabilis O
JEL0389 Geranomyces variabilis O
AF16 Geranomyces variabilis O
KP27 Geranomyces variabilis O
KP08 Geranomyces variabilis O
MPO3 Geranomyces variabilis OIT
AF28 Geranomyces variabilis O
PLAUS17 Geranomyces variabilis O
JELO567 Geranomyces variabilis O
WJD224 Geranomyces variabilis O
PLAUS Ad 2-0 mono Geranomyces variabilis O
PLAUS20 Geranomyces variabilis O
JEL0558 Geranomyces variabilis O
PLAUS16 Geranomyces variabilis O
JEL0559 Geranomyces variabilis O
PL154 Geranomyces variabilis G
I JEL0401 Geranomyces variabilis G
PL161 Geranomyces variabilis G
JEL0379 Geranomyces variabilis O
JELO376 Geranomyces variabilis O
WJD178 Geranomyces variabilis G
MB5 Geranomyces variabilis O
WJD203 Geranomyces variabilis O
WJD234 Geranomyces variabilis O
PL166 Geranomyces variabilis O
MPO04 Geranomyces variabilis O
AF29 Geranomyces variabilis O
4 JEL0565 Geranomyces michiganensis O
JEL0563 Geranomyces michiganensis O/T
JEL0005 Geranomyces variabilis O
PL096 Geranomyces variabilis O
AF30 Geranomyces variabilis O
WJD116 Geranomyces variabilis O
— WJD195 Geranomyces variabilis O
WJD119 Geranomyces variabilis O
Barr350 Geranomyces variabilis O
KP31 Geranomyces variabilis O
I MP02 Geranomyces variabilis G
PL142 Geranomyces variabilis G
JEL0518 Geranomyces variabilis G
JEL0819 O
JEL0804 O
PL160 Geranomyces hawaiiensis G/T
JEL0543 Geranomyces tanneri O/T
PL128 Powellomyces hirtus O
JEL0615 Powellomyces hirtus O
Barr081 Powellomyces hirtus O/T
JEL0540 Powellomyces hirtus O
Barr092 Powellomyces hirtus O
Barr009B Powellomyces hirtus O
- JEL0534 Powellomyces hirtus G
4 JEL0095 Thoreauomyces humboldtii O/T
JELO541 Thoreauomyces humboldtii O
WJD152 Fimicolochytrium jonesii G
WJD160 Fimicolochytrium O
WJD114 Fimicolochytrium G
WJD148 Fimicolochytrium jonesii G
JELO569 Fimicolochytrium jonesii OIT
JELO538 Fimicolochytrium alabamae G/T
JELO0588 Fimicolochytrium alabamae O
JELO0587 Fimicolochytrium jonesii O
WJD125 Fimicolochytrium O
MPO1 Fimicolochytrium alabamae O
JELO741 Fimicolochytrium O
JELO733 Fimicolochytrium O
JEL0361 Brevicalcar O
JELO350 Brevicalcar kilaueaense O
JEL0357 Brevicalcar O
PL162 Brevicalcar kilaueaense G/T
JELO355 Brevicalcar G
JEL0650 Brevicalcar O

@ 007

\

Spizellomycetaceae

Fig. 9 Portion of RAXML phylogeny containing Spizellomycetales, family Powellomycetaceae, and first part of Spizellomycetaceae

Powellomycetaceae

Spizellomycetales

(Table 1). Cultures are also available for Polychy-
triales, Rhizophlyctidales, Lobulomycetales, Synchy-
triales (Synchytrium microbalum cultures not shown
in phylogeny, see below), as well as Blastocladiales.
Well-supported branches for ordinal divisions are
lacking, suggesting phylogenomic approaches may be
needed, but our phylogeny can serve as a guide in
taxon selection, and cultures can be provided by the
CZEUM for research and mycological instruction.

Rhizophydiales

The Rhizophydiales (Figs. 3, 4 and 5) contains 15 fam-
ilies in our phylogeny, though Pateramycetaceae is not
present in the CZEUM. Some of the families are not
monophyletic; for example, Halomycetaceae (Fig. 5) is
not monophyletic in our phylogeny, which underscores
the lack of support for the monophyly of the family in
the original description (Letcher et al. 2015). The
CZEUM includes a large number of Batrachochytrium
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@ CC002 Gaertneriomyces semiglobifer G

Barr043 Gaertneriomyces semiglobifer GIT
Barr317 Gaertneriomyces semiglobifer G
Barr082 Gaertneriomyces semiglobifer G
Barr266 Gaertneriomyces semiglobifer G
Barr068 Gaertneriomyces semiglobifer G
Barr083 Gaertneriomyces semiglobifer G

Barr386 Gaertneriomyces semiglobifer G
I MP07 Gaertneriomyces semiglobifer G
MPO9 Gaertneriomyces semiglobifer G
MP74 Gaertneriomyces semiglobifer G
| UCB91-10 Gaertneriomyces semiglobifer G
JELO807 Gaertneriomyces O
JEL0698 Gaertneriomyces O
JELO706 Gaertneriomyces O
JELO873 Gaertneriomyces O
JELO0553 Gaertneriomyces semiglobifer O
JELO738 Gaertneriomyces O
JELO734 Gaertneriomyces O
WJD179 Gaertneriomyces semiglobifer O
ARG094 Gaertneriomyces semiglobifer O
JELO798 Gaertneriomyces O
JEL0623 Gaertneriomyces semiglobifer O
JELO699 Gaertneriomyces O
JELO708 Gaertneriomyces O
JELO707 Gaertneriomyces O
JELO0550 Gaertneriomyces semiglobifer O
JEL0662 Gaertneriomyces O
CH67 Gaertneriomyces spectabilis OIT
JEL0657 Gaertneriomyces O
Barr270 Gaertneriomyces spectabilis G
JEL0655 Gaertneriomyces O
JELO119 Gaertneriomyces O
JEL0693 Gaertneriomyces O
JEL0822 Gaertneriomyces O
DAOM226229 Gaertneriomyces palmatus GIT
Barr015 Gaertneriomyces californicus GIT
CBS667.73 Gaertneriomyces californicus G
JEL0533 O
WC1pine2 O
JEL0813 Triparticalcar O
JEL0642 Triparticalcar O
JELO683 Triparticalcar O
JELO555 Triparticalcar arcticum O
JEL0684 Triparticalcar O
JEL0643 Triparticalcar O
JELO678 Triparticalcar O
JEL0688 Triparticalcar O
JELO687 Triparticalcar O
JEL0897 Triparticalcar O
JEL0620 Triparticalcar arcticum O
Barr059 Triparticalcar arcticum O/T
JELO740 Triparticalcar O
JELO719 Triparticalcar O
JELO0817 Triparticalcar O
[ JEL0628 Triparticalcar arcticum O
JELO814 Triparticalcar O
|_j— JELO0554 Triparticalcar arcticum G
JELO560 Triparticalcar arcticum O
— WJD101 Triparticalcar equi G
WJD156 Triparticalcar equi OIT
CBS669.73 Phlyctochytrium reinboldtiae G
CC410FG Spizellomyces O

JELO739 Spizellomyces G
JELO736 Bulbosomyces maxikinetosomus G/T
PL257 Spizellomyces lactosolyticus G
Barr346 Spizellomyces dolichospermus GIT
Barr033 Spizellomyces plurigibbosus GIT
Barr041 Spizellomyces palustris GIT
Barr277 Spi: GIT
Barr062B Spizellomyces G
CBS454.65 Phlyctochytrium africanum GIT
Barr366 Barromyces tenuis GIT
AD20 G
Barr269 Kochiomyces dichotomus G
Barr279 Kochiomyces dichotomus G
Barr035 Kochiomyces dichotomus GIT
Barr356 Kochiomyces dichotomus G
Barr372 Spizellomyces pseudodichotomus G
PL044 Gallinipes danensis GIT
PLO78 Gallinipes danensis O
JEL0148 Gallinipes danensis O
JEL0722 Spizellomyces O
Sacum Spizellomyces acuminatus O
PL259 Gallinipes alaskaensis G
PL203 Gallinipes alaskaensis GIT
JEL0333 Gallinipes pseudodichotomus O
JEL0132 Gallinipes O
JEL0430 Gallinipes pseudodichotomus O
™ JEL0583 Gallinipes pseudodichotomus O
JEL0618 Gallinipes O
PLAUS Ad 20 Spizellomyces acuminatus O
{ Barr351 Spizellomyces kniepii GIT
JEL0617 O
JEL0640 O
JEL0210 Spizellomyces O
Barr117A Spizellomyces punctatus GIT
JELO721 Spizellomyces O
SW1 Spizellomyces punctatus G
MP Dhong G
JEL0537 O

JEL0917 O

L JELO199 O .
JELO121 Kochiomyces O Splzellomycetaceae

JELO371 Kochiomyces dichotomus O

JEL0141 Kochiomyces dichotomus O H
U koo roanomyees Spizellomycetales
' JEL0568 Kochiomyces dichotomus G

L— Barr429 Arizonaphlyctis lemmonensis GIT | Rh iZOp h cht'da Ie S

0.07

Fig. 10 Portion of RAXML phylogeny containing Spizellomycetales, second part of Spizellomycetaceae, and first part of Rhizophlyctidales
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Barr509 Rhizophlyctis rosea G
JELO764 Rhizophlyctis rosea O
WJD197 Rhizophlyctis rosea G
RT3 Rhizophlyctis rosea G
Barr254 Rhizophlyctis rosea G
DAOM226223 Rhizophlyctis rosea G
PL134 Rhizophlyctis rosea G
KP36 Rhizophlyctis rosea G
Barr461 Rhizophlyctis rosea G
Barr442 Rhizophlyctis rosea G
Barr592 Rhizophlyctis rosea G
JEL0532 Rhizophlyctis rosea O
KP41 Rhizophlyctis O
PL140 Rhizophlyctis rosea G
JEL0297 Rhizophlyctis O
PL132 Rhizophlyctis rosea O
Barr246 Rhizophlyctis rosea G
Barr062A Spizellomyces acuminatus G/T
KP09 Rhizophlyctis rosea O

Barr223 Rhizophlyctis rosea G

CBS576.84 Rhizophlyctis rosea G

PL103 Rhizophlyctis rosea G

JMO001 Rhizophlyctis rosea G

PLAUS13 Rhizophlyctis rosea G

KP16 Rhizophlyctis rosea G
KP18 Rhizophlyctis rosea O
Barr187 Rhizophlyctis rosea G
Barr462 Rhizophlyctis rosea G
Barr286 Rhizophlyctis rosea G
Barr287 Rhizophlyctis rosea G
PL100 Rhizophlyctis rosea G
Barr460 Rhizophlyctis rosea G
Barr274 Rhizophlyctis rosea G
KPO7 Rhizophlyctis rosea G
Barr292 Rhizophlyctis rosea G
_|—_Barr1 09 Rhizophlyctis rosea G
Barr186 Rhizophlyctis rosea GIT

[— Barr185 Rhizophlyctis rosea G
WJD106 Rhizophlyctis rosea G
KP15 Rhizophlyctis rosea O
KP34 Rhizophlyctis rosea O
JELO0318 Rhizophlyctis rosea G
PL131 Rhizophlyctis rosea G
KP37 Rhizophlyctis rosea O
‘— Barr251 Rhizophlyctis rosea G
Barr453 Rhizophlyctis rosea G
Barr280 Rhizophlyctis rosea G
JEL0205 Sonoraphlyctis ranzonii G
Barr060 Sonoraphlyctis ranzonii GIT
PLAUS33 Sonoraphlyctis ranzonii G
‘WJD171 Borealophlyctis nickersoniae O
WJD170 Borealophlyctis nickersoniae O
Barr368 Borealophlyctis paxensis GIT
JEL0342 Catenomyces persicinus G

®®

JEL0476 Clydaea vesicula O

AF17 G
AF11G
JEL0539 M: hytri
JEL0549 Alogomyces tanneri G/T

JEL0916 Quaeritorhiza haematococci O/IT

@ 0.07

JEL0343 Lobulomyces poculatus G
JELO374 Lobulomyces poculatus G
JEL0178 Lobulomyces angularis G
JEL0045 Lobulomyces angularis GIT

JELO0369 Clydaea vesicula GIT

keaense GIT

KS027 Cyclopsomyces plurioperculatus G/T
| Quaeritorhizaceae incertae sedis

Fig. 11 Portion of RAXML phylogeny containing second part of Rhizophlyctidales

Rhizophlyctidales

Lobulomycetales

dendrobatidis (Bd) cultures (Table 1), and although most
have yet to be tested for viability, the species has a high
revival rate from liquid nitrogen storage. Some lineages
in our phylogeny need taxonomic attention. For ex-
ample, JEL0888 and JEL0932, sister to the Gorgonomyce-
taceae-Batrachochytriaceae clade, have polycentric
growth, the first known examples of that growth pattern
in the Rhizophydiales. Taxonomic attention to this
newly-recognized chytrid fungus is forthcoming.

Chytridiales

The Chytridiales (Figs. 6, 7 and 8) contains three fam-
ilies, all of which are represented in the CZEUM. The
collection has a large number of Chytriomyces hyalinus
cultures (Fig. 7), indicative of its ubiquity in nature and

its relative ease to culture, making this species of interest
for studies on population genetics, particularly as it is
believed to have a sexual cycle observable in the lab
(Moore and Miller 1973). The phylogeny suggests there
may be undescribed genera and species in the collection,
e.g. JEL0279 and JEL0187 perhaps constitute a new spe-
cies of Entophlyctis in the Chytriomycetaceae (Fig. 6),
and, under more rigorous examination, JEL0341 in the
Chytridiaceae may constitute a new genus (Fig. 8).

Synchytriales

The Synchytriales (Fig. 8) is here represented by two
parasitic Synchytrium species, neither held within the
CZEUM. Longcore et al. (2016) described S. microba-
lum, isolated from pollen, as the first-known non-
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JELO044 Catenochytridium G
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,— JELO145 Catenochytridium G

JEL0327 Nephrochytrium G
JH SA Nowakowskiella G

JEL0192 Allochytrium expandens G
JELO0177 Septochytrium G

JEL0877 O
JEL0319 O
JELO793 O
JELO0785 Septochytrium O
JELO0191 Septochytrium variabile G
JEL0783 Catenochytridium O
JELO775 Catenochytridium O
JEL0596 Cylindrochytridium johnstonii G
JEL0024 Catenochytridium O
JEL0050 Endochytrium O
JEL0931 0
JELO0331 Diplophlyctis G
JEL0070 Endochytrium G
JEL0027 Endochytrium G
— JEL0324 Allochytridium luteum G
JEL0036 Nephrochytrium aurantium G
JELO075 Endochytrium O

JEL0896 Endochytrium O Cla do Chytria Ies

Barr463 Allochytridium luteum GIT
JEL0386 Endochytrium O

JELO574 Endochytrium O

JEL0907 Nephrochytrium aurantium O
JEL0049 Endochytrium O

SMS15 Nowakowskiella G

UCBS50-1 Nowakowskiella elegans G
JELO157 Nowakowskiella elegans G
UCB85-6 Nowakowskiella hemisphaerospora G
JELO0127 Nowakowskiella elegans G
JEL0381 Nowakowskiella O
JELO154 Nowakowskiella O
JEL0921 Nowakowskiella O
JEL0046 Nowakowskiella elegans O
JH HBR Nowakowskiella G
JEL0426 Nowakowskiella O
JELO789 Nowakowskiella O
JEL0902 Nowakowskiella O
JEL0901 Nowakowskiella O
iella G

JEL0072 O

JH FR No
JEL0078 Nowakowskiella O

JEL0818 O

©

— JEL0402 Endochytrium ramosum O
JEL0479 Cladochytrium O

JELO772 Cladochytrium O
JELO153 Cladochytrium O
JELO477 Cladochytrium O
WJD123 Cladochytrium replicatum G
SMS013 Cladochytrium G
JEL0303 Cladochytrium replicatum G
JEL0180 Cladochytrium replicatum G
JEL0904 O
JEL0592 Cladochytrium O
JEL0899 Cladochytrium O
JEL0325 Cladochytrium G
JELO0714 Cladochytrium replicatum O
JELO0893 Cladochytrium O

JEL0900 Cladochytrium O

JEL0125 Nephrochytrium G
JEL0631 Arkaya lepida G

JELO570 Arkaya G
JEL0093 Arkaya lepida GIT
JELO0506 Arkaya G
JEL0561 Arkaya G
JELO571 Arkaya G
JELO597 Arkaya serpentina G
JELO581 Arkaya G
JEL0536 Arkaya G
JEL0598 G ~
=«no  POlychytriales
JEL0605 G
JEL0572 Karlingiomyces asterocystis G
JEL0607 Karlingiomyces G

JELO700 Polychytrium aggregatum O
JELO109 Polychytrium aggregatum G
WJD104 Polychytrium aggregatum G

JEL0031 Lacustromyces hiemalis GIT
JEL0938 Lacustromyces hiemalis O
JEL0444 Neokarlingia G

JEL0510 Neokarlingia chitinophila G
KS099 Zygophlyctis melosirae G

| Zygophlyctidales

_| E KS098 Zygophlyctis asterionellae GIT
KS097 Zygorhizidium willei G I Zygorhizidiales

0.07

Fig. 12 Portion of RAXML phylogeny containing Cladochytriales, Polychytriales, Zygophlyctidales, and Zygorhizidiales
A

parasitic species of the order. The CZEUM holds three
viable cultures of S. microbalum, including the ex-type
strain, which is only represented by an 18S rDNA

sequence on GenBank. Our attempts at long-read ampli-
fications of these cultures using primers described by
Wurzbacher et al. (2018) failed, and thus these cultures



Simmons et al. IMA Fungus

(2020) 11:20

Page 20 of 22

JEL0501 Monoblepharis macranda G
JEL0504 Monoblepharis macranda G

JELO0471 Monoblepharis macranda G
JEL0500 Monoblepharis macranda G
JEL0503 Monoblepharis macranda G
Whisler Hypho03 Monoblepharis hypogyna G
4JEL0496 Monoblepharis polymorpha G

@ JEL0498 Monoblepharis macranda G

JEL0486 Monoblepharis polymorpha G
JEL0488 Monoblepharis polymorpha G
Whisler Hypho19 Monoblepharis hypogyna G
Whisler HyphoO7 Monoblepharis hypogyna G
Whisler Hypho17 Monoblepharis hypogyna G
JELO502 Monoblepharis G
JEL0485 Monoblepharella G
JEL0494 Monoblepharella G
JEL0460 Monoblepharella G
Whisler L9 Monoblepharella G
puy JEL0490 Monoblepharis G
WJD231 Monoblepharella O

JELO705 Harpochytrium O

JEL0290 Harpochytrium G

JEL0196 Harpochytrium G

JEL0188 Harpochytrium G
CR90 Oedogoniomyces G

CR84 Oedogoniomyces G
JEL0094 Harpochytrium G
JEL0892 Gonapodya O

JEL0903 Gonapodya O

JELO774 Gonapodya O

JEL0612 Gonapodya G

JELO0183 Gonapodya O

JEL0478 Gonapodya prolifera G

JEL0889 Gonapodya O

JELO762 Telasphaerula gracilis O/T

JEL0453 Gonapodya polymorpha G
JEL0455 Gonapodya polymorpha G
JEL0451 Gonapodya polymorpha G
JEL0456 Gonapodya polymorpha G

JEL0383 Hy. phidium curvatum G
JEL0913 Catenaria O
WMO99 Catenaria G
PL171 Catenaria O
JEL0748 Catenaria O
UM1556 Catenaria O
JEL0912 Catenaria O
UM1562 Catenaria O
UM1566 Catenaria O
JEL0339 Catenaria O
JELO575 Catenophlyctis O

Blastocladiomycota

JELO0871 Catenaria O

sELotos Hapoenyeme - MlONoblepharidomycota

JEL0452 Gonapodya polymorpha G

JELO0194 Catenaria anguillulae O
AP04 Catenaria G
PL167 Chytridit ia G

{[ JEL0589 Catenaria G
J

[EL0298 Catenophlyctis G
Barr105 Catenaria anguillulae G
—— JEL0898 Catenaria O
— PLAUS Ad 2-0 poly Catenaria G

JEL0363 Blastocladiella O
JELO730 Blastocladiella O

JEL0735 Blastocladiella O
Pl JEL0440 Blastocladiella O

0.07

UCB49-1 Blastocladiella emersonii G

JELO703 B/ o
h JELO711 Blastocladiella O

Barr214 Blastocladiella britannica G

CBS105.52 Allomyces neomoniliformis G
WM105 Allomyces moniliformis G

MAR CW16 Allomyces arbuscula G

Brazil2 Allomyces arbuscula G

CR74 Microallomyces dendroideus G
WM103B Catenaria uncinata G

WM103 Catenaria uncinata G

WM100 Catenaria spinosa G

Hit

JEL0821 Paraphysoderma sedebokerense O
DUH7932 Physoderma maydis G
JEL0883 Rozella multimorpha G/T

_|— UCBA47-54 Rozella allomycis G
Fig. 13 Portion of RAXML phylogeny containing Monoblepharidomycota, Blastocladiomycota, and Cryptomycota (outgroup)

DUHB8925 Coelomomyces stegomyiae G

| Cryptomycota

failed to meet the criteria for inclusion in our phylogeny.
Though this observation is anecdotal, this failure may il-
lustrate that these primers, like most, are not universal
across the Chytridiomycota. Most published Sanger 28S
rDNA sequences do not extend to the RCA95m primer
binding site used in our long-read reactions, so modifi-
cation of the RCA95m primer to broaden its utility
across the Chytridiomycota will require generation of
additional 28S data from other strategies.

Spizellomycetales

The Spizellomycetales (Figs. 9 and 10) is comprised of
the Powellomycetaceae and Spizellomycetaceae, two fam-
ilies divided by exogenous and endogenous growth.
Practically all genera in this order have been delineated
on ultrastructural characters, studies that relied heavily
upon cultured isolates with easily obtained zoospores.
Similar to Chytriomyces hyalinus in the Chytridiales,
Geranomyces is a widely distributed, easily cultured
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chytrid that could be utilized in population genetics
studies. Spizellomycetales cultures are generally robust
and can release zoospores within 24 h after revitalization
from cryopreservation. In addition to their research po-
tential, cultures of Spizellomycetales are excellent for
mycology instructors, who have limited time and re-
sources to devote to maintaining more difficult chytrid
fungal cultures for classroom use.

Quaeritorhiza

Quaeritorhiza haematococci (Fig. 11) is a recently de-
scribed parasite of Haematococcus pluvialis (Longcore
et al. 2020). This genus and its family, Quaeritorhiza-
ceae, are incertae sedis (Table 1) due to lack of support
of its placement in a 18S + 28S rDNA phylogeny. How-
ever, Q. haematococci is supported as sister to the Lobu-
lomycetales in our phylogeny. Based on zoosporic
ultrastructure, Q. haematococci is not likely to be con-
sidered a member of the Lobulomycetales and may be el-
evated to ordinal status after further phylogenetic
investigation.

Cladochytriales

Despite the recognition of their genera and species for
longer than many other taxa, the Cladochytriales and
Polychytriales (Fig. 12), both of which contain both
monocentric and polycentric species, are among the
most understudied orders of the Chytridiomycota. Un-
fortunately, many Polychytriales species grow poorly on
agar media, and most do not survive cryopreservation
attempts. The Cladochytriales, however, are more resili-
ent to cryopreservation, and they are the fifth largest
constituents of the CZEUM (Table 1). Families within
the Cladochytriales have been in need of taxonomic re-
vision since the ordinal description by Mozley-
Standridge et al. (2009). To begin that process, we have
more than doubled the representation of the order
through our ONT sequencing. As in other widely sam-
pled orders, our phylogeny also brings to light unde-
scribed lineages in the Cladochytriales, e.g., JEL0072,
JEL0818, that are likely candidates for additional genera.

Conclusions

The CZEUM is the largest culture collection of the Chy-
tridiomycota, Monoblepharidomycota, and Blastocladio-
mycota in the world. With the collaboration of their
initial isolators, we have consolidated these cultures at a
centralized and safeguarded location at the University of
Michigan RMC. We have begun to molecularly
characterize this collection with efficient ONT sequen-
cing methods to determine the true biodiversity of the
collection. Accession of new cultures into the CZEUM is
free of charge, and we have already received cultures for
inclusion in the CZEUM from national and international
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researchers. The phylogenetic diversity of the CZEUM
covers most of the known chytrid diversity, yet only a
fraction of the strains has been explored for their bio-
logical properties. It is our hope that the CZEUM will be
used for a broad range of applications, including investi-
gations into cell biology, alpha-taxonomy, physiology,
phylogeny, and amphibian disease. Some isolates are ap-
propriate for demonstrating zoospore motility and other
morphological characteristics, and we expect to develop
a set of cultures that can be ordered to introduce stu-
dents to the Chytridiomyceta and Blastocladiomycota in
introductory and advanced mycology courses.
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Additional file 5: Table S5. ONT rDNA sequences used for
Blastocladiomycota and Chytridiomycota phylogeny.
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