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Myxozoans are widely distributed aquatic obligate endoparasites that were recently
recognized as belonging within the phylum Cnidaria. They have complex life cycles
with waterborne transmission stages: resistant, infectious spores that are unique to
myxozoans. However, little is known about the processes that give rise to these
transmission stages. To understand the molecular underpinnings of spore formation,
we conducted proteomics on Ceratonova shasta, a highly pathogenic myxozoan that
causes severe mortalities in wild and hatchery-reared salmonid fishes. We compared
proteomic profiles between developmental stages from inside the fish host, and the
mature myxospore, which is released into the water where it drifts passively, ready to
infect the next host. We found that C. shasta contains 2,123 proteins; representing
the first proteomic catalog of a myxozoan myxospore. Analysis of proteins differentially
expressed between developing and mature spore stages uncovered processes that
are active during spore formation. Our data highlight dynamic changes in the actin
cytoskeleton, which provides myxozoan developmental stages with mobility through
lamellipodia and filopodia, whereas in the mature myxospore the actin network supports
F-actin stabilization that reinforces the transmission stage. These findings provide
molecular insight into the myxozoan life cycle stages and, particularly, into the process
of sporogenesis.
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INTRODUCTION

Myxozoa is a large and widespread aquatic group of microscopic, obligate endoparasites that
can cause severe ecological and economic effects (Wahli et al., 2002; Sterud et al., 2007; Hallett
and Bartholomew, 2011). They have recently been recognized as belonging within the Cnidaria
(reviewed in Atkinson et al., 2018a) and with more than 2000 species, they comprise about 20%
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of this ancient phylum (Lom and Dyková, 2006; Okamura et al.,
2015; Hartikainen et al., 2016; Atkinson et al., 2018a). Myxozoans
(myxosporeans) are unique within the Cnidaria, in that they
are spore-forming parasites whose life cycles alternate between
vertebrate (mostly fish) and invertebrate (mostly annelid) hosts.
They are among the most common fish parasites (Mackenzie and
Kalavati, 2014); however, they can also infect other vertebrate
groups such as amphibians, reptiles, birds, and even terrestrial
mammals (Hallett et al., 2015; Hartigan et al., 2016b, and
references therein). Transmission occurs via two types of
waterborne spores: myxospores, which are produced in the
fish host and infect the invertebrate host, and actinospores,
which operate in the opposite direction (Wolf and Markiw,
1984; Bartholomew et al., 1997; Canning and Okamura, 2003;
Lom and Dyková, 2006).

Myxozoan parasites demonstrate extreme reduction in size
and tissue complexity compared with most free-living cnidarians.
Nevertheless, they retain the characteristic cnidarian stinging
organelle, the nematocyst (or polar capsule), which initiates the
infection process (Ben-David et al., 2016; Piriatinskiy et al.,
2017). Nematocyst proteomic data is currently available for four
myxozoan species (Piriatinskiy et al., 2017; Guo et al., 2020). After
nematocyst discharge and attachment to the host, the motile
parasite sporoplasm penetrates the epithelium and typically
enters the bloodstream, where it begins proliferating. The parasite
stages travel to a specific target tissue, where they differentiate and
undergo sporogenesis. The sporogenic cells generate thousands
of mature myxospores, which will eventually be released into
the water column to infect the next host. The mature spore
consists of only three cells: nematocyte, sporoplasm and spore
valve. Spore formation represents a novel development of the
myxozoans within the Cnidaria, and is counter to the general
pattern of body plan simplification and gene loss associated with
evolution of a parasite life style. Sporogenesis has been studied
extensively using microscopy (reviewed in Feist et al., 2015);
however, there are limited molecular data on this process (Alama-
Bermejo et al., 2012, 2019, 2020) and the proteins that make the
mature myxospores have not yet been studied.

The myxozoan Ceratonova shasta, an endemic species in
the Pacific Northwest of the United States, is one of the
most virulent myxozoans, causing high mortalities in wild and
hatchery-reared populations of salmon and trout (Hallett et al.,
2012). The parasite invades the fish gills and migrates via the
blood to the intestine, where sporogenesis takes place (Bjork
and Bartholomew, 2010). Parasite development causes intestinal
inflammation and hemorrhage, leading to enteronecrosis, a
lethal disease (Figure 1A). C. shasta is one of a few myxozoan
species for which both vertebrate and invertebrate hosts are
known, and can be maintained in the laboratory (Bartholomew
et al., 1997), thus enabling controlled dosing and infection
experiments. Here, we used this parasite as a model organism
to discover molecular processes that occur during sporogenesis.
Taking a proteomic approach, we isolated developmental stages
from the fish ascites and compared them to mature myxospores.
Our study provides the first catalog of myxozoan proteins and
highlights some of the active pathways intrinsic to creation of
mature myxospores.

MATERIALS AND METHODS

Isolation and Extraction of
Developmental Stages and Mature
Myxospores
C. shasta has different host-associated genotypes that differ in
virulence (Atkinson and Bartholomew, 2010; Stinson et al., 2018;
Alama-Bermejo et al., 2020). Genotype IIR infections are highly
virulent and become systemic, inducing the production of large
volumes of ascites in the body cavity of susceptible rainbow
trout. This fluid is rich in different developmental stages of
C. shasta (pre-sporogonic and sporogonic) and an easy source
of a large amount of parasites. In this study, we used genotype
IIR C. shasta from rainbow trout that had been infected by
intraperitoneal injection of parasites from a donor fish (Atkinson
et al., 2018b). Ascites (2–7 mL/fish) was collected by syringe
from the abdominal cavity of 5 infected fish, then individually
centrifuged, and the pellets suspended in PBS and centrifuged
again. The supernatant was discarded and the sample pellets
frozen and lyophilized. From 3 fish, mature myxospores were
isolated from intestine samples. Because of limited material, only
three biological samples of myxospores were purified using a
Percoll gradient as described (Piriatinskiy et al., 2017); each
sample contained about 2 million myxospores.

Proteolysis of developmental stages, and mature myxospores
was performed for 1 h at room temperature (RT) with 1% SDS.
Then, 0.1 M DTT was added for 30 min at 60◦C and the samples
were modified with 0.4 M iodoacetamide for 30 min in the dark
at RT and precipitated with 80% acetone. The resultant pellet was
suspended in buffer (9 M urea, 0.4 M ammonium bicarbonate)
and digested in 1 M urea, 0.06 mM ammonium bicarbonate with
modified trypsin (Promega) at a 1:50 enzyme-to-substrate ratio
overnight at 37◦C.

All experiments performed using live animals were in
accordance with state and federal regulations, and were pre-
approved by the Oregon State University’s Institutional Animal
Care and Use Committee (IACUC; protocol #5040).

Mass Spectrometry Analysis
Eight individual samples were analyzed: five ascites samples and
three myxospore samples. The tryptic peptides were desalted
using C18 tips (Toptip, Glygen), dried and resuspended in 0.1%
formic acid. Two micrograms of the resultant peptides were
resolved by reverse-phase chromatography on 0.075 X 180-mm
fused silica capillaries (J&W) packed with Reprosil reversed
phase material (Dr. Maisch GmbH, Germany). The peptides were
eluted with linear 120 min gradient of 5–28%, 15 min gradient of
28–95% and 15 min at 95% acetonitrile with 0.1% formic acid
in water at a flow rate of 0.15 µl/min. Mass spectrometry was
performed with Q Exactive plus mass spectrometer (Thermo) in a
positive mode (m/z 300–1,800, resolution 70,000) using repetitive
full MS scan followed by collision induced dissociation (HCD, at
25 eV normalized collision energy, isolation window 1.8 M/Z)
of the 10 dominant ions (>1 charges) selected from the first
MS scan. A dynamic exclusion list was enabled with exclusion
duration of 20 s.
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FIGURE 1 | Comparative proteomics of Ceratonova shasta stages from fish. (A) Infected fish showing bloated abdomen typical of ascites production.
(B) Developmental stages extracted from ascites: pre-sporogonic, p; sporogonic, s; bar 20 µm. (C) Purified mature myxospores; bar 20 µm. (D) Venn diagram of
identified protein groups in developmental stages and mature myxospores.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al., 2019) partner repository with the dataset identifier
PXD022770 and 10.6019/PXD022770.

Sporogenesis and Mature Spore Analysis
The mass spectrometry data from the biological replicates
were label-free analyzed and quantified using MaxQuant (ver.
1.5.2.8) for peak picking identification and quantitation using the
Andromeda search engine, searching against the database with
mass tolerance of 20 and 4.5 ppm after calibration. Oxidation on
methionine, and protein N-terminus acetylation were accepted
as variable modifications and carbamidomethyl on cysteine was
accepted as static modifications. Minimal peptide length was
set to seven amino acids and a maximum of two miscleavages
was allowed. Peptide- and protein-level false discovery rates
(FDRs) were filtered to 1% using the target-decoy strategy.
Protein table were filtered to eliminate identifications from the
reverse database, and common contaminants. The databases that
were used were the Oncorhynchus mykiss proteins from Uniprot
(accessed December 20, 2017) and the Open Reading Frames
(ORFs) of the C. shasta transcriptome “IIR RBT6 cs neither
assembly” (Alama-Bermejo et al., 2020), with 1% FDR. The ORFs
were generated using TransDecoder1, set at a minimum length of
30 amino acids. C. shasta identified ORFs were clustered using
CD-hit (Fu et al., 2012), to remove redundant identical ORFs or
segments of larger ORFs. When several ORFs were detected in
a single transcript, only ORFs with length ≥ 50% of the longest
detected ORF were selected. C. shasta proteins annotation and
interpro domains were obtained using Blast2GO (ver. 5.1.12)
(default settings—02.2019) and using blastp, protein homologs
of Mus musculus were identified for STRING analysis. BUSCO
(version 4.1.4) was used to evaluate the comprehensiveness of the
proteomic dataset (Simão et al., 2015).

Downstream proteomic analyses were performed using
Perseus (ver. 1.5.0.31). Protein groups were filtered to

1https://transdecoder.github.io/

eliminate the identifications from the reverse database, common
contaminants and single peptide identifications. Additionally,
proteins identified as fish proteins were filtered out. The protein
identification cutoff was set to at least two spectra containing
one unique peptide. Hits in only one biological sample were
dismissed. Normalized LFQ intensities were log2-transformed
and missing values were imputed with constant value of 18.
The ANOVA multiple sample test using a permutation-based
FDR of 0.05 was performed to identify statistically significant
differences between the two groups. A heat map showing
z-scored log-transformed LFQ intensities of differentially
expressed proteins was created using R package “superheat”
(ver. 0.1.0). Interactions of proteins from developmental stages
and myxospores were examined by STRING (ver. 11) (Jensen
et al., 2009), which is capable of inferring protein-protein
interactions from homologs of mouse proteins, using default
parameters of medium confidence (0.4). STRING was also used
for GO analysis of molecular function enrichment using mouse
as the background.

RESULTS

Proteomic Analysis
To identify changes in the proteome between developing
parasites (pre-sporogonic and sporogonic stages) and the mature
myxospore, we carried out a comparative proteomic profiling.
We analyzed proteomes of 5 replicates of developmental stages,
and three of isolated mature myxospores (Figures 1A–C).
Our analysis focused on proteins that were identified with
high confidence in at least two of the samples of the
different parasite stages. We identified 2,292 protein groups of
which we could annotate 2,163 (Supplementary Tables 1, 2).
From these, 2,084 proteins (91%) were common to both
developmental stages and mature spores, 169 (7.4%) were
specific to developmental stages, and 39 (1.7%) were specific to
mature spores (Figure 1D). Supplementary Table 1 lists these
proteins, their abundance and annotations. The completeness
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of the proteomic analysis was assessed using the BUSCO
subset of 255 widely conserved eukaryotic core proteins (Simão
et al., 2015). The analysis indicated that 35.3% of the core
proteins were identified and an additional 6.3% were fragmented
resulting in a total of 41.6% representation of the core protein
in the proteome.

The Most Abundant Proteins During
Sporogenesis Are Related to Metabolism
Comparison of the 100 most highly expressed proteins from
developmental stages and mature myxospores showed that
metabolism-related and ribosomal proteins were more highly
expressed during sporogenesis (Figure 2). Proteins related to the
cytoskeleton were also more abundant in developmental stages
than in the mature myxospores. Interestingly, unknown proteins
and nematocyst proteins were more abundant in the myxospores,
although nearly all identified nematocyst-related proteins were
found in both fractions. These findings are the expected activity
of the parasite as it builds spores.

Specific Protein Expression During
Sporogenesis and in Mature Myxospores
To compare protein expression profiles between the 2,084
proteins found in both developmental stages and mature
spores, we performed ANOVA tests. We found 357 protein
groups with statistically significant stage-specific expression
(FDR < 0.05) (Figure 3 and Supplementary Table 3). To
find the net interaction and the pathways to which the stage-
specific expressed proteins are related, we searched the STRING
database for C. shasta mouse homologs. We combined the stage-
specific proteins (Figure 1D) with the common significantly
highly expressed proteins (Figure 3) for each stage and analyzed
the data for GO molecular function enriched terms (FDR
adjusted P < 0.05). The analysis revealed 25 enriched GO terms

FIGURE 2 | Comparison of the 100 most abundant protein groups in
developmental stages (Dev. stages) and mature myxospores. Proteins were
grouped based on putative functions. HSPs: heat-shock proteins, unknown-
with no annotation.

FIGURE 3 | Heat map showing 357 differentially expressed proteins (FDR
adjusted P < 0.05) between mature myxospores and developmental stages
(n = 3 and n = 5 biological replicates, respectively). The full protein details are
in Supplementary Table 3.

specific to the developmental stages, which were related to actin
and cytoskeleton, GTPase, endopeptidase activity, ribonucleotide
binding and other processes (Figure 4A). In the mature spores,
we found five specifically enriched GO terms, including protein
kinase binding, ion binding and RNA binding (Figure 4B).
We identified 17 enriched GO terms shared by both sample
types, and these were related mainly to binding and catalytic
activity (Figure 4C).

We next searched both proteomic datasets for all annotations
and GO terms related to “actin” and “cytoskeleton” and used
STRING to visualize the interaction (Figure 5A).

Findings From Developmental Stages
We identified 6 of the 7 subunits of the actin filament nucleator
Arp2/3 complex, of which Arpc2 and Arpc3 were enriched
(Pizarro-Cerdá et al., 2017). We also identified WASP, WDR1,
Wipf1, MDia2, and a WAVE family member WAF2, the latter
was significantly expressed. These proteins are all nucleation-
promoting factors (NPFs), which activate the Arp2/3 complex
and promote migration by actin polymerization, thus creating
branched actin filament networks required for formation of
lamellipodia or filopodia (Figure 5B; Campellone and Welch,
2010). Proteins expressed only in developmental stages include:
intersectin 1 (ITSN1), which stimulates actin nucleation (Tsyba
et al., 2011), Tropomodulin 3 (TMOD3), which contributes to
the formation of the short actin protofilament that, in turn,
defines the geometry of the cell membrane (Yamashiro et al.,
2012), and talin 1 (TLN1), which plays a central role in cell
adhesion through interaction with β integrin and F-actin (Goult
et al., 2018). Among other significantly expressed proteins
were ENAH, which promotes filopodia formation (Krugmann
et al., 2001), actinin α1 (ACTN1), an F-actin cross-linking
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FIGURE 4 | STRING GO enrichment analysis of molecular function of significantly expressed proteins in either developmental stages or mature myxospores. Only
terms that were associated with at least 10 proteins are shown; FDR adjusted P < 0.05. (A) GO terms enriched in developmental stages. (B) GO terms enriched in
myxospores. (C) Enriched GO terms shared by both sample types. Detailed results of the GO analysis are in Supplementary Table 4.

FIGURE 5 | Schematic representation of the actin-related proteins. (A) STRING interaction map of proteins having “actin” or “cytoskeleton” GO term or annotation in
both datasets. The STRING data were obtained using mouse protein homologs of C. shasta and the mouse symbols are near the nodes. Respectively, blue and red
nodes represent proteins significantly expressed in or specific to developing spores, while yellow nodes represent proteins significantly expressed in mature
myxospores. Gray nodes represent proteins common to both sample types. Strong associations are represented by thicker lines. (B) Key pathways found in mature
myxospores and developmental stages. In developmental stages, F-actin is nucleated by Arp2/3 and NPFs to create branched actin, which promotes lamellipodia
and filopodia formation that enable cell motility, whereas in mature myxospores F-actin is stabilized and nucleation is inhibited.

protein, coactosin-like protein (COTL1) that binds F-actin
(Provost et al., 2001), adseverin (SCIN/ADSV), a Ca-dependent
actin filament-severing protein affecting the organization of
the microfilament network underneath the plasma membrane
(Chumnarnsilpa et al., 2009), and Cofilin (CFL2), which controls
actin polymerization and depolymerization at the leading edge

of motile cells (DesMarais et al., 2005). Other significantly
expressed proteins related to actin were the exocyst component
Exo70, which favors membrane protrusion by promoting
WAVE-Arp2/3 interaction (Zuo et al., 2006; Liu et al., 2012),
14-3-3ζ that, among its broad signaling functions, regulates
cytoskeleton dynamics (Angrand et al., 2006), and two myosin
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proteins that target actin protrusions (Coluccio, 2020), MYO1E
and MYO3B, the latter was specifically expressed only in
developing spores. Additionally, under the enriched GO term
“small GTPase proteins,” we found proteins related to cell
migration, cell adhesion and cytoskeleton assembly, such as
coronin 1C, serine/threonine-protein kinase N2 (Pkn2), TBC1
domain containing kinase (TBCK) and Rho GDP dissociation
inhibitor α and β (ARHGDIA and B) that, through modulation
of Rho proteins, play a role in cell motility regulation. In
other enriched GO terms such as “lipid binding” we identified
proteins that are related to membrane trafficking belonging to
the annexin family and the sorting nexins group, and under
the GO term “endopeptidase activity” we identified proteins
such as cathepsin K, L and Z, and endopeptidases from the
proteasome apparatus.

Findings From Mature Myxospores
Only two enriched actin-related proteins were identified: LIM
domain and actin-binding 1 (LIMA1/ EPLIN), a cytoskeleton-
associated protein that inhibits actin filament depolymerization
and cross-links filaments in bundles (Maul et al., 2003), and
striatin-interacting phosphatase 2 (STRIP2), which plays a role
in the regulation of cell shape and cytoskeletal organization (Bai
et al., 2011). Additionally, under the enriched term “nucleic
acid binding,” we found LIM domain binding 3 (Ldb3), which
modulates protein-protein interaction domains through its
PDZ domain, two proteins from the paired box family, OTX
homeodomain protein, Piwil2, which binds RNA, five proteins
(CNOT7, DDX6, MTREX /Skiv2l2, EXOS1, EXOS2) from the
RNA degradation pathway and others.

Enriched GO terms that were shared between the
developmental stages and mature myxospores were mostly
related to fundamental DNA and RNA processes (Figure 4C and
Supplementary Table 4).

DISCUSSION

In the current study, we characterized and compared the
proteomic profiles of different stages in the life cycle of
C. shasta: developmental (proliferative, pre-sporogonic, and
sporogonic stages) from within the fish host (Bartholomew
et al., 1989a,b), and the resulting mature myxospores,
which are viable outside the host to transmit infection. We
used a proteomic approach because the mature spores are
considered to be relatively transcriptionally silent and the
proteome reflects an active state of all stages. Our findings
demonstrate diverse proteins in developmental stages resulting
from many metabolic processes, in comparison with the
myxospores and provide the first reference map of the
proteome of mature myxospores. We identified 2,296 protein
groups, including proteins specifically expressed in each
stage, and 357 protein groups with statistically significant
stage-specific expression.

Our data show sporogenesis is characterized by actin
polymerization and reorganization, which provide the driving
force for the cell motility documented in developing parasites

(Alama-Bermejo et al., 2020). The actin cytoskeleton plays a
key role in most dynamic cellular processes, including cell
shape changes, migration and division (Svitkina, 2018). In
myxozoans, cell motility has been described during sporoplasm
invasion into the host, on the route to the target tissue and
during sporogenesis (Feist et al., 2015; Adriano and Okamura,
2017). Detailed ultrastructural analysis during Ceratomyxa
puntazzi sporogenesis revealed an F-actin-rich cytoskeleton
in filopodia that caused directional motility of the parasite
(Alama-Bermejo et al., 2012), whereas in Sphaerospora molnari
two types of actin were shown to be involved in cell
motility during proliferation (Hartigan et al., 2016a). In
highly virulent C. shasta genotype IIR, motility is due to
high expression of RhoA, β-actin, and the adhesion-related
genes integrin-β and talin (Alama-Bermejo et al., 2019). In
the pre-sporogonic and sporogonic developmental stages, we
identified the Arp2/3 complex of highly conserved nucleation
proteins that, together with NPF proteins, generate branched
actin networks. Additionally, we identified the homologous
myxozoan molecular machinery that regulates and creates the
actin filament network to form lamellipodia or filopodia. Our
findings also support previous observation of the involvement
of endopeptidases during myxozoan sporogenesis (Kelley et al.,
2003; Alama-Bermejo et al., 2020).

In mature myxospores, we identified proteins homologous
with those that enhance F-actin stabilization in mammals,
including two LIM domain-containing proteins, LIMA1 and
Ldb3, which are characterized by their interaction with F-actin
(Kadrmas and Beckerle, 2004). Particularly interesting is LIMA1,
which was first identified when it was downregulated in
cancer cells (Maul and Chang, 1999) and later identified
as a key protein that prevents actin depolymerization and
functions during filament bundle assembly and stabilization
(Maul et al., 2003; Abe and Takeichi, 2008; Taha et al.,
2019). In addition, we identified STRIP2, which was shown
in Drosophila to increase the level of cortical actin filaments
(Bai et al., 2011). The high abundance of these proteins in
the myxospore is consistent with the final rigid structure of
the spores, demonstrating the transformation of the dynamic
actin cytoskeleton network during sporogenesis to a stabilized
F-actin structure. These findings also open the door for
comparisons with actinospore stages in the annelid and with the
sister lineage Malacosporea, which has less robust spore stages
(Fiala et al., 2015).

In summary, we characterized the proteome of C. shasta
during development in the fish host, and identified differences
between motile proliferative stages and the mature myxospore,
which is the robust transmission stage essential to continuing the
myxozoan life cycle.
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