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Comparative transcriptomics reveal stage-
dependent parasitic adaptations in the
myxozoan Sphaerospora molnari
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Abstract

Background Parasitism as a life strategy has independently evolved multiple times within the eukaryotic tree of
life. Each lineage has developed mechanisms to invade hosts, exploit resources, and ensure replication, but our
knowledge of survival mechanisms in many parasitic taxa remain extremely limited. One such group is the Myxozoa,
which are obligate, dixenous cnidarians. Evidence suggests that myxozoans evolved from free-living ancestors

to endoparasites around 600 million years ago and are likely one of the first metazoan parasites on Earth. Some
myxozoans pose significant threats to farmed and wild fish populations, negatively impacting aquaculture and fish
stocks; one such example is Sphaerospora molnari, which forms spores in the gills of common carp (Cyprinus carpio),
disrupting gill epithelia and causing somatic and respiratory failure. Sphaerospora molnari undergoes sequential
development in different organs of its host, with large numbers of morphologically distinct stages occurring in the
blood, liver, and gills of carp. We hypothesize that these parasite life-stages differ in regards to their host exploitation,
pathogenicity, and host immune evasion strategies and mechanisms. We performed stage-specific transcriptomic
profiling to identify differentially expressed key functional gene groups that relate to these functions and provide a
fundamental understanding of the mechanisms S. molnari uses to optimize its parasitic lifestyle. We aimed to identify
genes that are likely related to parasite pathogenicity and host cell exploitation mechanisms, and we hypothesize
that genes unique to S. molnari might be indicative of evolutionary innovations and specific adaptations to host
environments.

Results We used parasite isolation protocols and comparative transcriptomics to study early proliferative and
spore-forming stages of S. molnari, unveiling variation in gene expression between each stage. We discovered several
apparent innovations in the S. molnari transcriptome, including proteins that are likely to function in the uptake

of previously unknown key nutrients, immune evasion factors that may contribute to long-term survival in hosts,

and proteins that likely improve adhesion to host cells that may have arisen from horizontal gene transfer. Notably,
we identified genes that are similar to known virulence factors in other parasitic organisms, particularly blood and
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intestinal parasites like Plasmodium, Trypanosoma, and Giardia. Many of these genes are absent in published cnidarian
and myxozoan datasets and appear to be specific to S. molnari; they may therefore represent potential innovations

enabling Sphaerospora to exploit the host's blood system.

Conclusions In order to address the threat posed by myxozoans to both cultured fish species and wild stocks, it

is imperative to deepen our understanding of their genetics. Sphaerospora molnari offers an appealing model for
stage-specific transcriptomic profiling and for identifying differentially expressed key functional gene groups related
to parasite development. We identified genes that are thus far unique to S. molnari, which reveal their evolutionary
novelty and likely role as adaptations to specific host niches. In addition, we describe the pathogenicity-associated
genetic toolbox of S. molnari and discuss the implications of our discoveries for disease control by shedding light on

specific targets for potential intervention strategies.
Highlights

- We revealed Sphaerospora molnari developmental stage-specific expression profiles in infected host tissues.
- In gill stage parasites, genes related to development and cytoskeletal rearrangements are mostly up-regulated,
while those up-regulated in the bloodstream stage are related to metabolism and host immune evasion

strategies.

- We propose a list of “pathogenicity-related” gene families.
- We uncovered stage-specific up-regulation of S. molnari genes that have no homologues or were not found in

other cnidarian lineages.

Keywords Sphaerospora molnari, Differential expression, Myxozoans, Pathogenicity related, Species specific genes

Background

Parasitic species are remarkably diverse, most likely rep-
resenting approximately half of the life on our planet [1-
3]. Parasites have evolved specific tools and strategies to
expand into new host habitats [4]; yet, the genetic mech-
anisms that govern their adaptive strategies, including
the ability to invade the host and reproduce successfully,
remain largely unexplored.

The phylum Cnidaria is one of the earliest metazoan
lineages [5]. Free-living cnidarians inhabit predominantly
marine and freshwater environments.Evidence based on
molecular clock analysis [6] suggests that about 600 mil-
lion years ago, some of the free-living cnidarians began
to evolve into endoparasites, leading to the emergence of
Myxozoa, which presently accounts for 20% of all known
cnidarian species [3, 7]. However, myxozoan diversity is
likely greatly underestimated, as it has been suggested
that the total number of Myxozoa is greater than that
of free-living taxa [3, 8]. Parasitism has evolved several
times within Cnidaria [9-11], but only myxozoans have
had a massive diversification in aquatic ecosystems [6,
12], most likely due to their complex life cycle. Myxo-
zoan life cycles involve both invertebrate (annelids or
bryozoans) and vertebrate (mostly fish) hosts, in which
transmissive spore stages are produced (actinospores
and myxospores, respectively) [13]. Infection is initiated
by the discharge of nematocysts— weaponry organelles—
that facilitate the spore’s attachment to the host [14-16].
Subsequently, the infectious sporoplasm released from
the spore penetrates the host and proliferates within spe-
cific organs and tissues [17, 18]. After the propagative
phases, the parasites enter either the terminal tissues or

organs of the host, where the final transmission stages,
myxospores, are formed [14]. Mature myxospores are
then released from the host to the environment to infect
the definitive invertebrate host [19].

Numerous studies have been conducted on myxozoans,
as they are associated with significant fish diseases that
lead to substantial mortalities in both cultured and wild
fish populations [20-28]. Moreover, due to increases in
water temperature as a result of climate change, some
myxozoan parasites have expanded massively, endan-
gering aquacultures and wild stocks [17, 18, 21, 23-27].
However, to date, no specific methods have been devel-
oped to control myxozoan diseases. Understanding the
genetic mechanisms responsible for invasion, survival,
and proliferation of these parasites within their hosts is
essential for designing targeted methods for predicting
and controlling myxozoan diseases.

In this study, we used the cnidarian parasite Sphaero-
spora molnari (Cnidaria: Myxozoa: Myxosporea) as a
model to explore the gene expression profile and genetic
mechanisms underlying feeding, propagation, and
immune evasion strategies. S. molnari (Fig. 1) is a para-
site of common carp (Cyprinus carpio) and is responsible
for mortalities of carp stocks in central Europe [29, 30].
The parasite ultimately develops into mature myxospores
in the gill filaments of the fish, causing branchial necro-
sis and respiratory failure [29]. Before spore formation
in the gills (the so-called “gill stage” (GS)), S. molnari
undergoes specific development within the blood [29,
31]. In the vascular system, the parasite forms multicel-
lular extrasporogonic motile stages (the so-called “blood
stage” (BS); Fig. 1) [29, 30]. It has been suggested that the
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Fig. 1 The schematic life cycle of Sphaerospora molnari. A Within its known intermediate host - common carp (Cyprinus carpio)- the parasite undergoes
extrasporogonic development in blood and liver, followed by sporogonic development in the gills, leading to the creation of myxospores, which are
released into the freshwater environment. The life cycle continues with the myxospore infecting the final host - currently unknown but likely an annelid-
where it develops into actinospores, which are released (not known, shown as neoactinomyxum type) to infect the intermediate host (common carp). B 1
&2 Kwik-Diff stain of infected carp cells/tissues. (1) Blood smear showing multicellular parasite stages (indicated by arrowheads) surrounded by mostly red
blood cells; (2) Liver tissue with large multicellular liver stages (indicated by arrowheads); (3) DNA in-situ hybridization of a gill tissue section of common
carp fingerlings heavily infected with S. molnari spore-forming stages (indicated by arrowheads). The monosporous pseudoplasmodia develop in large
numbers in the epithelium of the gill filaments. S. molnari is shown by dark blue coloration (arrowheads). Scale bars=20 um
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parasite adopted special mechanisms to avoid the host
immune system and to use the bloodstream to circulate
freely through host organs (for example, intracellular dis-
guise, motility, polyclonal activation of B cell responses,
skewing of host response to an anti-inflammatory pheno-
type, etc.) [31].

The infection kinetics of S. molnari have been system-
atically examined using quantitative RT-PCR in different
organs of infected carp. An initial peak of parasite multi-
plication was documented at 28 days post-infection (dpi)
in the blood, followed by invasion of the gills at 53 dpi.
Notably, an unexpected re-emergence and the highest
peak of parasite proliferation was detected at 42 dpi in
the liver (studied over a total of 63 days; [31]). The study
demonstrated that S. molnari completes the main stages
of its development in the blood, liver, and gills of carp.
Here, we aimed to better understand the pathogenicity-
related molecular toolbox of S. molnari. We performed
differential expression analysis between the blood and gill
stages to help identify virulence factors used by S. mol-
nari during its blood stage development (i.e.: genes that
are specifically up-regulated in the blood stage samples).
Additionally, we used comparative transcriptome analysis
of cnidarians to identify genes that appear to be specific
to S. molnari and discovered a relatively large overlap
with the differentially expressed genes.

Table 1 Comparison between the Sphaerospora molnari
genome and transcriptome assemblies, including BUSCO scores,
predicted proteins, and orthogroups

Genome Genome- De novo
Assembly guided Tran-  Transcrip-
scriptome tome
Assembly Assembly
Number of contigs 40 20,699 49,042
Total length (bp) 40,172,413 16,945,146 50,900,386
N50 (bp) 2,792,954 1,122 1,615
BUSCO scores against 464 413 455
Metazoa (% complete)
BUSCO scores against 64 57.3 67
Eukaryota (% complete)
Total predicted proteins 14,957 13,464 30,087
Total number of 6,369 8,564 10,573
orthogroups
Number of orthogroups 323 170 2,294
unique to the assembly
Number of orthogroups - 523 408
shared with genome
assembly
Number of orthogroups 523 - 2,756
shared with genome-guid-
ed transcriptome assembly
Number of orthogroups 408 2,756 -

shared with de novo tran-
scriptome assembly
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Results

Outcome of different approaches used in S. molnari
transcriptome assemblies

In general, when access to the genome of an organism
or its closely related counterpart is feasible, it is pref-
erable to use a genome-guided approach to assemble
transcriptomic data [32, 33]. Despite the availability of
a well-curated genome of S. molnari, the transcriptomic
data presented in this study were assembled using both
de novo and genome-guided approaches, and the results
were compared. The de novo transcriptome assembly
generated almost twice the number of contigs and pro-
tein-coding isoforms (49,042 transcripts; 30,087 pro-
tein-coding isoforms) compared to the genome-guided
approach (20,699 transcripts; 13,464 protein-coding iso-
forms). The de novo assembly also demonstrated a higher
N50 value, and its BUSCO score, when assessed against
eukaryotic lineages, surpassed that of the genome-guided
assembly (Table 1).

From the Orthofinder analysis, we retrieved 8,564
orthogroups (OGs) in the genome-guided assembly,
10,573 OGs in the de novo assembly, and 6,369 in the
genome assembly. In total, 5,115 OGs were common to
all assemblies; whereas, 170 OGs, 2,294 OGs, and 323
OGs were specific to the genome-guided, de novo, and
genome assemblies, respectively (Fig. 2A). Comparing
pairs of assemblies, 2,756 OGs were common between
the genome-guided and de novo assemblies, 408 were
shared between the genome and de novo assemblies,
and 523 were found in both genome and genome-guided
assemblies (Fig. 2A). Additionally, the completeness and
quality of both transcriptome assemblies were assessed
using protein sequences predicted by TransDecoder as
queries for BLASTp searches against the UniProt data-
base. As presented in Fig. 2B, the genome-guided assem-
bly recovered longer and more continuous contigs that
resulted in predictions of more complete proteins, in
most cases more than 50% complete. Furthermore, when
comparing transcripts from the genome-guided assembly
with the genome, we observed that most of the contigs
correspond to full genes from the genome. On the other
hand, the de novo transcriptome assembly computed
many truncated contigs that resulted in incomplete pro-
teins, often less than 40% complete. Given that the de
novo assembly generated mostly fragmented transcripts
resulting in an overestimation of KEGG pathways, we
opted to use the genome-guided assembly for all further
analyses, including the differential expression analysis.

Exploratory data analysis

After the read filtration step, the number of reads
retained in the liver samples, L1 and L2, was below the
threshold value set to one million reads, as suggested
in Liu et al. 2014 [34]. These samples were therefore
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Fig. 2 Comparison of the genome and transcriptome assemblies. A Venn diagram depicting shared and unique Orthogroups between the assemblies.
B Histogram showing the density of the completeness of the transcripts. The continuous line (blue) denotes the density of the completeness for each
group of data (using kernel density estimation). The genome-guided assembly recovered more complete transcripts than the de novo assembly, the latter
was characterized by < 1% of transcripts with completeness>80%. Bars with completeness greater than 100% have query sequences longer than the

subject sequence. They most likely represent signal peptides

removed from the differential expression analysis (see
Additional file 1 A).

The total number of reads for two blood samples (B3
and B4) was low compared to the remaining blood sam-
ples. This may have been caused by differences in sample
collection methods (the blood stage replicates B1 and B2
were parasites isolated from blood using ion exchange;
the B3 and B4 samples were isolated using hematocrit
capillaries and represent a mixture of parasites with
white blood cells). Additionally, the samples had different
origins: while B1 and B2 were collected from laboratory
models, each from a single fish, the B3 and B4 samples
were collected from a pond, each pooled from multiple
pondinfected fish. To confirm that our results were not
affected by the heterogeneity of these samples, we also
performed differential expression analysis without the B1
and B2 samples. We observed similar results after remov-
ing Bl and B2, as most of the differentially expressed
genes overlapped between the two methods (Additional
File 2). A small decrease in the number of up-regulated
genes (~16.5% fewer up-regulated genes) and a small
increase in the number of down-regulated genes (9%
more down-regulated genes) was observed. There was
also a slight increase in the log Fold Change (IgFC) values
after removing B1 and B2; however, the differences could
be a result of the low number of replicates for the analysis

without B1 and B2 rather than actual biological differ-
ences or the extraction method (Additional File 2).

Out of 14,124 contigs in the assembly, 12,530 passed
the filtration step (counts per million (CPM) 0.5 in at
least one library) (Additional file 1 A). During explor-
atory data analysis, we observed changes in thousands of
genes when comparing the blood and gill stages (Addi-
tional file 1 A-D). The top 2,000 genes ranked by standard
deviation were divided into four groups based on their
expression patterns using k-means clustering (Additional
file 3). Principal component analysis (PCA) indicated that
the first two components explained 88% of the variance
between the blood and gill stages of the parasite (Addi-
tional file 4).

Next, we performed enrichment analysis for the four
clusters (A-D) calculated by k-means clustering using
clusterProfiler [35] with KEGG KOs, OGs, KEGG Path-
ways, and Pfam domains, as well as topGO [36] with GO
terms (Additional file 3). Information on the enriched
cellular components, molecular functions, and biologi-
cal processes in the investigated clusters is presented in
Additional file 5.
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Differentially expressed genes (DEGs) and gene set
enrichment

Using the DESeq2 package, we identified 2,283 up-regu-
lated and 1,609 down-regulated DEGs (Fig. 3A) using a
threshold of false discovery rate (FDR)<0.01 and fold-
change (FC)>4. The volcano plot (Fig. 3B) illustrates
a substantial number of genes that are significantly dif-
ferentially expressed between the blood and gill stages
of the parasite. Upon examination of the top 30 genes
ranked by their absolute values of fold change (FC), dis-
tinctions were identified in various biological processes,
including the lysosome, peptidase activity, transcription
factors, homeostasis, and protein catabolic processes.

To further explore the functions of the DEGs, we per-
formed enrichment analysis (Fig. 4). In the blood stage,
we observed an up-regulation of genes involved in immu-
nity, redox reactions, glycosylation, glycolysis and glu-
coneogenesis, calcium metabolism and protein kinase C
activity, Golgi function, and locomotion. The most sig-
nificantly enriched down-regulated genes related to sig-
naling and sensoring, host invasion, cysteine peptidase
activity, the endomembrane system, and water homeo-
stasis. Interestingly, in both sets of DEGs (up-regulated
and down-regulated) the fluid shear stress and athero-
sclerosis pathway and the cathepsin L KO were signifi-
cantly enriched. For more details, see Table 2.

Number of differentially expressed genes

blood vs. gills

1500 2000

1000
Regulation mUp mMDown

0 500

-log10 (FDR)
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Differentially expressed genes related to parasitic
strategies and S. molnari-specific genes

Next, we examined genes that could be directly linked to
pathogenicity, considering their homologues had been
identified as virulence factors found in other pathogenic
organisms (e.g., Plasmodium, Giardia, Trypanosoma, and
different species of bacteria). We selected 159 genes as
“pathogenicity-related” genes putatively involved in S.
molnari invasion of the host, that were further divided
into the following categories: “Adhesion molecules’,
“Anticoagulants’, “Genes involved in heme metabo-
lism and transport’, “Host invasion-related molecules’,
“Immunity-related’, “Toxins’, and “Others” A brief
description of these categories and examples are given in
Additional file 6.

We compared the S. molnari transcriptome assem-
bly to all publicly available cnidarian high throughput
sequencing datasets, including Myxozoa. We revealed
that out of 13,464 protein-coding transcripts, 5,560 (cor-
responding to 763 orthogroups) are specific to S. molnari
(Fig. 5). Among these, 45% of the transcripts (1,850) were
classified as differentially expressed, 491 of which were
functionally annotated (1359 could not be functionally
annotated or were designated as domain of unknown
function (DUF)). The expression values and categories of
these genes are presented in Fig. 6.

We observed an up-regulation of genes in the blood
stage that allow for proliferation, such as flagellar-asso-
ciated PapD-like domain, p85-binding domain, PI3-
kinase family, G-rich domain on putative tyrosine kinase,
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Fig. 3 DEGs calculated with the DESeq2 package with a threshold of false discovery rate (FDR)<0.01 and fold-change (FC)>4. A Bar plot showing the
number of DEGs. B Volcano plot showing significant DEGs between blood and gill stages of the parasite
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Fig. 4 Enrichment of DEGs. A Heatmap showing the expression patterns of the up-and down-regulated genes for the blood versus gill stage com-
parisons. B Bar plot showing enrichment using topGO (with the GO terms assigned to Biological Process, Cellular Component, and Molecular Function)
and ClusterProfiler (with KEGG KOs, OGs, KEGG Pathways, and Pfam domains) for the genes in each cluster. The X-axis represents enriched groups in the
up-regulated (purple bar) and down-regulated (green bar) genes. The Y-axis denotes methods used for the enrichment analysis and the significance of
enriched terms (the higher and more yellow a bar is, the more significantly enriched is its term)
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Table 2 List of the most significantly enriched gene categories
based on the annotations (GO terms and KO identifiers)

Genes up-regulated in  Examples

blood stage involved

in/related to

Immunity macrophage apoptotic process, regulation
of leukocyte proliferation, leukocyte prolif-
eration, phenylpyruvate tautomerase activity
intramolecular oxidoreductase activity
sialyltransferase, glycosyltransferase activity,
protein N-linked glycosylation

phosphoglycerate mutase activity

Redox reactions
Glycosylation

Glycolysis and
gluconeogenesis
Calcium metabolism and  CDP-diacylglycerol-inositol 3-phosphatidyl-
protein kinase C activity — transferase activity

Golgi Golgi trans cisterna, Golgi membrane
Locomotion Unconventional myosin complex, myosin |
complex, regulation of locomotion

Genes up-regulated in  Examples
gill stage involved in /

related to

Signaling and sensoring  activin receptor complex, transmembrane
receptor protein tyrosine kinase signaling
pathway

lamellipodium, microtubule associated com-
plex, lysosome, plasma membrane bounded

cell projection, microtubule motor activity

Host invasion

Cysteine peptidase
activity

peptidase activity, cysteine-type peptidase
activity, cysteine-type endopeptidase activ-
ity, cathepsin propeptide inhibitor domain
(129), papain family cysteine protease)
Endomembrane system  endosome lumen, vesicle, cytoplasmic
vesicle), and water homeostasis (vasopres-

sin-regulated water reabsorption

GIdH lipoprotein, and cell-division protein ZapC, most
of which are classified within the “Cellular Processes”
group (Fig. 6). Some transcription factors and transla-
tion regulators classified as “Genetic info processing”
(Fig. 6), such as SAMdependent carboxyl methyltransfer-
ase, ferric uptake regulator family, and ERF superfamily
(DNA binding factor) were significantly up-regulated in
the blood stage. Additionally, we identified 368 “secreted
proteins” in the S. molnari unique gene set (Fig. 7), most
of which were annotated as domain of unknown function
(DUF) or were not functionally annotated. Interestingly,
we observed multiple copies of genes for surface proteins
annotated as VSPs, ETRAMP, and Riffin/Stevor family in
the S. molnarispecific gene set that fulfilled the require-
ments of secretome proteins (presence of a signal peptide
and no transmembrane domain after the signal peptide).

Discussion

Here, we analyzed the functional annotation of differen-
tially expressed genes between two discrete intrapiscine
life stages of the myxozoan Sphaerospora molnari and
compared its transcriptome across closely related species
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(other myxozoans and cnidarians). Within the S. molnari
transcriptome, we identified multiple gene families that
are differentially expressed between the blood and gill
stages, and distinguished a set of genes that are unique to
S. molnari. The results support our hypothesis that varia-
tion in gene expression profiles amongst parasite stages
may reflect distinct mechanisms for proliferation, feed-
ing, and the evasion of host immunity. This variability in
gene expression profiles is consistent with experimental
evidence demonstrating morphological and behavioral
differences between blood and gill stages.

Blood stage

Bloodstream stage (BS) parasites utilize specific mecha-
nisms to feed, evade the host’s immune system, multiply,
and move within the host’s circulatory system. BS para-
sites are easily identifiable by their characteristic non-
directional and consistent movements, often referred
to as “dancing” or Membrane Fold Induced Tumbling
(MFIT) [37]. The external membrane of BS parasites is
used as a motility effector to rotate and move the para-
site [37]. We observed several up-regulated genes related
to motility, multiplication, and growth in the BS samples:
for example, actin, cell-division protein ZapC, inner cen-
tromere protein, ARK binding region, flagellar-associated
PapD-like, and microtubule motor activity.

The attachment process of BS parasites and their feed-
ing on host erythrocytes have been previously docu-
mented [31], and in this study, we affirm the critical role
of these processes in host colonization and the establish-
ment of infection. We have identified several genes that
are up-regulated in BS parasites— such as cytoadhesion
molecules such as cadherin-like beta -sandwich domain,
MAP domain, fibronectin-binding protein (FBP), orna-
tin, and glycoprotein GP40— which have been shown in
other systems to play important roles in attachment to
hosts and host cells, as well as in cell invasion [38—41].
For instance, Trichomonas vaginalis uses cadherin-like
proteins for adherence to human mucosal epithelial cells,
thereby establishing infection [38]. Similarly, GP40 is
implicated in the attachment of Cryptosporidium par-
vum sporozoites to the host cell surface [39]. This sug-
gests that S. molnari may use products of these genes
for attaching to the host erythrocyte. Although there is
no reported intracellular development of myxozoans
in erythrocytes, it is possible they are used as a nutri-
ent source. Blood itself provides nutrients, being rich
in amino acids, sugars, lipids, and heme [40, 41]. It has
been shown that many parasites have lost genes and
pathways that would be essential for survival outside the
host; they have instead gained and retained the ability to
scavenge and utilize metabolites from the host, like for
example sugars as a swift source of energy [42, 43]. For
instance, Thelohanellus kitauei has adapted to inhabit
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Fig. 5 Comparisons between cnidarian (including myxozoan) orthogroups, numbers above the branches correspond to duplication per node. Gene
families shared and unique amongst cnidarian datasets. Orthofinder summary plot showing species-specific duplications (grey bars), number of genes in
orthogroups (blue bars), and species-specific orthogroups (red bars) amongst Cnidarian datasets used in this study

the host gut submucosa, which is extremely oxygen- and
nutrient-rich (especially for glucose) [43]. The T. kitauei
genome showed an absence of classic and complimentary
anaerobic pathways, gluconeogenesis, and de novo syn-
thesis of fatty acids, amino acids, and nucleotides. It can
be expected that the BS of S. molnari also scavenges glu-
cose from host blood to serve as “input” for the glycolysis
pathway. This inference is supported by our detection of
the three key enzymes of glycolysis: hexokinase, phos-
phofructokinase, and pyruvate kinase in S. molnari. This

suggests that the parasite can produce glucose-6-phos-
phate from glucose, which is a key precursor for several
essential metabolic pathways (see KEGG reference path-
way map in Additional file 7).

Another major group of proteins important for
blood-feeding parasites are heme transporters. Vari-
ous hemoparasites, such as Plasmodium, Schistosoma,
Trypanosoma, and Aeromonas can lack some enzymes
of the heme biosynthetic pathway. Consequently, these
parasites rely on heme transporters or intermediates
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for their metabolism and growth, including cell sur-
face heme-binding proteins, heme exporter proteins,
siderophore-interacting flavin adenine dinucleotide
(FAD), and heme nitric oxide (NO) binding associated
proteins to scavenge, transport, and assimilate heme
[41, 44—46]. An almost complete pathway for heme bio-
synthesis is present in the S. molnari transcriptome; the
only enzyme missing is uroporphyrinogen decarbox-
ylase [EC: 4.2.1.75], which is responsible for the con-
version of hydroxymethylbilane to uroporphyrinogen

(see porphyrin metabolism KEGG reference pathway
in Additional file 7). The absence of this particular gene
within our transcriptomic data may be ascribed to the
incompleteness of the dataset, given that we successfully
identified uroporphyrinogen decarboxylase in the S. mol-
nari reference genome (SRA accession SAMN45157437
[47]). While our data do not conclusively determine the
completeness of S. molnari's heme biosynthesis path-
way or whether the parasite necessitates scavenging
heme or heme metabolites from the host, our findings
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unequivocally indicate a substantial increase in both
heme and glucose binding and transport across the para-
site’s cell membrane, as well as metabolic activity in BS
parasites when compared to the GS. In particular, we
noted significantly higher relative expression of specific
genes involved in these processes, including cell surface
heme-binding protein Shp, glycosyltransferase family 29
(sialyltransferase), ABC transporter, heme exporter pro-
tein D (CcmD), heme NO binding associated, iron trans-
port-associated domain, and maltose transport system

permease protein MalF P2 domain, among others. The
simultaneous presence of enzymes used in the heme
biosynthesis pathway and the up-regulation of heme
transporters that likely enable scavenging heme from
host blood implies that S. molnari uses alternate tissue-
specific strategies to obtain heme. In the blood, where
heme is highly accessible, S. molnari may activate trans-
porters. Conversely, in the GS, or potentially within the
invertebrate host, the parasite might activate its heme
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biosynthesis pathway. However, this hypothesis requires
further investigation and experimental validation in the
future.

Gill stage

S. molnari completes its development in the gills by
forming myxospores as transmission stages to the final
annelid host. This development includes early sporo-
gonic stages (pseudoplasmodia with sporoblasts [29])
and mature myxospores. GS parasites are morphologi-
cally very different from BS parasites (Fig. 1). Mature S.
molnari myxospores comprise highly differentiated cells,
hard-shell valves, sporoplasm, and nematocysts with fila-
ments for attachment to the host [29].

In the GS, the most significantly enriched groups of
genes were classified as structural genes, toxins, host
cell invasion-related genes, proteases, and genes associ-
ated with growth and development. Structural genes,
including ARP2/3 complexes, cytoplasmic Fragile-X
interacting family genes, chitin binding Peritrophin-A
domain, and cofilin/tropomyosin-type actin-binding pro-
tein, are likely implicated in shaping spore structure, as
described for other myxozoans (for example: Tetracap-
suloides bryosalmonae, see [48), and Ceratonova shasta,
see [49]) and free-living cnidarians [50]. The differentially
expressed toxin genes exhibit similarities to bacterial
toxins involved in virulence and host invasion mecha-
nisms: for example, anthrax toxin lethal factor, which is
a primary virulence factor for Bacillus anthracis and is
capable of disrupting host signaling pathways and caus-
ing cell destruction, as well as diphtheria toxin, which is
secreted by Corynebacterium diphtheriae to aid in host
cell penetration. Another example is the LXG domain of
the WXG superfamily, which is predicted to play a role in
the secretion pathway for toxin export in various bacte-
rial species [51-53]. Most probably S. molnari uses toxin
genes in combination with cell breakdown genes (i.e.,
AhpC/TSA family proteins) to facilitate the disruption of
host epithelium, thereby promoting the release of spores
into the environment. Previous studies on toxins of free-
living cnidarians and myxozoans suggested that myxozo-
ans can produce a diverse array of toxins, which may have
initially served as venoms in their free-living ancestors.
However, these toxins could have been repurposed dur-
ing the transition to an endoparasitic lifestyle, potentially
for developmental processes and interactions with hosts
rather than for prey capture or predator defence [54].

GS parasites also seem to up-regulate genes involved in
modulating the cell invasion machinery. Notable exam-
ples include membrane-associated apoptosis protein,
GTPase-activator protein for Ras-like GTPase, MSP1
EGF domain 1, and Rab-GTPase-TBC domain. These
proteins are known to block or limit host immunity
and parasite elimination mechanisms in other systems:
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for instance, inhibition of host autophagy machinery in
Leishmania parasites [55]. Additionally, a few immu-
nity-related gene families, such as those belonging to
the immunoglobulin-like superfamily (IgSF) and prote-
ases, are significantly up-regulated in GS parasites. The
proteases are likely part of the nematocyst’s “venom-
like compounds” that facilitate future invasion [56]. We
speculate that the parasite uses IgSF for non-self-recog-
nition, as has been shown in other cnidarians [57]. The
most enriched GO terms in the GS are mainly linked
to the plasma membrane, phagosome, and locomotion
processes (i.e.: actin filament binding, lamellipodium,
microtubule complex). These likely indicate changes in
the actin cytoskeleton and facilitation of migration from
blood vessels into the gill epithelia, which supports the
formation of the mature spore structure, as observed
in the myxozoan Ceratonova shasta [49]. Finally, up-
regulation of lysosomal genes may play a role in digest-
ing materials scavenged from the host or breaking down
components of spore-forming cells during the matura-
tion of myxospores.

Host immune evasion by Sphaerospora molnari

Parasites have evolved various mechanisms to avoid
host immune systems. This avoidance can be achieved
by altering the antigenic surfaces of parasites during
infection, a phenomenon observed in Plasmodium, Try-
panosoma, and bacteria (reviewed in [58]). Alternatively,
parasites may produce molecules (e.g. adhesins and inva-
sins) to block or modulate specific steps during the host’s
immune response. Another method involves injecting
modulatory proteins directly into host cells using special-
ized secretion systems, as reported in bacteria [59].

One prominent category of enzymes related to host
exploitation are proteases, involved in the various mech-
anisms of pathogenicity. To date, several studies have
highlighted myxozoan proteases as virulence factors [43,
54, 56, 60—63]. Such virulence factors represent candidate
drug targets in therapies for myxozoan diseases. Hartigan
et al. [63] specifically examined how S. molnari proteases
that act as virulence factors can provide potential vaccine
candidates. Here, we identified multiple up-regulated
papain family cysteine proteases and aspartyl proteases
in the GS, as well as OTU-like cysteine protease.

We also identified an up-regulation of species-specific
integral surface proteins facilitating host immunity eva-
sion in BS parasites (e.g., variant-specific surface proteins
(VSPs; Giardia intestinalis), Malarial early transcribed
membrane protein (ETRAMP; Plasmodium falciparum),
and RIFINRifin/STEVOR Stevor family proteins (Plas-
modium falciparum); Fig. 7). These proteins have been
linked with the secretome in other systems, including
diplomonad parasites such as Giardia intestinalis and
Spironucleus salmonicida, which encode variant-specific
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surface proteins (VSPs). These proteins are variably
expressed through cell generations and are presumed to
be an antigenic adaptation enabling evasion of the host
immune system [64, 65]. VSPs are cysteine-rich proteins
with frequent CXXC motifs followed by a transmem-
brane domain and a short intracellular N-terminal highly
conserved motif. Remarkably, Giardia changes its expres-
sion from one VSP to another every sixth to fourteenth
generation [64]. We have identified multiple copies of
genes annotated as VSPs in our DEGs. The putative VSPs
identified in S. molnari show high similarity to the struc-
ture of S. salmonicida VSPs and have not been identified
in any other myxozoan lineages; thus, we believe they
are lineagespecific. Comparative analysis of S. molnari
VSPs with those of diplomonad species such as Giardia
muris, Giardia intestinalis, and S. salmonicida, revealed
similarities between the N-terminal motifs of S. molnari
(“IMMKK]”) and S. salmonicida (“|KR][KR]X[KR][KR]”).
The initial fasta file and sequence alignments (full and
trimmed) can be found in the Figshare repository [66].

To date, ETRAMPs constitute a protein family exclu-
sive to Plasmodium species [67]. We found multiple
copies of genes that are similar to the ETRAMP and
RIFINRifin/STEVORStevor family proteins up-regulated
in the S. molnari blood stage. Export of proteins in the
RIFIN and STEVOR families to the cell surface of red
blood cells infected by Plasmodium [68] enables escape
from host immune responses and mediates adhesion of
RBCs [69-71], thus establishing long-lasting infections
[68]. S. molnari may similarly use the products of these
genes to evade the host immune system.

In summary, our findings suggest convergent evolution
of immune evasion mechanisms, as S. molnari expresses
a variety of proteins used in the immune evasion strate-
gies of other parasites. However, the evolutionary origin
of these proteins and their specific functions need further
investigation to confirm convergence.

Sphaerospora molnari species-specific and pathogenicity-
related genes

This study unveiled a Sphaerospora-specific gene rep-
ertoire that is not present in other publically available
cnidarian, including other myxozoan, datasets. The
observed absence of genes in other cnidarian lineages
may stem from incomplete datasets, or overpredictions/
mis-assembly of the S. molnari transcriptome. Gene
duplication, divergence, and neofunctionalization dur-
ing evolution appear to account for most species-specific
genes [72] and are exhibited in other parasitic species
[73, 74]. The genome of myxozoan, Myxobolus hong-
huensis, shows a similar pattern, as a notable proportion
of its genes are absent in other myxozoan species, which
may represent specific adaptations for host exploitation
[75]. Comparison of the S. molnari dataset with other
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myxozoan transcriptomic and proteomic profiles [48,
49], indicates that a set of annotated species-specific
genes (491 out of 5560 S. molnari species-specific genes)
may be related to parasitic niches, exploitation strategies,
tissue tropism, and phenotypic plasticity of developmen-
tal stages and organelles. Some species-specific genes
that are up-regulated in BS parasites may originate from
horizontal gene transfers (HGTs) from bacteria, includ-
ing Gliding motility-associated lipoprotein GIdH and
Cell-division protein ZapC. These genes may be involved
in cell motility, as documented in bacteria [76, 77], con-
tributing to cell crawling mobility and the movement of
BS parasites out of the vascular system.

Like other parasites, S. molnari demonstrates stage-
specific protein secretion that is likely involved in host
cell invasion, immune evasion, feeding, and replication,
ensuring exploitation of host resources [15, 78, 79]. A
total of 160 identified transcripts, grouped into 6 func-
tional categories (see Additional file 6), are probably
associated with the pathogenicity of S. molnari. These
genes are inferred to contribute to immune evasion,
mediated by proteases and surface proteins, and exhibit
similarities to bacterial toxins (as discussed above).
Homologs of these genes are characterized in various
pathogenic protozoans, making them promising candi-
dates for developing control measures against a broad
range of microparasites (see references in Additional file
6). Interestingly, 35 of these 160 “pathogenicity-related”
genes are S. molnari-specific and show no homology to
other cnidarian datasets. This may be the result of incom-
plete publicallyavailable genomic/transcriptomic datas-
ets of parasitic cnidarians, particularly given the limited
number of genomic/transcriptomic datasets from other
Sphaerospora species [80]. Alternatively, these genes
could signify an evolutionary divergence related to the
distinctive features of S. molnari proliferating in the
bloodstream of fish.

Our transcriptome analyses revealed numerous spe-
cies-specific genes that lack annotation, a phenomenon
observed in other organisms [81, 82], including myxozo-
ans [20, 48]. Rapid evolution and associated fast molec-
ular clocks [6], elevated positive gene selection [14],
genome reduction, and mosaic evolution in Myxozoa [75]
may contribute to gene divergence and hence challenging
homology detection, as evident in some lineage-specific
genes [83]. Despite the apparent lack of annotation for
many of the S. molnari genes, we were able to identify
several genes that may offer insights into the evolution of
novelty related to adaptation to new host niches [84, 85]
or myxozoan parasite strategies. Identification of genes
that are known to play important roles in the parasitic
strategies of other microbial eukaryotes, such as Giardia
or Plasmodium, might provide new insights into novel S.
molnari specific strategies.
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Table 3 Sampling details for Sphaerospora molnari
developmental stages collected from common carp, Cyprinus
carpio

Origin of samples Parasite de- Host tissue No. of
velopmental biologi-
stage cal rep-

licates

laboratory carp culture origi-  presporogonic  column 2

nating from Mala Outrata blood stage (BS) sepa-

pond, CZE rated clean

parasite

wild-type carp from Mala presporogonic  infected 2

Outrata pond, CZE blood stage (BS) blood

infected carp held at Szarvas  sporogonic gills 5

facility, HUN stage (GS)

laboratory carp culture origi-  liver stage (LS)  liver 2

nating from Mala Outrata
pond, CZE

Conclusions

By employing highly effective protocols for isolating
parasites and utilizing comparative transcriptomics, we
identified differentially expressed functional gene groups
involved in immune evasion, cytoskeletal rearrange-
ment, cellular differentiation, and nutrient scavenging
from host blood. Additionally, we observed differential
expression of proteins with possible homologues related
to pathogenic mechanisms in other blood and intestinal
parasites. Finally, we compiled a list of “pathogenicity-
related” gene families crucial for different developmen-
tal stages of S. molnari, suggesting potential candidates
for disease control of this parasite and potentially other
myxozoans. Our results indicate several possible evolu-
tionary novelties in S. molnari, which require confirma-
tion through further functional studies and insights from
other myxozoan datasets.

Methods

Animal and sample collection

We used information on the infection kinetics of S. mol-
nari from a previous study [31] (i.e., the initial peak of
parasite multiplication in host blood at 28 days post-
infection (dpi), followed by parasite proliferation at
42 dpi in the liver, and at 53 dpi in the gills) to sample
infected fish blood, liver, and gills. Blood stages of S.
molnari samples (B1, B2) were collected from a para-
site in vivo culture line maintained in the Laboratory
of Fish Protistology (,Institute of Parasitology, BC CAS,
Czech Republic) that has been cycled between fish indi-
viduals by intraperitoneal injection of parasites into
specific parasite-free (SPF) common carp (Cyprinus
carpio) [86], and two blood samples (B3 and B4) were
collected from infected wild fish from different Czech
ponds (see Table 3). Blood stage of S. molnari samples Bl
and B2 were enriched for parasites using ion exchange
chromatography according to a protocol described by
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Born-Torrijos et al. [87]. Sphaerospora molnari blood
samples B3 and B4 were concentrated from several fish
and co-isolated with host white blood cells (WBCs) from
total blood by centrifugation for 5 min at 3500 rpm in
heparinized hematocrit tubes. Liver stages of S. molnari
were collected and characterized from two infected wo
carp individuals (RNA isolation from infected liver tis-
sue). Gill stages (n=>5) were obtained from five fish that
were collected from a commercial carp hatchery and
housed in a recirculation system of the Research Insti-
tute for Fisheries and Aquaculture (Szarvas, Hungary).
Parasite-containing gill tissues were placed into RNAlater
(Sigma-Aldrich, USA), stored for the first three days at
4.°C, and then transferred to -20 °C until RNA extraction.
All experimental protocols were approved by the Resort
Professional Commission of the CAS for Approval of
Projects of Experiments on Animals. Prior to the collec-
tion of S. molnari blood stages (Table 3), the fish speci-
mens were euthanized utilizing clove oil. Fish sampling
protocols and manipulations were in strict adherence to
the provisions of the Czech legislation governing the wel-
fare of animals, as set forth in the Protection of Animals
Against Cruelty Act No. 246/1992. All procedures were
authorized by the Czech Ministry of Agriculture. The
study is reported in accordance with ARRIVE guidelines
(https://arriveguidelines.org).

RNA isolation and sequencing

Total RNA was isolated using the NucleoSpin RNA Kit
(Macherey-Nagel, Germany) following the manufac-
turer’s instructions. RNA concentration and purity were
assessed with a NanoDrop ND-1000 Spectrophotom-
eter (ThermoFisher, USA). All RNA samples were com-
mercially processed for library preparation (TrueSeq
Library prep.), and Illumina sequencing (NovaSeq 6000
run, 150 bp paired-end reads) was performed by Future
Genomics Technologies B.V., Netherlands. The quality of
sequence reads was assessed with FastQC (https://qubes
hub.org/resources/fastqc.). Adapter sequences and low-q
uality regions were trimmed using BBDuk (with quality
trimming threshold qtrim =rl, trimq-20, minlength =30)
(v37.62) (https://sourceforge.net/projects/bbmap/).

Read filtering and transcriptome assemblies

Removal of host contaminants from the read dataset
was performed in two steps, following the workflow out-
lined in Alama-Bermejo et al. [88]. First, host reads were
removed prior to assembly by read mapping to the ref-
erence genomes of both S. molnari (GenBank accession:
SAMN45157437 [47]) and Cyprinus carpio (GenBank
accession: ASM127010v1 [89]). All reads mapping to the
C. carpio genome but not to the S. molnari genome or
failing to align to either of the genomes were excluded
from the analysis. Only the reads that mapped to the S.


https://arriveguidelines.org
https://qubeshub.org/resources/fastqc
https://qubeshub.org/resources/fastqc
https://sourceforge.net/projects/bbmap/

Wisniewska et al. BMC Genomics (2025) 26:103

molnari genome were used for assembly. Generally, when
the genome of an organism or its close relative is avail-
able, a genome-guided assembly is preferred rather than a
de-novo assembly [32]. In our case, despite the availability
of a well-curated S. molnari genome, we used both strate-
gies for comparative purposes: (i) a de novo assembly and
(ii) a genome-guided assembly using the Trinity assembly
suite v2.10.0 with default settings [90]. Both assemblies
(i.e. de-novo and genome-guided) were further inves-
tigated using BLAST and in-house Python scripts to
remove non-parasite contigs (the best hit for each query
was selected based on the smallest e-value and all con-
tigs with hits assigned to Bacteria, Archaea, Fungi, Meta-
zoa-Chordata, Orthornavirae, and Viridiplantae were
discarded). TransDecoder, implemented in the Trin-
ity package [90], was used (with default settings) to find
and translate open reading frames (ORFs), and trans-
lated peptides were then used for searches against NCBI,
Pfam, SwissProt/UniProt, EggNog, KEGG, HMMER, and
SignalP databases [90-97]. To enhance annotation, Kegg
Orthology (KOs) identifiers were assigned to each pre-
dicted protein by running the BlastKOALA [98] search.
The assemblies (both full and cleaned), predicted pro-
teins for the genome-guided assembly, and annotations
are available in the Figshare repository [66].

Comparison of transcriptome assemblies

To evaluate the completeness of the resulting assemblies
(de novo, genome-guided), we performed BUSCO v4.1.4
(Benchmarking Universal Single-Copy Orthologs) [99]
searches against the eukaryotic and metazoan datasets
and compared the scores with the published S. molnari
genome assembly (GenBank accession: SAMN45157437
[47]).

We used Orthofinder v2.3.11 [100] to identify ortho-
logues shared and unique between the de movo and
genome-guided assemblies. We also assessed the assem-
blies for full-length versus truncated proteins by con-
ducting BLAST searches against the UniProt database
[93] (using e-value threshold set to le-10 and max_tar-
get_seqs set to 25). The top hits for each query, deter-
mined by the highest bit score value, were extracted,
and the percentage of their completeness was calculated
using an in-house Python script. Histograms were plot-
ted in R using the tidyverse v1.3.2 R package [101].

Differential gene expression and enrichment analyses

The RNA-seq read data for blood, gills, and liver sam-
ples were aligned to the longest isoform of each con-
tig extracted from the genome-guided transcriptome
assembly using the Bowtie v2.4.1 aligner (with default
parameters) [102]. Reads with ambiguous assignments
or mapping to different contigs were excluded. The
resulting alignments were utilized to quantify read per
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contig using featureCounts of the subread v2.0.1 R pack-
age [103]. The number of reads retained in the liver sam-
ples was below the recommended threshold value of one
million reads [34], and thus data from these lifestages
were excluded from analyses. The expression matrix was
uploaded to iDEP.96 [104], filtered using CPM with a cut-
off set to 0.5 in at least one library, and transformed using
the rlog (regularized log) option [105]. The mapped data
were then used for exploratory data analysis (EDA), with
k-means clustering, hierarchical clustering, and PCA
analyses. Gene clusters predicted by the k-means were
subjected to enrichment analysis using the ClusterPro-
filer v4.6.2 [35] and topGo v2.50.0 [36] R packages.

Differentially expressed genes between blood and gill
stages were assessed using the DESeq2 v1.38.3 [105]
package. All genes with an adjusted p-value<0.01 and
fold-change >4 were analyzed by enrichment analysis. To
summarize and visualize significant DEGs, we used the
tidyverse v1.3.2 [101], viridis v0.6.2 [106], and pheatmap
v1.0.12 [107] R packages.

Sphaerospora-specific gene identification

We used 50 Cnidaria and 12 Myxozoa datasets (proteins
derived from genomes and transcriptomes; see Addi-
tional file 8; including our S. molnari genome-guided
transcriptome assembly) to identify Sphaeropora-specific
genes. Transcriptome assembly and protein predictions
were lacking from publicly available Myxobolus pendula
RNA-Seq data, so we assembled three SRA datasets
using SPAdes v3.15.5 [109]. TransDecoder v5.5.0 (https:
//github.com/TransDecoder/TransDecoder) was used for
OREF prediction and translation of transcripts into amino
acids. For the myxozoan species for which only a genome
assembly was available, we performed ab initio gene pre-
dictions using Augustus v3.3.3 [108] with Amphimedon
queenslandica as a reference species.

Next, the amino acid sequences from all the datasets
were used as input for OrthoFinder v2.5.4 [100] analysis.
The cogeqc v1.3.1 R package [110] was used to visual-
ize OrthoFinder results. Orthogroups containing only
S. molnari sequences were considered Sphaerospora-
specific genes. Next, we examined S. molnari -specific
genes for the presence of signal peptides and transmem-
brane domains to identify any secreted proteins. We
used SignalP v5.0b (with the -org option set to eukary-
otic) [97] to identify proteins with a D-score above 0.5,
which were then used as an input for TargetP v1.1 (with
option -org ‘no-pl’) [111] to identify all proteins with sub-
cellular targeting. The remaining proteins underwent a
sequential search using WOLFPsort (using option ‘ani-
mal’) [112] and TMHMM v2.0c [113]. Proteins annotated
as extracellular in the WOLFPsort search and lacking a
transmembrane domain after the signal peptide in the
TMHMM search were classified as “secreted proteins”.
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Pathogenicity-related gene identification

To identify genes that are differentially expressed between
the blood and gill stages and may be involved in patho-
genicity, a thorough literature search was conducted.
Starting with the complete set of differentially expressed
genes and their functional annotations (available in the
Figshare repository [66]; see section “Read filtering and
transcriptome assemblies”). Publications were retrieved
from the literature based on the functional annotation
and abstracts were reviewed to determine whether the
study implies the annotated gene(s) involvement in host
interactions, toxicity, or pathogenicity. Such genes were
then considered putative pathogenicity-associated pro-
teins. These were assembled into a table containing their
expression pattern and a selection of background litera-
ture (Additional file 6).

Abbreviations

GS Gill Stage

BS Bloodstream Stage

dpi Days Post-infection

0OGs Orthogroups

CPM Counts Per Million

PCA Principal Component Analyses
DEGs Differentially Expressed Genes
FDR False Discovery Rate

FC Fold-Change

DUF Domain of Unknown Function
MFIT MEMBRANE Fold Induced Tumbling
FBP Fibronectin-Binding Protein

FAD Flavin Adenine Dinucleotide

NO Nitric Oxide

IgSF Immunoglobulin-like Superfamily
V/SPs Variant-specific Surface Proteins
ETRAMP  Malarial Early Transcribed Membrane-like Protein
HGT Horizontal Gene Transfer

SPF Specific Parasite-Free

WBCs White Blood Cells

ORFs Open Reading Frames

KOs Kegg Orthology identifiers

EDA Exploratory Data Analysis
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Supplementary Material 1: Additional file 1: Fig. S1 Exploratory data
analysis: differences in read counts in the samples used for expression
analysis. A The total count of reads (in millions) that mapped to the refer-
ence transcriptome. Samples denoted by an asterisk (L1 and L2) retained
fewer reads than the threshold value set to one million reads and were
removed from further analyses. B Density plot showing the expression
values of the data after transformation (after applying r-log transformation
implemented in DESeq2). C Distribution of the transformed data for each
sample. D Scatter plot of transformed expression in the first two samples
(two gill samples; S3A and S3B).

Supplementary Material 2: Unique DEGs for the analyses with and without
the B1 and B2 replicates. A Heatmap representing DEGs and a cartoon
depiction of expression patterns with the classification of unique genes
for the analyses with and without B1 and B2 samples. B Venn diagram
representing the overlap between the analyses with and without B1 and
B2 samples.

Supplementary Material 3: Additional file 3: Fig. S3 Exploratory data analy-
sis: k-means clustering and enrichment analysis. A Heatmap with 4 clusters
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calculated by k-means clustering. B Enrichment analysis of the 4 clusters
using clusterProfiler with KEGG KOs, OGs, KEGG Pathways, and Pfam
domains, and topGo with GO terms. The height of the bar depicts the
number of significantly enriched genes and the shade of the bar denotes
the level of significance based on the adjusted p-value. The more yellow
the bar, the more significantly enriched.

Supplementary Material 4: Additional file 4: Fig. S4 Exploratory data
analysis: Principal component analysis (PCA) using the first two principal
components, showing the variance between blood and gill stages of the
parasite.

Supplementary Material 5: Additional file 5: Supplemental Table S1
Exploratory data analysis: List of enriched cellular components, molecular
functions, and biological processes in the investigated clusters.

Supplementary Material 6: Additional file 6: Supplemental Table S2 List of
S. molnari genes related to “pathogenicity”.

Supplementary Material 7: Additional file 7: Fig. S5 and Fig. S6 KEGG refer-
ence pathway maps and tables. KEGG reference pathway map and table
for: A glycolysis and gluconeogenesis, as well as p B porphyrin metabo-
lism. Enzymes denoted by green color are present in S. molnari.

Supplementary Material 8: Additional file 8: Supplemental Table S3 Cnidar-
jan datasets used to identify S. molnari species-specific genes.
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