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Abstract

The chytrid fungus Blastocladiella emersonii produces spores with swimming tails (zoospores); these cells can sense and swim
toward light. Interest in this species stems from ongoing efforts to develop B. emersonii as a model for understanding the
evolution of phototaxis and the molecular cell biology of the associated optogenetic circuits. Here, we report a highly con-
tiguous genome assembly and gene annotation of the B. emersonii American Type Culture Collection 22665 strain. We in-
tegrate a PacBio long-read library with an lllumina paired-end genomic sequence survey leading to an assembly of 21 contigs
totaling 34.27 Mb. Using these data, we assess the diversity of sensory system encoding genes. These analyses identify a rich
complement of G-protein-coupled receptors, ion transporters, and nucleotide cyclases, all of which have been diversified by
domain recombination and tandem duplication. In many cases, these domain combinations have led to the fusion of a protein
domain to a transmembrane domain, tying a putative signaling function to the cell membrane. This pattern is consistent with
the diversification of the B. emersonii sensory-signaling systems, which likely plays a varied role in the complex life cycle of this
fungus.
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Significance

A high-quality genome sequence is important for the development of Blastocladiella emersonii as a model system for
understanding phototaxis in eukaryotic microbes. Such data will underpin: 1) the identification of the components of
the type | rhodopsin optogenetic circuit, 2) the identification of the wider diversity of sensory systems encoded by
this fungus, 3) the exploration of how the optogenetic system is transcriptionally and developmentally regulated,
and 4) the understanding of the diversity of the pathways potentially targeted by pharmaco-screens of phenotypic func-
tion (such as phototaxis). Here, we use a new, highly contiguous genome assembly to assess the diversity of genes that
putatively encode sensation-associated signaling systems, identifying a diversified repertoire of nucleotide cyclase
genes.
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Introduction

Blastocladiella emersonii is a constituent species of the fungal
phylum Blastocladiomycota (James et al. 2006; Powell 2017).
This “chytrid” fungus has a complex life cycle (fig. 1A-G) that
results in the production of swimming spores (zoospores; fig.
1D-G) with a single posterior flagellum (James et al. 2006).
Zoospores seek out environments suitable for colonization,
triggering a developmental cycle leading to networked
growth (through septate hyphae and rhizoids) and the devel-
opment of reproductive structures called zoosporangia where
the flagellated zoospores develop (fig. 1G). The earliest
branches of the fungi include two major zoosporic radiations,
the Blastocladiomycota and Sanchytriomycota forming one
clade, and the Chytridiomycota forming the other (Galindo
et al. 2021). Genomic studies of Blastocladiomycota and
Chytridiomycota species are limited, with a few key genome
data sets across diverse taxa (Ruiz-Trillo et al. 2007; Mondo
et al. 2017; Amses et al. 2022). Blastocladiella emersonii has
been found in soil and freshwater, with the American Type
Culture Collection (ATCC) 22665 strain isolated from pond
water in Pennsylvania (USA) over 70 years ago (Cantino
1951). We have completed genome sequencing of this strain
to high contiguity using PacBio HiFi long-read sequencing. We
include a description of B. emersonii genome characteristics in
comparison with published Blastocladiomycota genomes and
an analysis of genes that putatively function in sensory
perception.

Results and Discussion

Genome Assembly and Assessment

We calculated a SSU-LSU rDNA gene phylogeny of
the Blastocladiomycota and confirmed the placement of our
sequenced strain, and the paraphyly of the genus
Blastocladiella (fig. 1H). A B. emersonii genome assembly
was constructed from PacBio HiFi long-read sequencing (no.
of reads: 605,547, mean read length: 10,511.8 bp, and no.
of bases: 6,365,413,747), with assembly polishing using
lllumina GAlIx short-read sequences (no. of paired reads:
17,249,925, mean read length: 65 bp, and total no. of bases:
2,196,251,798). After some manual refinement to remove
duplicated contigs, this process resulted in an assembly of
34.27 Mb, smaller in size than published Blastocladiomycota
species (see supplementary table S1, Supplementary
Material online) for example; Allomyces macrogynus (NCBI:
PRINA20563; 57.06 Mb) and Catenaria anquillulae (NCBI:
PRINA330705; 41.34 Mb) (Ruiz-Trillo et al. 2007; Mondo
etal. 2017; Amses et al. 2022). The B. emersonii genome as-
sembly has an N50 of 2.02 Mb (see fig. 1K). It also showed a
high level of contiguity with an L50 of 6 and a total of 21 con-
tigs. Blob-plot analyses (Challis et al. 2020) demonstrate no
clear pattern of contamination (fig. 1/).

Next, we sought to investigate genome completeness.
BUSCO v5.3.2 analyses (Manni et al. 2021) indicated

between 71.3% and 81.8% genome completion using
the “Fungi_ODB10" data set and the metaeuk or augustus
options, respectively. This is comparable to the A. macrogy-
nus and C. anguillulae genome assemblies (72.6-84.5%
and 65.4-75.2%). Secondly, we used BLAT to align the
23,370 B. emersonii expressed sequence tag (EST) se-
quences (Ribichich et al. 2006) to the genome assembly.
This process identified that 98% of these ESTs mapped to
a candidate position in the assembly. Thirdly, we searched
the genome assembly for repeats that could potentially
represent telomeric regions, using tidk—the Telomere
Identification Toolkit (https:/github.com/tolkit/telomeric-
identifier). This analysis identified a “"AAACCT" repeat
region on both ends of the ¢_be_22_2 contig. Further,
identification of this motif directly from the assembly graph
(https:/github.com/asl/BandageNG and Davey et al. 2020)
allowed recovery of telomere-like motifs on one end of
ten additional contigs (fig. 1J). Overall, this suggests a min-
imum of 6 candidate B. emersonii chromosomes in contrast
to the 21 contigs identified, suggesting that the genome
assembly is at a high level of completion.

Gene annotation, using funannotate v1.8.9 (https:/
zenodo.org/record/2604804), identified 10,031 candidate
genes with a gene density of 0.57 per kb; including a total
of 29,406 exons, 19,375 introns and 2,438 single
exon genes. The 10,031 candidate genes represent a smaller
number of predicted genes compared with both the A.
macrogynus (18,773 genes) and C. anguillulae (14,188
genes) genome assemblies. We note that cursory analysis of
select gene families has shown that Allomyces species have
a high number of gene duplications per family (e.g.,
Swafford and Oakley 2018). This seems to be a wider pattern;
notably the BUSCO analysis demonstrates that of the 255
genes surveyed, 152 (60%) and 71 (28%) genes show dupli-
cation in A. macrogynus and C. anguillulae compared with 3
(1.2%) in B. emersonii. To investigate this further, we
searched all putative genes from B. emersonii, A. macrogynus
and C. anguillulae against the Pfam-A v35 database (19,632
total Pfams) using hmmscan (Finn et al. 2011) comparing
the average number of hits per Pfam domain. Blastocladiella
emersonii had a diversity of 7,341 Pfam domains with an
average of 4.36 genes per Pfam. In comparison, Allomyces
possessed a diversity of 8,791 Pfam domains with an average
of 7.55 hits per Pfam, while Catenaria possessed 7,779 with
an average of 4.40 genes per Pfam. This suggests a higher
level of gene duplication present in Allomyces, indicative of
concerted patterns of genome expansion (possibly due to
genome duplication/ploidy events [Amses et al. 2022]) that
are absent or lost in B. emersonii.

Survey of Sensory System Genes

Allomyces reticulatus was the first Blastocladiomycota fungus
shown to manifest phototaxis associated with rhodopsin
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functions (Saranak and Foster 1997). A unique organellar
structure composed primarily of lipid droplets called the side-
body complex was suggested to function as a light-
perception organelle system in Blastocladiomycota zoospores
(Chambers et al. 1967; Kazama 1972; Powell 1978; Saranak
and Foster 1997). In B. emersonii, we identified an optoge-
netic circuit composed of a type | (microbial) rhodopsin do-
main fused to a guanylyl cyclase (GC) catalytic domain
(NCBI: AIC07007.1) with this protein localized to the external
surface of the lipid-filled side-body complex (Avelar et al.
20714). This gene fusion, named BeGC1 (Avelar et al. 2014)
(or CyclOp [Gao et al. 2015]), is particularly interesting be-
cause it couples the light-sensing rhodopsin domain to an en-
zyme domain which generates a chemical message, cyclic
guanosine monophosphate (cGMP), to activate flagellum
beating (swimming). As such, this single gene/protein con-
tains multiple key constituents of an optogenetic circuit
(Gao et al. 2015; Scheib et al. 2015; Kumar et al. 2017;
Trieu et al. 2017). We have recently shown that this optoge-
netic circuit and the subcellular lipid organellar structures are
widespread in chytrid fungi, implying the ancestral fungus
possessed this light-sensing system (Galindo et al. 2022).
However, we note that within the Blastocladiomycota this
gene has been subject to considerable duplications; for ex-
ample, A. macrogynus possesses four paralogues (fig. 2A
and B), A. reticulatus two, and Allomyces arbusculus a single
paralogue with a curtailed GC catalytic domain (Swafford
and Oakley 2018).

In the absence of reliable forward or reverse-genetic
methods for B. emersonii, Avelar et al. (2014) explored
the role of BeGC1 function using a range of drug screens
toinhibit the type I rhodopsin and the GC catalytic domain
functions. These experiments provided evidence that the
BeGC1 gene was functioning in the light-sensing cascade.
Using the genome assembly reported here we used BLAST
and Pfam sequence similarity searches to identify the rep-
ertoire of variant type | rhodopsin, type Il rhodopsin and
nucleotide cyclase (i.e., GC and adenyly cyclase [AC])
domain-encoding genes. This process identified a complex
diversity of these gene families. We used OrthoFinder
(Emms and Kelly 2019) to identify how these genes puta-
tively clusters into distinct paralogue families. This process
identified one type | rhodopsin gene: the fusion gene that

encodes the BeGC1 (H9P43_007630) protein, and eight
putative orthogroups (encapsulating 54 genes) predicted
to encode proteins of the seven transmembrane (TM)
G-protein-coupled receptor (GPCR) domain protein fam-
ily. This gene family includes type Il rhodopsin, along
with a range of GPCRs responsible for a diversity of func-
tions (Pfam: PFO0001, InterPro: IPRO00276—the eight
OrthoFinder-clusters are detailed in supplementary table
S2, Supplementary Material online) and, in B. emersonii,
was found to possess a range of gene architecture varia-
tions and tandem duplicated forms (supplementary table
S2, Supplementary Material online).

We also identified 17 genes which encode nucleotide cy-
clase domains (Pfam: PF00211, InterPro: IPRO01054) across
11 different “deeply divergent” cluster groups (fig. 2A-D
and supplementary table S8, Supplementary Material online
for OrthoFinder-clusters). Of these 17 genes, 11 are predicted
to encode GCs based on conserved amino acid motifs; these
GCs catalyze the conversion of guanosine triphosphate to
c¢GMP, and include the previously identified BeGC1, BeGC2
(H9P43_007348) and BeGC3 (H9P43_009044) genes
(Vieira et al. 2009). The remainder are predicted to encode
adenylyl cyclases, which catalyze the conversion of adenosine
triphosphate to cyclic adenosine monophosphate, or have no
recognizable motifs, so no specific function has been as-
signed. Interestingly, the ACs all belong to a group which con-
sists of bacterial-like sequences (groups 6-11; fig. 2D) and
include multiple forms that consist of a tandemly duplicated
AC domain and multiple TM domain regions. Intriguingly, le-
vels of membrane-associated AC proteins, such as those in
groups 6 and 7 (fig. 2C), are known to increase during the for-
mation and release of B. emersonii zoospores (Gomes et al.
1978), suggesting that these ACs play roles in specific B.
emersonii life cycle stages.

Nitric oxide (NO) signaling tied to GC function has been
demonstrated to control specific movement behaviors in
some choanoflagellate protists (Reyes-Rivera et al. 2022).
We note that although the B. emersonii genome does not
contain a predicted NO synthase (NOS) gene (fig. 2E), GC ac-
tivity tied to NO signaling has been linked to zoospore bio-
genesis as part of the B. emersonii life cycle (Vieira et al.
2009). The nucleotide cyclases identified here are diverse
across the Blastocladiomycota and Chytridiomycota sampled

Fic. 1.—Blastocladiella emersonii life cycle and genome assembly information. (A) Bright field micrograph depicts early zoosporangium showing rhizoid
filamentous feeding structures arising from the base. (B) Late zoosporangium showing the release of zoospores. (C) Finished zoosporangium with all zoospores
released. (D) Brightfield phase-contrast micrograph of a zoospore. (E) Fluorescent microscopy of the zoospore in D with tubulin structures stained with ma-
genta, actin stained with cyan, and the lipid body proposed to function as a light spot stained with yellow. (F) Merged image of £ and D. Microscopy images
were taken and stained using the methods described in Galindo et al. (2022). (G) Cartoon of the asexual life cycle of the B. emersonii adapted from Bongiorno
etal. (2012). (H) SSU-LSU rDNA phylogeny of the Blastocladiomycota and other fungi showing the relative position of B. emersonii. One asterisk (*) next to the
species names indicates an available genome, and two asterisks (**) indicate a genome with uncertain availability. (/) Blob-plot analysis of the B. emersonii
genome assembly showing no evident patterns of contamination. (/) Contig map showing a distribution of putative telomere sequence motifs. (K) Snail plot

report summarizing assembly data.
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emersonii nucleotide cyclases, clustered into the eukaryotic GCs “Euk-GCs"” and the cluster containing the prokaryote cyclases “Prok/Prok-like cyclases,”
which also contains the predicted B. emersonii adenylyl cyclases (BeAC6-7). (E) Presence (solid fill) or absence (no fill) of NOS domains, NOS cofactors
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(fig. 2B) and the group 3 forms include BeGC3, which con-
tains a protein domain architecture with a Heme/NO
binding-associated (HNOBA) domain (fig. 2C). This indicates
that the GC activity of BeGC3 is likely to be regulated by
NO signaling. Consistent with this finding, B. emersonii en-
codes all the genes for NOS cofactors and downstream sig-
naling pathways (fig. 2E and supplementary table S7,
Supplementary Material online for OrthoFinder-clusters),
demonstrating the possibility of NO signaling in B. emersonii
physiological processes. However, an orthologue of BeGC3
with @ HNOBA domain is absent in the Chytridiomycota
Chytriomyces confervae (van de Vossenberg et al. 2019)
and Rhizoclosmatium globosum (Mondo et al. 2017) gen-
ome assemblies (fig. 2B), suggesting that there are variant
responses to NO across the chytrids.

Finally, to explore what other alternative sensing systems
may be encoded by the B. emersonii genome, we searched
the assembly for a curated selection of genes known to encode
proteins that function in light response, other sensory cas-
cades, and/or associated signal transduction processing
(supplementary table S2, Supplementary Material online).
The B. emersonii genome assembly identified two putative
photolyases (H9P43_000523-T1 and H9P43_001129-T1)
(supplementary tables S2 and S9, Supplementary Material on-
line for OrthoFinder-clusters), a single putative large-conduct-
ance mechanosensitive channel gene (H9P43_007225-T1;
supplementary table S2, Supplementary Material online) and
a wide diversity of putative ion transporters (supplementary
table S2, Supplementary Material online) and other GPCRs
(supplementary table S2, Supplementary Material online),
again with multiple gene architectural forms.

Conclusion

Here we report a highly contiguous genome assembly of
B. emersonii, a Blastocladiomycota fungus with a complex
multimodal life cycle. Using the genome data, we identify
a diversity of genes encoding cyclic nucleotide-based signal
sensory systems. Our results show that these systems have
been consistently diversified by domain recombination,
tandem duplication and coupling of TM protein domains,
effectively tying signaling functions together and, in many
cases, to the cell membrane. This pattern is consistent with
the diversification of the sensory repertoire of B. emersonii.
These results are also consistent with the idea that domain
architectural recombination, duplication and gene fusion
has been a factor, as demonstrated for fungal gene reper-
toire evolution (Leonard and Richards 2012) and the wider
evolution of protein families (Doolittle 1995) including sig-
naling systems. These features also appear to be highly vari-
ant across the chytrid fungi sampled suggesting sensory
diversification is tied to species diversification and probably
speciation (Swafford and Oakley 2018).

Materials and Methods

Blastocladiella emersonii Culture Preparation and DNA
Extraction

Cultures of B. emersonii ATCC 22665 were grown vegetatively
in Nunc EasYFlask 25 cm? flasks (ThermoFisher) filled with
25 ml of peptone yeast glucose liquid media. Zoospore pro-
duction was initiated as previously described (Galindo et al.
2022). Zoospores were then collected by centrifugation at
1,000x g for 5mins followed by removal of supernatant.
The remaining pellet was used for DNA extraction using the
MagAttract HMW DNA Kit (QIAGEN) following the manufac-
turer's protocol. Extracted DNA (1.7 ng) was quantified by
Qubit-fluorometer (ThermoFisher). Quality control on the
DNA sample was performed with a 4,200 TapeStation system
(Agilent), confirming the presence of 120-250 kb DNA
fragments.

Long-Read Sequencing Using Pacific Biosciences
(PacBio™) Methods

The PacBio™ |low-input, high-molecular weight DNA sam-
ple method was used. Fragmentation was conducted using
g-TUBEs (Covaris) with a target size of 15 kb but recovering
a mean fragment size of 13.7 kb. Library preparation was
completed using the Express TPK 2.0 and SMRTbell
Enzyme Clean-up kit v1 (PacBio™). The Sequel Il Binding
Kit 2.2 (PacBio™) and Sequencing Primer v5 (PacBio™)
along with the Sequel Il Sequencing Plate v2.0 (PacBio™)
was used. Sequencing was performed using the SMRT
Link software version 10.2.0.133434 on a Sequel lle
PacBio device. The “Run Design Application” was set to
HiFi Reads with default settings. The resulting PacBio HiFi
long-read library comprised 605,793 reads; mean read
length: 10,511.8; and 6,365,413,747 bases.

Short-Read DNA Sequencing Using an lllumina™
Method

Genomic DNA was extracted from B. emersonii ATCC
22665 using methods previously reported in (Avelar et al.
2014). An lllumina GAllx paired-end 75 bp library was pre-
pared and resulted in: number of paired reads: 17,249,925;
mean read length: 65 bp; and total number of bases:
2,196,251,798.

Long-Read Genome Assembly

The HiFi long reads were filtered using “HiFiAdapterFilt” to
remove 246 adapter contaminated reads resulting in
605,547 reads. Using the La Jolla Assembler (Bankevich
et al. 2020), we generated an assembly of 247 contigs
and an N50 of 2,030,682 bp and then used the workflow
“purge_dups” (https:/github.com/dfguan/purge_dups) to
remove haplotigs and contig overlaps based on read depth.
Further contigs were also removed with minimap2
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detecting overlaps based on percent identity (60%) and
coverage (10%). On completion this resulted in a “purged”
assembly, see supplementary table S1, Supplementary
Material online. One contig represented an exact copy of
the 36,503 bp mitochondrion (Tambor et al. 2008) (NCBI:
NC_011360.1) with 8,400x coverage (44x higher than
the mean assembly). The genome polishing tool Pilon
(Bankevich et al. 2020) was also used, in conjunction with
the lllumina short reads, to help “fix” small indels, homopo-
lymers, single nucleotide polymorphism (SNPs), and am-
biguous base calls.

Genome Analysis and Annotation

Annotation of the PacBio HiFi genome assembly was
conducted with v 1.8.9 of the pipeline FUNANNOTATE
(https://github.com/nextgenusfs/funannotate). Genes
were predicted using BUSCO (Manni et al. 2021),
AUGUSTUS, SNAP  (https:/github.com/KorflLab/SNAP),
GlimmerHMM (Majoros et al. 2004), and GeneMark-ES
(Ter-Hovhannisyan et al. 2008) and were annotated using
several databases (PFAM [Mistry et al. 2021], EGGNOG
[Huerta-Cepas et al. 2019], BUSCO, Phobius [Madeira
et al. 2022], antiSMASH [Blin et al. 2021)).

The predicted proteins of A. macrogynus, C. anguillulae,
Bougainvillia britannica, Paraphysoderma sedebokerense,
B. emersonii, C. confervae, and R. globosum were subjected
to OrthoFinder analysis (default settings) (Emms and
Kelly 2019). Cluster groups (i.e., putative OrthoFinder-
orthogroups) were identified and are available at https:/
github.com/guyleonard/blastocladiella.

Identification of Signaling Genes of Interest

Candidate genes of interest were recovered using BLASTp
(Altschul et al. 1990) and/or PFAM searches of the B. emer-
sonii predicted proteome. Candidate homologues were in-
vestigated using reciprocal BLASTp searches of GenBank
“nr* database and/or HMMSCAN (Finn et al. 2011)
searches of the PFAM database. HMMSCAN searches
were also used to confirm protein domain architectures
and assess for the presence of TM domains and signal pep-
tides (supplementary table S2, Supplementary Material on-
line). TOPCONS was used to predict TM domains for
nucleotide cyclases (Tsirigos et al. 2015).

rRNA Gene Phylogenetic Analysis

We used an updated SSU + LSU rDNA alignment (Karpov et al.
2018) adding sequences from Blastocladiomycota taxa, in-
cluding sequences from the genera Paraphysoderma,
Physoderma,  Urophlyctis, ~Coelomomyces,  Allomyces,
Blastocladiella, Catenaria, and Catenophlyctis. The new data
set of 215 sequences was aligned with MAFFT (Katoh and
Standley 2013) and trimmed with TrimAl (Capella-Gutiérrez
etal. 2009) with the “automated1” option. For the maximum

likelihood phylogenetic analyses, we selected the best-fitting
model (GTR +F + R7) using IQ-TREE (Nguyen et al. 2015) MFT
algorithm with BIC. Topology support was evaluated using
1,000 ultrafast bootstrap replicates and 1,000 replicates of
the SH-like approximate likelihood ratio test. Trees were
drawn using FigTree (Rambaut 2010).

For the phylogenetic analysis of B. emersonii's nucleotide
cyclase gene family, we created a multiple sequence align-
ment (MSA) of eukaryotic and prokaryotic nucleotide cyclases
by merging previously published data sets (Avelar et al. 2014;
Reyes-Rivera et al. 2022) together with 17 additional se-
guences found in Be encoding putative homologues of nu-
cleotide cyclase domains. We also included BLASTp searches
of these additional 17 sequences against the GenBank nonre-
dundant database and recovered the first 50 sequences. We
manually removed redundant sequences and aligned the se-
guences using MAFFT (Katoh and Standley 2013) followed by
trimming using TrimAl (Capella-Gutiérrez et al. 2009) with the
“automated1” option producing an alignment of 303 se-
guences and 120 nucleotide positions. Best-fitting phylogen-
etic models were selected with the IQ-TREE (Nguyen et al.
2015) MFT algorithm as per BIC, obtaining the LG + R7 model
as the best. Statistical support was evaluated using 1,000 ul-
trafast bootstrap replicates and 1,000 replicates of the SH-like
approximate likelihood ratio test, and the resulting trees were
visualized with FigTree (Rambaut 2010).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online (http:/www.gbe.oxfordjournals.org/).
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assembly is available at NCBI nuccore JANHCV000000000
and the predicted protein set is available from NCBI protein
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KAI9148506 to KAI9188641. All MSAs, trees, and the se-
guences used in our alignments can be found at Figshare
(https:/doi.org/10.6084/m9.figshare.c.6221042).
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