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SUMMARY

Cells from across the eukaryotic tree use actin po ymer networks for a wide variety of functions
including endocytosis, cytokinesis, and cell migration. Despite this functional conservation, the
actin cytoskeleton has undergone significant diversification, highlighted by the differences in the
actin networks of mammalian cells and yeast. Chytrid fungi diverged before the emergence of
the Dikarya (multicellular fungi and yeast), and therefore provide a unique opportunity to study
actin cytoskeletal evolution. Chytrids have two life stages: zoospore cells that can swim with a
flagellum, and sessile sporangial cells that, like multicellular fungi, are encased in a chitinous
cell wall. Here we show that zoospores of the amphibian-killing chytrid Batrachochytrium
dendrobatidis (Bd) build dynamic actin structures resembling those of animal cells, including

an actin cortex, pseudopods, and filopodia-like spikes. In contrast, Bd' sporangia assemble
perinuclear actin shells and actin patches similar to those of yeast. The use of specific small
molecule inhibitors indicate that nearly all of Ba’s actin structures are dynamic and use distinct
nucleators: while pseudopods and actin patches are Arp2/3-dependent, the actin cortex appears
formin-dependent, and actin spikes require both nucleators. Our analysis of multiple chytrid
genomes reveal actin regulators and myosin motors found in animals but not dikaryotic fungi,
as well as fungal-specific components. The presence of animal- and yeast-like actin cytoskeletal
components in the genome combined with the intermediate actin phenotypes in Bd'suggests that
the simplicity of the yeast cytoskeleton may be due to evolutionary loss.

"Corresponding author: Ifritzlaylin@umass.edu, Twitter handle of corresponding author and lead contact: @fritzlaylin.

AUTHOR CONTRIBUTIONS

S.M.P. organized and conducted the bioinformatic analysis of actin and actin regulatory proteins, designed and conducted the actin
inhibition experiments and analysis, and wrote and edited the manuscript. K.A.R. provided several sets of images for analysis and

edited the manuscript. M.A.T. conducted the myosin analyses and drafted and edited the manuscript. L.K.F.-L. designed experiments,

analysed data, and wrote and edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

DECLARATION OF INTERESTS
The authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prostak et al.

Page 2

eTOC Blurb

Prostak et al. use early-diverging chytrid fungi to investigate actin cytoskeletal evolution. They
find that chytrids have animal-like actin cytoskeleton genes lost by multicellular fungi and that the
frog-killing chytrid B. dendrobatidis has actin networks similar in struc ure and regulation to those
of both animal cells and multicellular fungi.

INTRODUCTION

Actin participates in nearly every essential eukaryatic cell function, including endocytosis,
intracellular trafficking, cell migration, and cytokinesis in many species. Eukaryotic cells
employ a sophisticated network of actin regulatory proteins to spatially and temporally
control these diverse functions!. How these complex actin regulatory networks evolved

and diversified remain key guestions in both evolutionary and cell biology. Here we use
chytrids—early-diverging fungi that still share important features of animal cells lost in
yeast and other fungi—as a system to explore the evolution of the actin cytoskeleton. Using
a combination of genomics and fluorescence microscopy, we show that chytrid fungi have an
actin cytoskeleton that combines features of animal cells and yeast.

Actin polymerization is largely regulated by controlling the initiation of new actin polymers
—a process called “actin nucleation.” Actin is nucleated by two main systems: the Arp2/3
complex or formin family proteins, both of which were likely present in the last common
eukaryotic ancestor3. While the Arp2/3 complex primarily builds actin branches along the
side of existing actin filaments?, formins assemble unbranched filament networks through
processive addition of actin monomers by their Formin Homology 2 (FH2) domainst4.

Animal cells use the Arp2/3 complex and formins to build a wide variety of dynamic actin
structures. These structures include diverse membrane protrusions used for movement, from
broad, branched-actin-filled pseudopods and lamellipodia, to finger-like filopodia that are
packed with linear actin bundles!:>. Dynamic actin networks and their associated motors
also mediate membrane invagination during endocytosis as well as during cell division by
constriction of a ring of actin called the “cytokinetic ring”1. Many of these actin structures
often assemble in proximity to the “actin cortex,” a 200 nm thick actin shell that lies just
below and supports the plasma membrane’.

Budding and fission yeast, in contrast to animal cells, each have simplified actin networks
that consist of three main structures: actin patches that are sites of endocytosis; actin

cables for vesicle trafficking and establishing cell polarity; and the cytokinetic actin ring®.
Fission yeast also have a fourth actin structure; the fusion focus that is used to deliver cell
wall degrading enzymes during sexual reproduction®. This simplification is echoed by a
streamlined actin regulatory system that is missing key actin regulators import nt for human
health0, particularly the SCAR/WAVE complex which helps drive cell migration involved
in normal development of mouse embryos, and in metastasis and tissue invasion in tumor
models!!. The wide gap between mammalian and yeast actin biology makes it difficult to
know which rules of yeast actin regulation apply to human cell biology. Bridging this gap
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would allow us to apply our deep understanding of simplified yeast actin networks to human
cells.

To help us bridge the gap between the simplified actin networks of yeast and the dizzyingly
complex actin networks of human cells, we turned to chytrid fungi. Chytrids play key roles
in aquatic and terrestrial habitats'2, including the amphibian pathogen Batrachochytrium
dendrobatidis (Bad) that is decimating global frog populations!3. Also known as zoosporic
fungi, the >1000 known species of chytrids are likely paraphyletic, comprising at least

two fungal phyla: Chytridiomycota and Blastocladiomycotal4. Chytrids diverged from a
common fungal ancestor before the diversification of the Dikaryal4, the group of fungi that
includes multicellular mushrooms and sac fungi, as well as unicellular yeasts that descended
from multicellular fungi (Figure 1A). Because Dikarya likely arose from within chytrids,
these phylogenetic relationships position chytrids as an evolutionary Rosetta Stone with
which we can map the simplified actin features of yeast to those of animals.

Bd like other chytrids, has two developmental stages: motile “zoospores” that lack a
cell-wall and swim with a flagellum, and non-motile sporangia that grow and produce

new zoospores (Figure 1B)1°. The transition from the dispersal stage of the life cycle

(the zoospore) to the reproductive phase (the sporangium) coincides with the loss of the
flagellum and development of root-like rhizoids that serve to increase the area from which
cells can draw nutrients (Figure 1B). We recently showed that zoospores can crawl across
surfaces using actin-filled, Arp2/3-dependent pseudopods??, and that cellularization—the
process of dividing a single large, multinucleated sporangium into dozens of small, motile
zoospores—involves assembly of complex actin networks that visually resemble those that
drive cellularization during early Drosophila development?. Here, we identify homologs of
key actin regulatory proteins and myosin motors in multiple species of chytrids, including
both Chytridiomycota and Blastocladiomycota. We also identify new actin structures in
zoospores and sporangia, and test the requirements of Arp2/3 and formin family proteins
for their assembly. We find that both the regulatory networks and actin structures of Bdare
intermediate in complexity between animals and Dikarya, suggesting that the streamlined
actin networks of common model fungi are a result of secondary evolutionary loss of actin
network components.

Bd has developmentally distinct actin phenotypes that resemble animal and fungal cells

To determine how Bd may use actin during its life cycle, we stained Bd cells with
fluorescent phalloidin that labels polymerized actinl®. Staining of Bd'zoospores revealed
four easily distinguishable actin structures found in various combinations (Figure 1C): (1)
pseudopods that are roughly 1-2 um across; (2) filopodia-like actin “spikes” that have not
been previously described in Bd, which we define as thin, actin-filled protrusion <1 um
across and =1 um long; (3) cortical actin localized to more than half of the cell edge (Figure
S1); and (4) <1 um diameter actin puncta. We call these last structures “actin patches”

due to their visual similarity to yeast actin patches® as well as their localization at the cell
periphery (Figure 1D). The percent of zoospores with each actin structure is variable from
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experiment-to-experiment (Figure 1C), likely due to slight differences in developmental
staging between biological replicates.

We also stained Bd sporangia—Ilarge multinucleated cells that undergo mitosis and
expansive cell growth while encased in a cell wall (Figure 1B iii-v). Bd sporangia stained
for polymerized actin show two types of actin structures: perinuclear shells, defined by
intense F-actin staining around each nucleus, similar to those observed in Spizellomyces
punctatus®; and actin patches (Figure 1D). Both structures were present in nearly all
observed sporangia.

The actin regulatory network of chytrids resembles that of both animals and Dikarya

To explore how Bd's animal- and yeast-like actin structures may be built and

regulated, we performed BLAST searches for actin and its regulators across five chytrid
species: Bd, Batrachochytrium salamandrivorans (Bs), Spizellomyces punctatus (Sp),
Rhizoclosmatium globosum (Rg), and Allomyces macrogynus (Am) (Figure 2, Figure

S2, Data S1, Data S2), and compared these to homologs from humans, Arabidopsis

thaliana, Dictyostelium discoideum, as well as those of dikaryotic fungi: Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Schizosaccharomyces japonicus, Candida albicans,
Aspergillus nidulans, Magnaporthe oryzae, Neurospora crassa, and Ustilago mayadrs and
summarize these analyses here.

We find that chytrids have both major classes of actin nucleators: formin family proteins
that nucleate actin filaments de novo and the Arp2/3 complex, which typically nucleates a
new actin filament on the side of an existing filament4. We find that each chytrid species
has at least 4 formins with a diversity of domain organizations (described below). Each
chytrid species also has at least one copy of each of the 7 Arp2/3 complex subunits and a
variety of Arp2/3 activators (Figure S2). Some Arp2/3 activators are conserved in humans,
chytrids, and Dikarya, such as WASP, and WISH/Dip1/SPIN90 (with the exception of Bs)
(Figure S2). The SCAR/WAVE complex, in contrast, is present in humans and most chytrids
(with the exception of Rg; Figure S2), but has been lost from the Dikaryal®16.17, The tight
association between the SCAR/WAVE complex and cell migration suggests its retention
correlates with cell migration10, implying that Rg may not have the capacity to crawl.

Actin is also subject to negative regulation, particularly by capping proteins that prevent
further filament elongation and severing proteins that cut existing filaments. Many of these
proteins are conserved in humans, chytrids, and Dikarya, such as capping proteins CapZ and
AIP1, severing proteins Cofilin and Twinfilin, and the severing catalyst SRV2 (Figure 2). In
contrast, the gelsolin/villin family of proteins is conserved in animals and chytrids, but not
in most Dikarya (Figure 2). The conservation of these negative regulators indicates that Ba’s
actin structures are likely dynamic.

We also identified a number of actin binding proteins conserved in humans, most chytrids,
and Dikarya, including: Verprolin/WIP; Tropomyosin; Fimbrin/plastin; a-actinin; endo-/
exocytosis proteins EPS15/Edel, HIP1R/Sla2, and drebrin-like/ABP1 (Figure 2). We
confirmed that while talin is not found in Dikarya, it is conserved in most chytridsé,

with the interesting exception of Rg (Figure 2). Talin links adhesion receptors to the actin
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cytoskeleton in crawling cells!®20 and may be used during zoospore crawling, a hypothesis
consistent with Rg’s lack of talin along with the SCAR/WAVE complex. Taken together, we
find chytrid genomes encod a network of actin cytoskeletal regulators that is intermediate to
the networks of animals and fungi. For an in-depth overview see Data S2.

Chytrids have typical fungal myosins as well as MyTH-FERM myosins

The myosin superfamily of actin-based motors has diverse cellular functions, including
providing contractile forces during cell migration and cytokinesis, powering organelle
transport, driving endocytosis, and building or maintaining actin-based structures such as
filopodia. We searched for myosins in the same five species of chytrids and found myosins
classes generally conserved among fungi: Myol, Myo2, Myo5 and Myo17, a well as Myo022
(Figure S3, Data S2)21.22;

Myols are ancient, widely expressed myosins that link membranes to the actin
cytoskeleton?2:23, The budding and fission yeast Myo1s recruit activators of the Arp2/3
complex to actin patches to drive internalization of endocytic vesicles24. Each chytrid
species has one or two Myols, which we predict may serve the same function and localize to
the cortical actin patches observed in Bdand Sp zoospores and sporangia (Figure 1)2.

In contrast to the ubiquity of Myols, Myo2s are found mainly in Amoebozoans and
Opisthokonts where they are an essential component of the cytokinetic contractile ring,
generating forces necessary for the scission of two daughter cells during the final steps of
mitosis2°. Myo2s also play key roles in cell migration of animal cells and Amoebozoa,
where they drive the retrograde flow of the actin network and generate cell polarity in
migrating cells by contracting the actin network at the cell rear25. Chytrid fungi have a
single Myo2 (Figure S3) that may play roles in zoospore crawling as well as cellularization
(Figure 1).

Myosins also play key roles in intracellular transport, particularly Myo5s, which are present
in Amoebozoa, Apusozoa, and Opisthokonts where they serve as actin-based transporters
and localize cargo to the actin cortex?”. Hyphal fungi use microtubules for long-distance
transport and in these species Myo5s collaborate with kinesins. Many fungi have two Myo5s
with distinct cellular functions. For example, one Myo5 of S. cerevisiae is required for
organelle inheritance, polarized budding and mitotic spindle orientation while the second
one is critical for polarized localization of cell fate determinants28, All five chytrid species
contain at least one Myo5 that likely plays critical roles in intracellular transport, aiding in
organelle segregation during division or targeting vesicles to sites of polarized growth.

Chytrids also have Myo17s. These unusual chimeric fungal myosins have a core motor
domain arm fused to a chitin synthase 2 (Ch2) domain22. Transmembrane domains orient
the protein so that upon exocytosis the chitin synthase enzyme is positioned toward the outer
cell wall. Myo17s are essential for cell wall integrity and virulence in several pathogenic
fungi230, and interestingly, a highly similar myosin is also found in molluscs3!. Like other
fungi, chytrids have multiple Myo17 family members that are likely used for targeted cell
wall synthesis during different growth stages.
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Although all chytrid species analyzed have at least one copy of Myol, 2, 5, and 17, only
some chytrid species appear to have retained Myo22. These myosins have one or two
MyTH-FERM domains in the C-terminal tail region?2 and are largely associated with the
assembly and function of cellular protrusions composed of parallel bundles of actin, such
as the filopodia of Dictyostelium and animal cells32-34. Although a subset of chytrid fungi
including Rgand Sp have a single Myo22, neither Am, Bdnor Bs have a Myo22. We have
not been able to detect these myosins in any other fungal species outside of the chytrids,
suggesting that this myosin was lost early in fungal evolution.

Chytrid formins resemble those of fungi, animals, and plants, including DAAM and other
diaphanous-related formins lost among the Dikarya

Formins play important roles in animal and fungal cell biology—formins nucleate the
actin networks used for cytokinesis, cell movement, filopodia, and vesicle trafficking®.
Although formins are defined by an FH2 domain that nucleates actin polymerization3®-37,
the biological function of each formin is heavily influenced by additional and highly
variable protein domains that regulate its function and localization. Humans, for example,
have 15 formins that are divided into seven main groups, four of which have a similar
domain organization (diaphanous-related formins), while the remaining three have unique
domain organizations 4. Although yeast formins share a similar domain organization to
meta metazoan formins, yeast have far fewer formin genes—?2 in S. cerevisiacand 3 in S.
pombe*38,

To investigate the possible roles formins might play in chytrid biology, we identified
conserved domains in each chytrid formin using the Pfam database, and manually inspected
protein sequences for the presence of FH1 domains and diaphanous autoregulatory domains.
Here we describe the two most common domain organizations: Diaphanous-like formins and
PTEN-like formins (for additional information about these and other chytrid formins, see
Data S2).

The diaphanous-related formins have an N-terminal GTPase-binding domain (GBD) that
binds to Rho GTPases to release the inhibitory interaction between the N-terminal inhibitory
domain (FH3/DID) and the C-terminal diaphanous auto-regulatory domain (DAD)#39. Each
chytrid species contains at least one formin with a domain architecture that resembles that
of diaphanous-related formins; containing a GTPase-binding domain, an FH3/DID domain,
a coiled coil region, and an FH1 domain all N-terminal to the FH2 domain (Figure 3). As
for the C-terminal diaphanous autoregulatory domain, only three proteins had the consensus
sequence (MDXLLXXL)39, while the remaining proteins had similar sequences which may
be functional if compensatory substitutions occurred in the FH3/DID (Figure 3, Data S3).

Each chytrid, except Am, also has a formin containing a PTEN/PTEN-like domain N-
terminal to the FH2 domain (Figure 3). PTEN-formins are best known for their role in plants
where they mediate membrane-localization by binding phospholipids?%4L. Arabidopsis, for
example, has 10 Class Il formins, 4 of which have N-terminal PTEN-like domains that
localize these formins to membranes*40. The PTEN-like domain of class 11 formins has also
been shown to mediate formin-microtubule interactions*2.
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Sharing domain organizations does not necessarily indicate relatedness, as the formin
family is thought to have undergone gene duplication, divergence, and domain shuffling
throughout its history38:41.43 We therefore wanted to determine how chytrid formins fit into
this complex family history. We aligned 266 FH2 domain-containing sequences from 32
species across eukaryatic phyla to the Pfam FH2 domain (PF02181) full hidden Markov
model, isolated the FH2-domains based on the predicted positions of the FH2 domain for S.
cerevisiae Bnilp, and created a Maximum Likelihood phylogeny (Figure 4; Data S4, Data
S5, Data S6).

Our phylogeny reveals that, surprisingly, most chytrid formins do not form a monophyletic
group with other fungal formins, but instead are scattered throughout the tree in at least
seven distinct clades (Figure 4), including: (1) DAAM-related formins with homologs in
animals and their unicellular relatives; (2) bniZ-type formins with homologs in other fungi;
(3) Delphilin-related formins that have homologs in A/flomyces but not in Chytridiomycetes;
(4) a clade of formins found only in the parasitic chytrids Bd'and Bs, (5) Fungi-2, a

second clade of fungal formins known to be present in some fungi#!; (6) non-plant PTEN/
PTEN-like formins; and (7) a second Bd'and Bs clade that also includes a homolog

from the flagellated green algae Chlamydomonas. Proteins within each clade tend to share
overall domain architectures. Interestingly, the chytrid PTEN/PTEN-like formins (Figure 4:
architecture class M) are phylogenetically distinct from the plant Class Il formins (Figure 4:
architecture classes N, I, and Q), suggesting that their similarity in domain architecture may
be due to convergent evolution*L.

Bnil-type formins are associated with actin cables

Our phylogeny supports previous findings that yeast formins are evolutionarily distinct from
animal formins (Figure 4, group 2)384143_In budding yeast, Bnilp nucleates actin cables
originating in the bud and Bnrlp nucleates actin cables primarily at the bud neck and

into the mother cell*443, while in fission yeast, the bnil-type formin For3 is responsible

for nucleating cytoplasmic actin cables*6. We find Bnitype formins in all other dikaryotic
fungi included in our analyses (Figure 5A), as well as references to their assembly of actin
cables*’-50, We also find that some chytrids have at least one bnil-type formin, including
Sp, whose sporangia we recently found can build actin cables within the cell body?2. Other
chytrids, including Bd'and Bs, are missing these formins, an interesting finding given the
lack of actin cables in the cell bodies of Bd'zoospores and sporangia (Figure 1).

We therefore hypothesized that a fungal species must have a bniiZ-type formin to build

actin cables within the cell body. To e plore this hypothesis, we identified chytrid species
that have been stained for actin, all of wh ch have actin cables within the cell body of

their sporangia: Neocallimastix patriciarum®Y; Orpinomyces joyoniPt; and Chytriomyces
hyalinus®?, and added the formin FH2 domains from these species to the phylogeny to
determine if they had at least one bniZ-type formin. (Due to the lack of publicly available
genome sequences for N. particiarum and O. joyonii, we used the genomes of species in the
same genus: Neocallimastix californiae G1 and Orpinomyeces sp. strain C1A). We find that
all three additional putative cable-containing chytrid species have a bniZ-type formin (Figure
5A). We also tested whether Bs, a chytrid with no bnii-type formin, has actin cables in its
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cell body and found no evidence of cables (Figure 5B). Finally, we fixed and stained Rg
sporangia, as an example chytrid that has Bn/-type formins but has not been observed to
have cables. Similar to Sp, we find obvious cables within the cell body of Rg (Figure 5B).
These findings are consistent with our hypothesis that 6n/Z-type formins are used to build
actin cables within the cell body of chytrid fungi that appear similar to the actin cables found
in yeast and other dikaryotic fungi (Figure 5C).

Actin structures in Bd are dynamic and use distinct nucleators

To test our hypothesis that actin structures in Bdare dynamic, we treated Bd for short

time periods with Latrunculin B (LatB), a specific small molecule inhibitor of actin
polymerization that does not disrupt existing, stable filaments or networks. LatB treatment
of zoospores revealed that the four actin phenotypes present in this life stage are dynamic,
as the percent of cells displaying pseudopods, spikes, cortical actin, or patches decreased to
nearly 0% with 30 minutes of treatment with LatB, compared to the ethanol carrier control
(Figure 6).

To determine which nucleators are required for building these dynamic actin structures,

we treated zoospores and sporangia with CK666 that inhibits the Arp2/3 complex®354,
SMIFH2 that inhibits FH2 domains of formins®®, or a combination of both. Chytrid Arp2/3
complexes (Figure S2C), as well as formin FH2 domains (Data S4) are similar to those
from animal and fungal systems where these drugs have been previously validated®3-55:56,
SMIFH2 was recently shown to also affect some myosins®’, so results from this drug could
be due to either formin or myosin inhibition. For each treatment, we blindly measured

the percentage of cells with each structure. Because of the variability in the prevalence of
actin structures between biological replicates (Figure 1C, Data S7), as well as an effect

of the drug carrier DMSO on actin phenotype frequencies (Figure S4), we normalized

the data from each experimenta sample to its control (Figure 6, raw data in Data S7): 1

UM LatB normalized to the ethanol carrier control (EtOH), 100 pM CK666 normalized

to its inactive analog CK689, 25 uM SMIFH2 normalized to a DMSO carrier control,

and the combination treatment of 25 uM SMIFH2 + 100 uM CK666 (SM+CK666) was
also normalized to the DMSO control. (Note: the results from normalizing the double
treatment to the CK689 controls are equivalent to normalization with DMSO (Data S7). We
then performed statistical tests on the normalized values and their respective controls, and
inferred that each drug can penetrate cells sufficiently to induce phenotypes because each
induced a large and statistically significant effect on at least one actin structure (Figure 6).

We first examined the role of Arp2/3 and formins in the assembly of zoospore actin
structures. The percent of Bd'zoospores with pseudopods decreased by an average of 80%
with CK666 treatment (Figure 6A). SMIFH2 had a variable effect on pseudopods; in some
trials, the drug had no impact, and in others it drastically increased the percent of cells

with pseudopods (Figure 6A). The double treatment showed a similar pattern (Figure 6A).
Although the protrusions in SMIFH2 treated zoospores fit our definition of a Bd pseudopod
(actin-rich and at least 1 um in width), the protrusions of the SMIFH2-treated cells appear
rounder and less protrusive (Figure S5A). In contrast, all treatments decreased the percent
of cells with actin spikes (Figure 6B). This effect, however, was less drastic with CK666
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treatment alone, which decreased spikes by about 70% compared to about 98% for SMIFH2
and 100% for the double treatment (Figure 6B). While the effect of CK666 on cortical actin
was variable (Figure 6C, Figure S1), the percent of cells with cortex consistently decreased
by about 90% with SMIFH2 treatment and about 98% for the double treatment (Figure 6C).
Treatment with CK666 reduced the percent of cells with =10 actin patches by an average of
90% (Figure 6D).

Next, we turned to sporangia and found that the perinuclear actin shells and actin patches
have differing stability. Like those in zoospores, the actin patches in sporangia are highly
dynamic and nearly disappear upon LatB treatment (8.3+6.3 versus 49.7+23.5 patches/cell
in controls, Figures 7 and S6A). Actin patches in sporangia also appear to be Arp2/3-
dependent as the average number of patches per cell decreased with CK666 treatment to
22.6+16.43 patches/cell, compared to 58+15.43 patches/cell in CK689 treated control cells
(Figure 7B), an effect that was more pronounced in rhizoids (Figure 7C). Because CK666
treatment did not fully match treatment with LatB, we also measured the effects of the
formin inhibitor SMIFH2 on actin patch number in sporangia (Figure 7). Treatment with
SMIFH2 also reduced the average number of actin patches per cell (32.3+£13.22), as did

the double treatment (20+7.09 patches/cell) compared to the DMSO control (51.3+£15.88
patches/cell). Interestingly, the location of the patches in the SMIFH2 treated cells remained
relatively unchanged (Figure 7A), though for the double treatment, patches were severely
reduced in the rhizoids (Figure 7C). Perinuclear shells appear more stable, as we observed
no significant difference in the percent of nuclei encased by actin after treatment with

actin inhibitors (Figure 7D). However, the intensity of the actin shells appeared asymmetric
across the nucleus in some treatments. To quantitate this difference, we performed linescans
and calculated the difference in the normalized intensity between each side. We found a
slight increase in asymmetry with latrunculin and CK666 treatments, suggesting that the
perinuclear actin shells may be only partially dynamic (Figures 7D, S6B). To assess the role
of actin assembly in sporangial growth and maturation, we measured sporangial diameters
after 24 and 48 hours of treatment (Figure S7A-D), as well as zoospore release (Figure
S7E). LatB and CK666 treatment resulted in a clear reduction in both cell diameter and
zoospore release, consistent with a requirement of actin polymerization in chytrid growth
and development.

These results show that most actin structures in Bd'are dynamic and suggest that the Arp2/3
complex contributes to the formation of pseudopods and patches, while formins are used to
build the cortex, and both appear to help build actin spikes.

DISCUSSION

Chytrids share a number of traits with other opisthokonts that are missing from Dikarya,
including microtubule-based flagella®8-9, cells that lack cell walls, and both animal-typical
and fungal-typical cell cycle control machinery®0. Here, we show that chytrid fungi also
have an actin regulatory protein repertoire that appears intermediate to that of animals and
Dikarya. For example, while animals, chytrids, and Dikarya all have a complete Arp2/3
complex, all members of the SCAR/WAVE complex, DAAM formins, gelsolin/villin family
proteins, talin, and Myo22 (Figure 2, Figure S2) are conserved in animals and chytrid but
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are generally missing in the Dikarya. Other proteins thought to have been present in the last
common eukaryaotic ancestor are missing throughout the fungal lineage, such as the WASH
complex and ENA/VASP family proteins (Figure 2, Figure S2) suggesting that they were
lost very early during fungal evolution®17. These findings highlight the potential for using
chytrid fungi to explore actin cytoskeletal evolution.

Our analysis of formin evolution largely re apitulates the topologies reported in previous
phylogenies384143 but with greater taxonomic diversity and support and suggests that
domain shuffling is common in the formins, particularly with PTEN/PTEN-like formins,
which arose from at least two independent events#1.61, This analysis also shows that, like
other actin regulators, chytrids share formin families found in animals that are missing

from Dikarya, including DAAM and Delphilin formins (Figure 4). Inclusion of multiple
chytrid species in our analysis also revealed variability in formin content among chytrid
species, including a remarkable correlation between the presence of bniZ-type formins

and fungal cells that build actin cables within their cell bodies (Figure 5). This suggests

that bniZ-type formins may be required specifically to build yeast-like actin cables. Bd,

a species that lacks bnil-type formins, still builds spikes, pseudopods, cortical actin, and
other actin structures, indicating that their assembly does not require 6n/Z-type formins. The
presence of ancestral formins alongside 6n/Z-type formins would further suggest that cables
evolved within organisms capable of building animal-like actin networks and were retained
in Dikarya while the other formins were lost.

Bd zoospores assemble a variety of dynamic actin structures whose appearance and
regulation appear similar to those of human cells. In addition to Arp2/3-dependent
pseudopods (Figure 6A)10, Bd zoospores build thin, actin-filled protrusions we call spikes.
Like the thin, actin-filled filopodia of animal cells that require both Arp2/3 and formin
activityl, spikes in Bdare sensitive to both CK666 and SMIFH2 (Figure 6). Although
shorter than animal (on average 5-20 um?®) and Dictyostelium filopodia (2-5 um62), the
visual similarity as well as the apparent involvement of both Arp2/3 complex and formin
protein activity, raises the possibility that these actin spikes are related to filopodia.

While the zoospore actin cytoskeleton resembles that of human cells, the actin cytoskeleton
of Bdsporangia more closely resembles that of yeast and other Dikarya, particularly in

the assembly of small actin patches near the cell periphery (Figure 1D). Based on their
similarity to actin patches of yeast and other Dikarya, we predict that these actin patches are
involved in endocytosis, explaining their abundance in growing sporangia. We hypothesize
that the patches seen in a minority of zoospores represent cells that have initiated their
transition to the sporangial growth stage (Figure 1B) an idea consistent with their increased
cell wall staining and circularity (Figure S5B-D). Like actin patches of yeast, the actin
patches of Bd'sporangia are sensitive to Arp2/3 inhibition (Figure 7B). Bd sporangia also
build perinuclear actin shells (Figure 1D), similar to those found in other species of chytrid
fungi. Earlier reports of perinuclear shells suggested they were fixation artifacts®, but recent
live imaging of actin in Sp clearly shows that these structures are present in living sporangia
and form just before mitosis?2.
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We know of no Dikarya cells with the animal-like actin phenotypes seen in chytrid
zoospores. Chytrids use these structures for crawling, a behavior not seen in sessile fungi
that spend their life cycle enclosed in cell walls. The simplicity of the actin cytoskeleton
in Dikarya, therefore, may have corresponded with the loss of the zoospore stage type that
actin uses these actin regulators to build animal-like structures.

In addition to important clues about the evolution of Dikarya studying chytrid actin networks
provides us with valuable information about chytrid biology. Bdis a causative agent of
Chytridiomycosis, a deadly skin infection of amphibians that is associated with population
declines around the world13:58, and the actin structures we see could play important roles
in the infection process. For example, zoospores could use pseudopods to crawl along the
surface of the host to find a suitable local environment before encysting. Spikes, if they
function like filopodia, could also be used for movement or for sensing local environmental
conditions. Additionally, actin patches likely facilitate nutrient uptake to fuel sporangial
growth and production of new zoospores, a finding consistent with the observed role of
actin polymerization in sporangial growth and maturation (Figure S7). This model suggests
that actin networks underlie the motility and rapid growth that are key to the pathology and
pathogenicity of Bd.

STAR METHODS

Resource availability

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Lillian Fritz-Laylin
(Ifritzlaylin@umass.edu)

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—All data are available in the figures, tables, and data files
associated with this manuscript. This study did not result in any unique code.

Experimental model and subject details—Cultures of Bd JEL423were maintained in
1% Tryptone broth at 24°C in non-ventilated, tissue-culture treated flasks. For experiments
investigating zoospores, populations seeded 3 days prior were synchronized to ensure the
cells were in a similar developmental stage. Synchronization was achieved by washing out
previously-released zoospores 3 times with 1% Tryptone and adding fresh Tryptone for the
sporangia left adhered to the flask. The sporangia were incubated at 24°C for 2 hours before
newly released zoospores were harvested from suspension via centrifugation at 2000xg

for 5 minutes. For experiments investigating sporangia, cells from populations seeded in
non-tissue culture treated flasks 24-hours 1 day prior (called 1-day cultures) were harvested
from suspension via centrifugation at 2000xg for 5 minutes.

Cultures of Batrachochytrium salamandrivorans (Bsal) isolate AMFP 1 were grown in half-
strength TGhL liquid media (0.8% Tryptone, 0.2% gelatin hydrolysate, 0.1% lactose (w/V)).
For fixing and staining sporangia, cells were seeded in non-tissue culture-treated vented
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flasks, grown for 48-hours (2-day cultures), and harvested via centrifugation at 2000xg for 5
minutes.

Cultures of Spizellomyces punctatus (Koch type isolate NG-3) Barr (ATCC 48900) were
grown and harvested as in2. Briefly, cells were grown in Koch’s K1 liquid medium87 (1L;
0.6 g peptone, 0.4 g yeast extract, 1.2 g glucose, 15 g agar if plates) at 30°C, transferred to
K1 agar plates at room temperature, and harvested by flooding the plate with dilute salt (DS)
solution®8 48 hours later and collected by centrifugation.

Cultures of Rhizoclosmatium globosum JEL800 were grown on K1 Penicillin/streptomycin
plates (10ml/L: Thermo-Fisher P4333-20ML) at 23°C. Zoospores were harvested by
flooding the plate with 1 mL DS and filtered with a sterile syringe filter with Whatman
paper #1. Zoospores were counted in a neubauer chamber and diluted with DS to 1x10°
zoospores/mL. Then 200 uL of the diluted zoospores were added to a glass-bottomed 8-well
imaging dish and incubated for 10 minutes at 23°C. The DS solution was carefully removed,
the well was washed once with K1 Penicillin/streptomycin liquid media, then replaced with
fresh K1 Penicillin/streptomycin liquid media. The 8-well dish was left to incubate for ~22
hours at 23°C inside a plastic petri dish sealed with parafilm. Cells were fixed and stained
directly in the imaging dish, see below for details.

Methods Details

Identification of actin regulatory proteins—~Protein sequences from the following
chytrids were retrieved from the website of the National Center for Biotechnology
Information (NCBI; nchi.nlm.nih.gov): Batrachochytrium dendrobatidis (Bd) strains
JAMB81 (GCA _000203795.1, JGI-PGF project ID 4001669; http://genome.jgi-psf.org/
Batde5) and JEL42359, Batrachochytrium salamandrivorans®® (Bs, GCA_002006685.1);
Spizellomyces punctatus DAOM BR1170 (Sp; GCA_000182565.2); Rhizoclosmatium
globosum JEL8OO™ (Rg; GCA_002104985.1); and Allomyces macrogynus ATCC 38327
(Am, GCA_000151295.1, Broad Institute). Homologs of proteins from the model organisms
used in this study [Saccharomyces cerevisiae S288C (Sc), Schizosaccharomyces pombe
strain 972 (Spom), Schizosaccharomyces japonicus strain YFS275 (Sj), Candida albicans
strain SC5314 (Ca), Aspergillus nidulans strain FGSC A4 (An), Magnaporthe oryzae
strin 70-15 (Mo), Neurospora crassa strain OR74A (Nc), and Ustilago maydis strain

512 (Um), Dictyostelium discoideum AX2 and AX4 (Dd), Homo sapiens, Mus musculus
(occasionally used to confirm results), and Arabidopsis thaliana (At)] were identified using
a combination of the Basic Local Alignment Search Tool”2 (BLAST), literature review,
and probing Swiss-Prot reviewed entries on UniProtKB. Individual UniProtKB IDs or
NCBI/Genbank accession numbers for proteins from these model species are provided

in Data S2, along with the NCBI accession numbers for the proteins from t indicated
chytrid species. Additional sequences were retrieved from NCBI from species used for
actin identification [Oryctolagus cun culus, Gi rdia intestinalis (GIAIN), Chlamydomonas
reinhardtii (CHLRE)]. Multiple splice variants were not included in this analysis.

Actin: BLASTp using standard parameters (E= 1.0x10~°, word size=3, BLOSUM 62
matrix, filtering low complexity regions) and Rabbit, Sc, Spom, and Dd actin sequences
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as queries was used to identify actin homologs in the five chytrid species of interest

and the remaining Dikarya species. Reciprocal BLASTs and domain analysis were not
used for identifying actin sequences because there are many paralogues and highly similar
actin-related proteins which make determining a mutual best BLAST hit (MBBH) difficult.
Instead, sequences sharing =50% sequence identity with any of thes queries were compiled
and aligned with the query sequences as well as actin sequences from G/A/N and CHLRE,
Arpl from human, Sc, Spom, and Dd., and Arp2 and Arp3 from human, Sc, Spom, Da,

and the five chytrids (Data S1). Given that most actin sequences are highly conserved
across species, the 50% threshold chosen for gathering potential actin sequences is very
low for this protein and likely caught all potential actin sequences. With the alignment, a
simple Maximum Likelihood phylogeny was built using the 1Qtree web server’3 (default
parameters). The phylogeny was rooted at the Arp3 clade, and branches with less than 70%
bootstrap support were collapsed to polytomies. Chytrid and other Dikarya actin sequences
were defined as those which formed a clade with known actin sequences.

Actin regulatory proteins: BLASTp with standard parameters (E= 1.0x107°, word size=3,
BLOSUM 62 matrix, and filtering low complexity regions) and queries from Sc, Spom, Dd,
mouse, or human was used to identify homologs for 34 actin regulatory proteins, complexes,
or protein families in the five chytrid species of interest and the remaining Dikarya. BLAST
hits were confirmed by obtaining a MBBH and hits were further confirmed by identifying
the predicted domain structure of all potential chytrid or Dikarya homologs. MBBHs

were found through NCBI (same parameters) or yeastgenome.org’® (TBLASTN, default
parameters, open reading frames dataset) using the potential chytrid or Dikarya homologs as
search queries. The predicted domains of all potential chytrid or Dikarya homolog sequences
were obtained using the hmmscan tool (hmmer.org) against the Pfam database’® (v32) using
the website of the European Bioinformatics Institute (EMBL-EBI; https://www.ebi.ac.uk/)
or on the command line using hmmscan from the hmmer suite v3.2.1 (hmmer.org) and the
PfamA Hidden Markov Model” (v32). In some cases, MBBHSs were not obtained due to the
complexity of the protein family, but domain architectures and multiple sequence alignments
of the chytrid homologs confirm their family membership.

Myosin: Full length myosin protein sequences for Allomyces macrogynus (ATCC
38327), Batrachochytrium dendrobatidis (JAMB8L), Spizellomyces punctatus (DAOM
BR117) Saccharomyces cerevisiae (RM11-1a), Schizosaccharomyces pombe (972h),
Schizosaccharomyces faponicus (yFS275), Candida albicans (SC5314), Aspergillus
nidulans (FGSC A4), Neurospora crassa (OR74A), and Ustilago maydis (512),
Arabidopsis thaliana, Dictyostelium discoideum (AX4) and Homo sapiens were

obtained from Cymobase’8 (www.cymobase.org). Myosin sequences for Batrachochytrium
salamandrivorans, Rhizoclosmatium globosum and Magnaporthe oryzae (70-15) were
identified by extensive BLAST searches using either full-length, myosin motor domain or
MyTHFERM domain from Sp Myo22 as a query. The classification of the myosins was
validated by a general BLAST search of the full protein and manual inspection of the tail
domains.
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Identification of FH2 domain-containing proteins—Identifying potential formin
sequences required a different a proach from the rest of the actin regulatory proteins.
Reciprocal BLAST hits were not used to identify formin family proteins because of

the complexity of the family both within and across species. Formins were gathered by
similarity to known formins and then confirmed as a formin based on the presence of

an FH2 domain. We used the amino acid sequences corresponding to the predicted FH2
domains from Scformins Bnilp and Bnrlp as independent search queries using Position
Specific Iteration-BLAST’” (PSI-BLAST) through NCBI (default parameters, filter low
complexity regions). For each chytrid species and for each search query, five iterations of
PSI-BLAST were run, after which convergence occurred and subsequent iterations yielded
no new sequences above the E-value threshold (0.005). All sequences above the threshold
after these iterations were checked for an FH2 domain using the domain prediction method
from above; those without an FH2 domain were removed from the dataset. Surrounding
gene annotations of proteins with only FH2 domains were checked to identify other formin-
typical domains to create a full length formin sequence. Splice variants were not included
in this analysis. For the Dikarya species that are not Sc or Spom, BLASTp with standard
parameters (E= 1.0x107°, word size=3, BLOSUM 62 matrix, and filtering low complexity
regions) and full length formin queries from Sc, Sporm, Human, Dd| and Atwere used. The
top 5 hits for each query in each species were gathered and checked for the presence of an
FH2 domain. Sequences without an FH2 domain were removed from the dataset.

Identification of formin domain organizations—All known formin sequences from
human, Sc, Spom, Dd, and At were checked for predicted domains using the same

domain prediction method as above and confirming these results with the literature. All
chytrid and remaining dikaryotic FH2-domain containing sequences were checked for
predicted domains as well. Coiled coil regions, signal peptides (SigPs) in plant formins,
and transmembrane (TMs) in plant formins were determined using this method, as EBI
runs hmmscan, a coiled coil prediction algorithm?8, and the Phobius program’® for SigPs
and TMs simultaneously. FH1 domains contain many polyproline stretches and are hard to
determine through computational methods, thus FH1 domains in chytrid and the remaining
dikaryotic sequences were determined by hand. Polyproline stretches were defined as being
at least 6 prolines long out of 7 consecutive residues, the minimum number of prolines
needed to bind profilin89-83, An FH1 domain was defined as the stretch of amino acids from
the first proline of the first polyproline stretch to the last proline of the last polyproline
stretch directly N-terminal to the FH2 domain. The diaphanous autoregulatory domain of
diaphanous like formins is short and also needed to be identified by hand. This domain

is C-terminal to the FH2 domain and has the consensus sequence MDXLLXXL3. The C-
termini of all chytrid and remaining dikaryotic formins were aligned using TCoffee (default
parameters) and checked for the consensus sequence (Data S3). Sequences with obvious
insertions or deletions in the diaphanous autoregulatory domain region were removed and
the remaining sequences were realigned and reexamined.

Phylogenetic analysis of formin proteins

Main analysis: FH2-domain-containing sequences were obtained from the species
distribution sunburst of the FH2 domain page (PF02181) on the Pfam website’® (v32;
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pfam.xfam.org). The following species in the given taxa were used in this analysis:
Chytridiomycota: Bd, Bs, Sp, Rg, Blastocladiomycota: Am;, Mucoromycota: Phycomyces
blakesleeanus, Dikarya: Sc, Spom, Aspergillus nidulans, Cryptococcus neoformans,
Ustilago maydis, Schizosaccharomyces japonicus, Candida albicans, Magnaporthe oryzae,
and Neurospora crassa, Microsporidia: Spraguea lophii, Metazoa: Human, mouse,
Drosophila melanogaster, Choanoflagellates: Monosiga brevicollis, Salpingoeca rosetta
Filasterea: Capsaspora owczarzakf, Apusozoa: Thecamonas trahens, Amoebozoa: Dd,
Acanthamoeba castellanii, Enantoboeba invadens, Discoba: Naegleria gruberi, Trypanosoma
brucer, SAR: Thalassiosira pseudonana, Plasmodium falciparum, Tetrahymena thermophila,
Plants: At, CHLRE, Physcomitrella patens, Metamonads: Trichomonas vaginalfs. The CD-
hit program84:85 was used to remove sequences which were >98% identical, reducing
redundancy in the data set. The remaining sequences were aligned to the full HMM for the
FH2 domain from Pfam using hmmalign (no additional program options) from the hmmer
suite v3.2.1. The FH2 domains were isolated by trimming the alignment according to the
FH2 domain of the Sc Bnilp sequence (starting PHKKLKQ; ending ADFINEY), which had
been previously hand clipped and provided an accurate judgement for the placement of other
FH2 domains. Columns which had <80% occupancy were removed from the alignment
(Data S4, Data S6). A Maximum Likelihood phylogeny (Data S5, Data S6) was generated
from this curated alignment using the 1QTree webserver’3 (default parameters).

bnil-type formin analysis: We searched the literature and identified the following chytrid
species with observed actin cables: Neocallimastix patriciarumPY; Orpinomyces joyonif?;
and Chytriomyces hyalinus®?. N. particiarumand O. joyonii did not have genomes in the
JGI database, so we used the genomes of species in the same genus, assuming that the
presence of cables is consistent across a genus. We used the FH2 domains from Bd JAMS81
formins as queries for TBLASTN searches (default settings, perform gapped alignments)
against the filtered model transcripts database for the following species’ genomes on

JGI MycoCosm: Neocallimastix californiae G1%°; Orpinomyces sp. strain C1A v1.0%;
Chytriomyces hyalinus JEL632 v1.0 (JGI, https://mycocosm.jgi.doe.gov/Chyhyal/). All hits
were confirmed for the presence of an FH2 domain using the same method described

above. FH2-domain-containing sequences from these three species were added to the file
containing the formin sequences used in the main analysis and the same alignment, clipping,
column editing, and tree building processes were performed as before. The large tree was
pruned using the iTOL website86 (v5.5.1) to show only the main fungal clade that included
Bnilp and Bnrlp from Sc

Chemical inhibition of actin and actin nucleators—Synchronized Bd'zoospores
were adhered to the bottom of 96-well plates using 0.5 mg/mL Concanavalin A (Sigma,
C2010). Adhered cells were then treated with Bonner’s Salts8”, 1uM LatrunculinB
(Millipore, 4280201MG) or an equal volume of ethanol, 100uM CK666 (Calbiochem/
Sigma, 182515) or 100uM of the inactive analog CK689 (Calbiochem/Sigma, 182517),
25uM SMIFH2 (Tocris Bioscience, 440110) or equal volumes of DMSQO, and 100uM
CK666 + 25uM SMIFH2 for 30 minutes. Cells were fixed using fixation buffer (4% PFA
and 50 mM Sodium Cacodylate, pH=7.2) on ice for 20 minutes, permeabilized and stained
for DNA using a mixture of 0.1% Triton X and DAPI (0.5 pg/ml; Life Technologies, D1306)
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in PEM buffer (L00mM PIPES, 1mM EGTA, 0.1mM MgSO,) at room temperature for 10
minutes, and then stained for polymerized actin using Alexa Fluor488 Phalloidin (0.2 U/mL;
Life Technologies, A12379) in PEM buffer at room temperature for at least one hour. For
experiments investigating the correlation between cell shape and actin patches, cells were
not stained with DAPI, and instead cell walls were stained with 0.1% Calcofluor White for
10 minutes and washed out before permeabilization of the cells with Triton.

Sporangia from 1-day Bdand Sp cultures and from 2-day Bsa/ cultures were adhered

to the bottom of 96-well plates using ~0.1% Polyethyleneimine (Sigma, P3143) and then
treated, fixed, and stained using the same procedure used for Bd'zoospores with phalloidin
and DAPI. For long term drug treatments on Bd sporangia, synchronized zoospores were
seeded into three tissue-culture treated 24-well plates at a density of ~2x10° cells/mL in 1%
Tryptone broth. These cells grew for 24 hours at 24°C, after which the media was removed
and 1 day cells with no drugs added to them were stained for the cell wall with 0.1%
Calcofluor White. The remaining two plates did not have the media removed, but had drugs
added to them in the same concentrations as done for the short-term experiments. These
cells then grew at 24°C for either another 24 hours (for 2-day cells that have been treated
with drugs for 24 hours) or 48 hours (for 3-day cells that have been treated with drugs for
48 hours). Plates with 2-day cells and 3-day cells that have been treated with drugs for the
indicated times were stained for the cell wall. Zoospore release per treatment was counted
72-hours after initial seeding of cells using a Burker Turk hemocytometer.

Rg sporangia ~22 hours into development, were fixed and stained in the imaging dish
they were grown in. These cells were fixed with fixation buffer (4% PFA and 50 mM
Sodium Cacodylate, pH=7.2) on ice for 20 minutes, then treated with 50 pg/mL chitinase
(Sigma, C6137-5UN) in 20 mM potassium phosphate buffer (pH= 6.0) for 1 hour at room
temperature before permeabilizing and staining as for the other chytrid species.

Bd zoospores were categorized based on the actin structures present in each cell:
pseudopods, actin spikes, cortical actin, actin patches, or a combination of any of these
(Data S7).

Microscopy—~For the short-term drug experiments, cells were imaged on an inverted
microscope (Ti-2 Eclipse; Nikon) with a 100X 1.45 NA oil objective and using NIS
Elements software. Images were taken using both differential interference contrast (DIC)
microscopy and widefield fluorescence microscopy with 460 nm to visualize phalloidin and
360 nm light to visualize DAPI. For the long-term drug experiments, cells were imaged on
an inverted microscope (Ti-2 Eclipse; Nikon) with a 40X 0.06 NA air objective in DIC and
fluorescence microscopy with 360 nm light to visualize the cell wall stained with Calcofluor
White. For imaging sporangia for the cable analysis, chytrid sporangia were imaged on an
inverted microscope (Ti-2 Eclipse; Nikon) with a 100X 1.45 NA oil objective using NIS
Elements software. Images were taken using both differential interference contrast (DIC)
microscopy and spinning-disc confocal fluorescence microscopy with 460 nm to visualize
phalloidin and 360 nm light to visualize DAPI. All images were taken in Z-stacks to
encompass the whole cell. All imaging was done at room temperature in PEM buffer.
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Quantification and statistical analysis

Widefield image processing and analysis was performed in Fiji®8, and blind scoring was
performed using the CellCounter FIJI plugin (Kurt De Vos, https://imagej.nih.gov/ij/plugins/
cell-counter.html). Confocal images were deconvolved using Autogquant X3 software with
default settings (10 iterations, medium noise, expert recommended settings), and a full
maximum intensity projection image of the actin staining was created as well as a subset
projection image to highlight the presence or absence of actin cables in Bd, Bsal, Sp, and Rg
cell bodies.

Bd zoospores were categorized based on the actin structures present in each cell:
pseudopods, actin spikes, cortical actin, actin patches, or a combination of any of these
(Data S7). Pseudopods were defined as bright areas of actin staining 1-2 um wide, while
spikes were defined as being less than 1 um wide and at least 1 um long. To analyze cortex
intensity, we drew a box extending from outside of the cell into the cell and measured the
average phalloidin intensity along that box in a representative area of the cell. Cortical actin
was defined as bright staining for actin along the outer edge of at least 50% of the cell.
While it misses some information, this method was chosen over including the whole cortica
region to exclude obvious actin patches, which often localize to the cell edge, and which
would skew the data. Actin patches were defined as at least 10 bright spots of actin <1 um in
diameter in the cell.

The number of patches in each Bd'sporangium was counted and patch position (cell body
vs. rhizoid) was noted. Perinuclear shells, defined as rings of actin around each nucleus in

a sporangium, were quantified by counting the number of nuclei and the number of actin
shells in every cell for each treatment. The intensity of these shells was also quantified

by line scans 5 pixels in width. At least 10 nuclei per treatment were randomly chosen.
Lines were drawn across a representative area across roughly the center of the nucleus and
avoiding actin patches as much as possible. The percent of nuclei with actin shells was
calculated for each drug treatment for three independent exp riments. For the shell line
scans, the lines were normalized both by percent along the line [(distance along the line/total
line length)*100)] and by intensity to the average middle intensity for each line. To make
visualizing the data easier, the data was ordered such that the most intense value for each
line was on the side. The intensities for data points from 0-49.99% (left side of the line) and
from 50-100% (right side of the line) were averaged for each line. The difference between
the normalized intensities on the left and the normalized intensities on the right side of each
line were calculated by subtraction and averaged for each of the three biological replicates.

For zoospores, the percent of cells with each actin structure for each treatment was
normalized to its respective control: LatrunculinB (LatB) normalized to the ethanol carrier
control (EtOH), CK666 normalized to its inactive analog CK689, SMIFH2 normalized to
a DMSO carrier control, and the combination treatment SMIFH2 + CK666 (SM+CK666)
was also normalized to the DMSO control. We chose to normalize the SM+CK666 data to
DMSO rather than to CK689 because the data more closely resemble the SMIFH2 data,
making it easier to present. Normalization to CK689 instead of DMSO does not change the
results of the experiments (Data S7). Statistical tests were performed on these normalized
values and their respective control, for the three independent experiments. To determine
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relationships between encystment, cell shape, and actin patches in Bd zoospores, the outline
of control cells focused at the coverslip was traced using the kidney bean tool in FIJI
with a line width of 1 pixel in the phalloidin channel. Outlines included any protrusions
from the cell. Then, with the outline still drawn, the average intensity of cell wall staining
within the outline and the circularity value of the outline were determined. The average
calcofluor white intensity and circularity values for cells with and without actin patches
for three independent replicates were calculated. The individual values for cells with and
without actin patches were also plotted for intensity vs. circularity for three independent
experiments. For the short-term drug experiments in Bd'sporangia, the average number
of patches per cell, and in each cell’s rhizoids in each treatment was calculated for three
independent experiments.

For the long-term drug treatments, Calcafluor White stained sporangia were thresholded

in NIS elements using the following parameters: “per channel”; smooth 5x; clean 5x; fill
holes on; separate 3x; with a size range of 5-380um except for samples treated with LatB,
CK666, and SM+CK666 which used a size range of 3-380 um. Size ranges varied between
treatments to account for large differences in cell size due to the effects of the drugs. Once a
binary layer was created for each image, the objects were counted using the “count objects”
function in NIS Elements. Binary objects which extended past the field of view, contained
more than one sporangium, included more than half of the rhizoid area, or did not fill at
least half of the sporangium were removed from analysis. Because the sporangia are roughly
spherical, the EqDiameter metric was used to estimate the sporangial diameters for each
treatment by calculating the diameter of a sphere with equal volume. The concentratio of
released zoospores after 72 hours of growth (48 hours of treatment) was coun ed usin a
Burker Turk hemocytometer. These data were normalized as for the short-term zoosp re drug
treatments.

Statistical tests were performed using the averages of the three experiments. For all
statistical tests, we used unpaired Student’s T-tests for EtOH vs. LatB and CK689 vs.
CK666 and a one-way ANOVA with Tukey’s multiple comparisons test for DMSO vs.
SMIFH2 and the double treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Chytrid fungi diverged before the radiation of Dikarya (multicellular fungi &
yeast)

Chytrids have actin genes and structures typical of both Dikarya and animal
cells

The regulation of chytrid actin structures resembles that of animal/dikaryotic
cells

Presence of a BNI1/BNR1 type formin correlates with the presence of actin
cables
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Figure 1. The chytrid fungus Batrachochytrium dendrobatidis is an early branching fungus with
an archetypal chytrid life cycle and animal-like and fungal-like actin structures.

(A) This cladogram shows the relationships between representative genera of major
eukaryotic groups. Chytrids are represented by Batrachochytrium, Spizellomyces,
Rhizoclosmatium, and Allomyces (magenta, lavender), diverging before the diversification
of Dikarya (orange), and are in a sister clade to animals (cyan). Bold type indicates genera
used for the majority of the homologous sequence analyses in this paper. (B) /n vitro life
cycle of Batrachochytrium dendrobatidis (Bd). Bd has a motile stage known as a zoospore
(i) with a flagellum made of microtubules, no cell wall, and can crawl using actin (green)
based protrusions. Zoospores encyst and build a cell wall (cyan), this stage is referred to
as a germling (ii). The germling grows in size, becoming a sporangium. Sporangia develop
hyphal-like structures called rhizoids used for nutrient uptake and undergo synchronous
rounds of mitosis (iii-iv) before cellularization and release of the next generation of zoos
ores (V). This life cycle takes approximately three days in laboratory culture conditions.
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(C) Representative examples of zoospores (DIC: grey) and the phalloidin stained actin
Z-projections of cells at this stage (inverted, black), with an overlay of the two (actin, green).
Actin structures in Bd'zoospores are: actin-filled pseudopods (P), actin-filled spikes (S),
cortical actin (Co), and actin patches (Pa). Graphs on the right indicate the raw percent of
cells with the phenotype in 3 independent experiments, shapes here match the shapes for

the replicates in Figure 6. (D) Representative examples of Bd'sporangia (DIC: grey) and

the phalloidin stained actin structures at this stage (inverted, black; both a max intensity z
projection and a single slice), with an overlay of the DIC and fluorescence (actin, green).
Actin structures in sporangia are: actin patches (Pa), and perinuclear actin shells (N). See
also Figure S1.
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Figure 2. Chytrid actin regulatory protein networks are intermediate to those of animals and
Dikarya.
The distribution of actin regulatory proteins across taxa. Color-filled circles indicate the

presence of clear homologs found, with the number of homologs for each protein in

each species shown in the colors specified in the key. Unfilled circles indicate that no
homolog was detected in that species. Circles with multiple colors indicate complexes

with different copy numbers for multiple complex members. Circles for Capping Protein
represent the copy number for both a and p subunits. Dashed lines mark the chytrids.
Symbols on the tree represent: opisthokonts (triangle); fungi (square); chytridiomycota
(circle). Symbols in the circles represent: V, copy number of WASH varies individually,

as many WASH genes are subtelomeric83. O, Arabidopsis has 5 villin-like genes and

an additional gelsolin-domain containing protein, none of which are phylogenetically
related to metazoan gelsolin/villin family members®4. +, See Data S2 for details and
additional potential homologs with caveates. At, Arabidopsis thaliana, Dd, Dictyostelium
discoideum; Hs, Homo sapiens, Bd, Batrachochytrium dendrobatidis; Bs, Batrachochytrium
salamandrivorans; Sp, Spizellomyces punctatus, Rg, Rhizoclosmatium globosum, Am,
Allomyces macrogynus, Sc, Saccharomyces cerevisiae; Spo, Schizosaccharomyces pombe,
SJ, Schizosaccharomyces japonicus, Ca, Candida albicans, An, Aspergillus nidulans, Mo,
Magnaporthe oryzae, Nc, Neurospora crassa, Um, Ustilago maydis. See also Data S1, Data
S2, Figure S2, and Figure S3.
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Figure 3. Chytrid formins share similar domain architectures to those of animals, Dikarya, and
plants.

The distribution of given formin domain architectures (left, not to scale), across taxa (right).
Each domain architecture is assigned a letter (middle) which is mapped onto Figure 4;
yellow letters (A-F) indicate diaphanous-like architectures, white letters (M,N) indicate
PTEN-domain-containing architectures (both plant and non-plant formins), black letters
indicate architectures which did not fall into either of these classes. Color-filled circles
(right) indicate the presence of at least one formin with the given domain architecture in
that species, with color indicating the number of formins according to the key. Unfilled
circles indicate that no formin with the indicated domain architecture was found in the
given species. Symbols on the tree represent: opisthokonts (triangle); fungi (square);
chytridiomycota (circle). Symbols in the circles represent: *, for at least one formin
sequence in the indicated species, the DAD domain does not perfectly fit the consensus
motif, but could potentially function as an autoregulatory domain. -, for at least one formin
sequence, little to no sequence is present after the FH2 domain. #, although no region of
this protein met the formal definition of an FH1 domain, a proline rich region (containing
4 polyproline stretches: 8 prolines/14 amino acids; 4/5; 4/6; and 7/11; total of 22 prolines
over 197 amino acids) is found N-terminal to the FH2 domain in this protein (Genbank:
ORY46833.1). ~, Dictyostelium formin ForC has no polyproline stretches and therefore

no FH1 domain. At, Arabidopsis thaliana, Da, Dictyostelium discoideum, Hs, Homo
sapiens; Bd, Batrachochytrium dendrobatidis, Bs, Batrachochytrium salamandrivorans, Sp,
Spizellomyces punctatus, Rg, Rhizoclosmatium globosum, Am, Allomyces macrogynus;
Sc, Saccharomyeces cerevisiae, Spo, Schizosaccharomyces pombe, Sf, Schizosaccharomyces
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Japonicus, Ca, Candiaa albicans, An, Aspergillus nidulans, Mo, Magnaporthe oryzae, Nc,
Neurospora crassa, Um, Ustilago maydis. See also Data S3.
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Figure 4. Chytrids have animal-like formins related to DAAM a well as other diaphanous-related

formins.
A maximum likelihood consensus tree was inferred using the FH2 domains of 266 formin

proteins, rooted at the midpoint, with bootstrap values as shown, and nodes with <75%
bootstrap support collapsed to polytomies. Metazoan clades and Arabidopsis thaliana clades
were collapsed and named according to their formin group, except for Delphilin. Taxa of
interest are colored according to the key, bold numbers indicate chytrid-containing clades.
The bold letters around the outside of the tree correspond to the domain architectures

in Figure 3; yellow letters indicate diaphanous-like architectures, white letters indicate
PTEN-domain-containing architectures, black letters indicate architectures which did not
fall into either of these classes. Protein names, Uniprot accession numbers, Full species
name, Uniprot 5-letter species codes, position of the FH2 domain, and additional details can
be found in Data S6. See also Data S4, Data S5, and Data S6.
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Figure 5. Bnil-type formins are associated with actin cables in the cell body.
(A) The evolutionary history of 291 FH2 domain sequences from formin homologs was

inferred by the maximum likelihood method for 349 amino acid positions in =80% of
the sequences. This tree is the same as the tree in Figure 4, but includes the FH2
domains from the formins of three additional chytrid species (or their relatives) that have
been observed to assemble actin cables in the cell body [ Neocallimastix patriciarumP?,
Orpinomyces joyoniP, and Chytriomyces hyalinus®?). N. particiarumand O. joyonii did
not have available genomes, so we used the genomes of species in the same genus

[ Neocallimastix californiae G18%; Orpinomyces sp. strain C1A v1.066, assuming that

the presence of cables is consistent across a genus. Consensus tree shown, pruned to
highlight clade 2 (the main fungal clade) from Figure 4. Nodes with <75% bootstrap
support were collapsed to polytomies. All bootstrap values are shown. (B) Representative
examples of Batrachochytrium dendrobatidis (Bd), Batrachochytrium salamandrivorans
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(Bs), Spizellomyces punctatus (Sp), and Rhizoclosmatium globosum (Rg) sporangia stained
for polymerized actin (inverted, black). Images are shown as a full maximum intensity
projection as well as a subset of the z-stacks to highlight the middle sections of the

cell body. Rgand Sp sporangia have actin patches, perinuclear actin shells, and actin
cables within the cell body (arrowhead). Bd'and Bs sporangia have actin patches and
perinuclear actin shells, but no actin cables in the cell body. Scale bars, 5 pm. (C)
Distribution of actin cables and 6n/Z-type formins across fungi. Color-filled dots indicate
the presence of the given component in the given species. Symbols on the tree represent:
fungi (square); Dikarya (hexagon); chytridiomycota (circle). ? indicates the presence of
cables in this species is unknown in the literature. * indicates a finding from this

paper. Neo/Neospl, Neocallimastix spp.; Orp/Orpspl, Orpinomyces spp.; Ba/BDEND,
Batrachochytrium dendrobatidis, Bs/BSALA, Batrachochytrium salamandrivorans, Sp/
SPUNC, Spizellomyces punctatus; Rg/RGLOB, Rhizoclosmatium globosum, Ch/Chyhyal,
Chytriomyces hyalinus; Am/AMACR, Allomyces macrogynus; Pb/PBLAK, Phycomyces
blakesleeanus; Um/UMAYD, Ustilago maydis;, Cn/CNEOF, Cryptococcus neoformans,
AN/ENIDU, Aspergillus nidulans, Sc/SCERE, Saccharomyces cerevisiae; Spo/SPOMB,
Schizosaccharomyces pombe,; Sj/SJAPO, Schizosaccharomyeces japonicus, Ca/CALBI,
Candida albicans, Mo/Moryzae, Magnaporthe oryzae, Nc/Ncrassa, Neurospora crassa.
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Figure 6. Actin networks in Bd zoospores are dynamic and use distinct nucleators.
Synchronized populations of Bd zoospores were treated with LatrunculinB (LatB) to

identify dynamic actin structures, or with Arp2/3 and/or formin inhibitors for 30 minutes.
Cells were then fixed and stained for polymerized actin with fluorescent phalloidin, imaged,
and quantified for presence of actin-filled pseudopods (P, part A), actin spikes (S, part B),
cortical actin (Co, part C), and actin patches (Pa, part D). Each panel shows examples

of cells (DIC: grey) and phalloidin-stained actin structures (alone inverted, black; overlay,
green) with relative percent of cells with each structure quantified below. Percent of cells
with the indicated actin phenotype for each drug treatment is normalized to its respective
control: 1 uM LatrunculinB (LatB) normalized to the ethanol carrier control (EtOH); 100
UM CK666 normalized to its inactive analog CK689; 25 uM SMIFH2 normalized to a
DMSO carrier control; and the combination treatment of 25 UM SMIFH2 + 100 pM CK666
(SM+CK666) was also normalized to the DMSO control. For raw data, see Data S7. Three
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independent experiments were performed, each represented by a different shape, the means
and standard deviations shown in black. P-values for each treatment, relative to its respective
control, are shown (unpaired Student’s T-tests for EtOH vs. LatB and CK689 vs. CK666;
one-way ANOVA with Tukey’s multiple comparisons test for DMSO vs. SMIFH2 and

the double treatment). Fluorescent images for (A), (B), and (D) are maximum intensity
projections, fluorescent images for (C) are single z-slices to highlight the cortex. Brightness
and contrast are not the same across images. Scale bars, 5 um. See also Figure S4, Figure
S5, and Data S7.
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Figure 7. Actin patches in Bd sporangia are dynamic and use the Arp2/3 complex.
Populations of Bd'sporangia seeded 1 day prior were treated with drugs using the same

concentrations as in Figure 6, then fixed and stained for polymerized actin with phalloidin
and for DNA with DAPI. (A) Examples of sporangia (DIC: grey) and phalloidin stained
actin patches (inverted, black; green in overlay), with an overlay including the nucleus
(blue) after treatment with each drug. Though DMSO has an effect on patches (see Figure
S4), all controls looked phenotypically similar (see Figure S7), so only a DMSO treated
cell is shown. (B) quantification of the number of actin patches per sporangia (top) and
the number of patches in the rhizoids alone (bottom). Larger, colored shapes indicate the
average number of patches per cell in each treatment from three independent experiments,
each represented by a different shape. Each gray shape represents the number of patches
in a single cell, or in a cell’s rhizoids in that experiment. Means and standard deviations
of these averages are shown in black. (C) Percent of nuclei encased within an actin shell
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per treatment for three independent experiments. (D) Difference in the normalized intensity
of actin shells on each side of the nucleus. The intensity along lines drawn through each
nucleus were normalized to the center of each line. The average normalized intensity for
each side was calculated, with the difference between the brightest half and the other half
plotted here. Each gray shape represents the difference in normalized actin intensity for a
single nucleus. Statistical tests were performed using the averages of the three experiments
(i.e., the three colored shapes). P-values for each treatment, relative to its respective control,
are shown (unpaired Student’s T-tests for EtOH vs. LatB and CK689 vs. CK666; one-way
ANOVA with Tukey’s multiple comparisons test for DMSO vs. SMIFH2 and the double
treatment). Brightness and contrast are not the same across images. Scale bar, 5 pm. See also
Figure S6 and Figure S7.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Penicillin/streptomycin

Thermo-Fisher

Cat#P4333-20ML

Concanavalin A Sigma Cat#C2010
LatrunculinB Millipore Cat#4280201MG
CK666 Calbiochem/Sigma Cat#182515
CK689 Calbiochem/Sigma Cat#182517
SMIFH2 Tocris Bioscience Cat#440110
DAPI Life Technologies Cat#D1306
Alexa Fluor488 Phalloidin Life Technologies Cat#A12379
Polyethyleneimine Sigma Cat#P3143
Chitinase Sigma Cat#C6137-5UN

Critical Commercial Assays

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

czeum.herb.Isa.umich.edu/)

Batrachochytrium dendrobatidis strain Joyce Longcore JEL423
JEL423

Batrachochytrium salamandrivorans isolate Frank Pasmans AMFP1
AMFP1

Spizellomyces punctatus Koch type isolate ATCC 48900
NG-3

Rhizoclosmatium globosum strain JEL800 Tim James (https:/ JEL800

Oligonucleotides

Recombinant DNA

Software and Algorithms

Basic Local Alignment Search Tool (BLAST)

72

https://blast.nchi.nlm.nih.gov/Blast.cgi

Position Specific Iteration-BLAST (PSI-
BLAST)

7

https://blast.ncbi.nlm.nih.gov/Blast.cgi

UniprotkB https://www.uniprot.org/ N/A
HMMER suite v3.2.1 Hmmer.org Hmmer.org
Pfam database v32 75 pfam.xfam.org

European Bioinformatics Institute (EMBL-
EBI)

https://www.ebi.ac.uk/

https://www.ebi.ac.uk/

Coiled Coiled predictor 78 N/A
Phobius program 79 N/A
CD-hit program 84,85 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

1QTree webserver 73 http://igtree.cibiv.univie.ac.at/
iTOLV5.5.1 86 https://itol.embl.de/

FLJI 88 https://imagej.net/Fiji/Downloads

CellCounter FIJI plugin Kurt De Vos https://imagej.nih.gov/ij/plugins/cell-counter.html

Autoquant X3 vX3.1.3

Media Cybernetics

https://www.mediacy.com/79-products/autoquant-
x3

NIS Elements w/ Advanced Research
Package

Nikon

https://www.microscope.healthcare.nikon.com/
products/software/nis-elements/nis-elements-
advanced-research

Other

Batrchochytirum dendrobatidis JIAM81
reference assembly v1.0

US DOE Joint Genome Institute

NCBI:
GCA_000203795.1

Batrachochytirum dendrobatidis JEL423
assembly

Broad Institute

NCBI: GCA_000149865.1

Batrachochytrium salamandrivorans
representative assembly (assembly
Batr_sala_BS_V1)

Broad Institute

NCBI:
GCA_002006685.1

Spizellomyces punctatus DAOM BR117
representative assembly (S_punctatus_V1)

Broad Institute

NCBI: GCA_000182565.2

Rhizoclosmatium globosum JEL800
representative assembly (Rhihy1)

DOE Joint Genome Institute

NCBI: GCA_002104985.1

Allomyces macrogynus ATCC 38327
representative assembly (A_macrogynus_V3)

Broad Institute

NCBI: GCA_000151295.1

Saccharomyces cerevisiae S288C NCB/
RefSeq build R64 assembly

Saccharomyces Genome Database

NCBI: GCF_000146045.2

Schizosaccharomyces pombe strain 972
NCBI RefSeq assembly

S. pombe European Sequencing
Consortium (EUPOM)

NCBI: GCF_000002945.2

Schizosaccharomyces japonicus strain
yFS275 NCBI RefSeq assembly

Broad Institute

NCBI: GCF_000149845.2

Candida albicans strain SC5314 NCBI
RefSeq assembly (assembly ASM18296v3)

Stanford University

NCBI:
GCA_000182965.3

Aspergillus nidulans strain FGSC A4 NCBI
RefSeq assembly (assembly ASM14920v2)

Broad Institute

NCBI: GCA_000149205.2

Magnaporthe oryzae strain 70-15 NCBI
RefSeq assembly (Pyricularia oryzae 70-15
assembly MG8))

International Rice Blast Genome
Consortium

NCBI: GCA_000002495.2

Neurospora crassa strain OR74A NCBI
RefSeq assembly (assembly NC12)

Broad Institute

NCBI: GCA_000182925.2

Ustilago maydis strain 512 NCBI RefSeq
assembly (assembly Umaydis521_2.0)

Broad Institute

NCBI: GCA_000328475.2

Dictyostelium discoideum AX4 NCBI
Reference assembly (assembly dicty2.7)

The Dictyostelium discoideum
Sequencing Consortium

NCBI: GCA_000004695.1

Human reference genome on NCBI
(assembly GRCh38.p13)

Genome Reference Consortium

NCBI:
GCA_000001405.28

Mus musculus reference genome on NCB/
(assembly GRCm39)

Genome Reference Consortium

NCBI:
GCF_000001635.27

Arabidopsis thaliana reference genome on
NCB/

(assembly TAIR10.1)

The Arabidopsis Information Resource

NCBI:
GCA_000001735.2
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Oryctolagus cuniculus reference genome on
NCBI (assembly OryCun2.0)

The Genome Sequencing Platform,
The Assembly Computation and
Development Core Team

NCBI: GCA_000003625.1

Giardia intestinalis representative genome on
NCBI (assembly UU_WB_2.1)

Marine Biological Laboratory

NCBI: GCA_000002435.2

Chlamydomonas reinharaltii representative
genome on NCBI (assembly v3.0)

DOE Joint Genome Institute

NCBI: GCA_000002595.2

Neocallimastix californiae G1 genome 51 https://mycocosm.jgi.doe.gov/Neospl/
Neospl.home.html

Orpinomyces sp. strain C1A v1.0 genome 51 https://mycocosm.jgi.doe.gov/Orpspl_1/
Orpspl_1.home.html

Chytriomyces hyalinus JEL632 v1.0 genome 52 https://mycocosm.jgi.doe.gov/Chyhyal/
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