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Abstract

In this study, we explore how myxozoan parasites modulate the host
proteome landscape and immune responses at the target organs,
thereby determining the outcome of co-infections in rainbow trout.
Kidney and head cartilage samples were collected from five fish
groups. In group 1, fish were infected with M. cerebralis (Mc), while
fish in group 2 were exposed to 7. bryosalmonae spores (Tb). Thirty
days after infection, half of the fish from group 1 and group 2 were
reciprocally co-infected with the other parasite, establishing group 3
(Mc+) and group 4 (Tb+). Group 5 fish were mock exposed to specific
pathogen-free water and used as a negative control (C). In the head
cartilage, upregulated proteins are involved in signal transduction,
immune response, and host protection against oxidative stress, while
the downregulated molecules are associated with cytoskeleton
organization, DNA and RNA repair, protein folding, and metabolism.
In the kidney, upregulated proteins are mainly involved in signal
transduction, host immunity, DNA and RNA repair, and protection
against oxidative stress. The downregulated proteins are mainly
associated with extracellular matrix (ECM), cytoskeleton organization,
and metabolism. This study provides the first proteomic profiles of
rainbow trout responses to single and co-infections with M. cerebralis
and 7. bryosalmonae at the target organs. It delivers key information on
how these two parasites trigger distinct immune signaling pathways
and enhances our understanding of the host myxozoan interactions in
single and co-infections, potentially enabling the development of
effective interventions and therapeutic strategies for WD and PKD
management in salmonid aquaculture.

Keywords: Salmonids, host-parasite interactions, proliferative kidney
disease, proteome, whirling disease

Introduction

Whirling disease (WD) significantly impacts wild and cultured salmonid
fish. It is induced by the myxozoan parasite Myxobolus cerebralis, a member
of the class Myxosporea [1, 2], which needs two hosts to complete its life
cycle: a vertebrate salmonid and the invertebrate oligochaete Tubifex tubifex
[3]. The head cartilage is the target organ for M. cerebralis in the fish host.
Climate change suits the lifecycle conditions of this myxozoan parasite,
resulting in significant effects on salmonid aquaculture and the decline of wild
trout populations in North America and Europe [4, 5, 6, 7, 8]. Previous gene
expression studies have examined the host immunological responses after
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exposure to M. cerebralis [9, 10, 11, 12, 13, 14, 15]. Strong
local and systemic immune responses, along with activation
of T lymphocytes, especially CD4+ T helper cells, are crucial
for host defense during WD. M. cerebralis elicits early
cellular responses at infection sites, leading to pronounced
local inflammatory reactions that likely exacerbate tissue
damage inflicted by the parasite and facilitate its immune
evasion and proliferation [16]. The control of Th17 immunity
via the STAT3/SOCS-3/IL-6 pathway and the activation of
SOCS-3 is a significant evasion technique employed by M.
cerebralis, influencing the equilibrium between Treg cells and
pro-inflammatory Th17 cells [14]. A balance between Th17
and Treg responses is essential for establishing protective
immunity and enhancing WD resistance.

Proliferative kidney disease (PKD) is induced by the
myxozoan Tetracapsuloides bryosalmonae, a member of the
class Malacosporea [17]. T. bryosalmonae alternates between
an invertebrate host, the freshwater bryozoan Fredericella
sultana, and a vertebrate salmonid host [18, 19]. The kidney
is the target organ for 7. bryosalmonae in the fish host. PKD
is defined by chronic immunopathology, granulomatous-like
lesions, and lymphocytic hyperplasia [20]. Fish mortality
may attain 95-100% during severe disease outbreaks,
particularly when compounded by secondary illnesses and
detrimental agricultural or environmental conditions [21, 22,
23], which can lead to economical and ecological impacts
on fisheries and aquatic ecosystems. 1. bryosalmonae are
disseminated by robust hosts, including brown trout (Salmo
trutta) in Europe, and through the transmission of infected
bryozoans via statoblast dispersion and the mobility of
infected zooids [24, 22, 25]. The pathophysiology of PKD
is influenced by temperature; hence, its proliferation is
exacerbated by climate change and rising temperatures [26,
27]. In particular, temperature promotes the development
of T. bryosalmonae and other myxozoans, including M.
cerebralis, in fish [28,8]. T. bryosalmonae modulates the
transcription of essential genes related to T-helper (Th)-like
functions, and Treg-like and Th17-like cytokines could play
key roles in PKD pathogenesis in rainbow trout [26, 23]. In
addition, during PKD, the JAK/STAT/SOCS axis is activated,
and the transcripts of SOCS-1 and SOCS-3 are significantly
upregulated, correlating with parasitic load and disease
development in the 7. bryosalmonae-infected fish [26, 29].

Myxozoan parasites employ various strategies to evade
fish immune systems, as reported by several research
studies [30, 31]. However, further investigation is needed
to fully elucidate the immune response of fish during both
single and co-infections with myxozoans, the latter being
well documented [7, 8, 29, 32, 33]. Infections with mixed
myxozoan species, including 7. bryosalmonae, Sphaerospora
truttae, Chloromyxum schurovi, Chloromyxum truttae,
and Myxobolus species, were previously reported [32].
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Natural co-infections with myxospores of a Myxobolus
sp. and Henneguya sp. of the pond-reared fish Piaractus
mesopotamicus were also reported [33]. Further, multiple
myxozoan parasites, particularly Myxobolus species, have
been reported in neotropical fish in Mexico [34]. In the case
of co-infection with 7. bryosalmonae and M. cerebralis, as
used in this study, the relationship may be either synergistic
or antagonistic [29, 35, 8, 7]. Previous research has explored
the effects of co-infection with these two myxozoans on
the pathophysiology of rainbow trout [35]. In case of co-
infection, the immune response triggered by one pathogen
can influence the pathogenesis of subsequent infections,
either inhibiting or enhancing the fish's immune response.
The modulation of the immune response in rainbow trout at
the transcript level has been examined during co-infection in
the posterior kidney and cranial cartilages, the target tissues
affected by PKD or WD pathogenesis [29]. While there is a
general understanding of the cellular and cytokine responses
of rainbow trout to these two myxozoans from such studies,
the proteomic changes that underlie the immune responses
of fish to myxozoan parasites remain largely uninvestigated.
Recently, we have investigated the proteome of caudal fin
and gill tissues following exposure to M. cerebralis and T.
bryosalmonae during both single and co-infections, revealing
previously unknown protein modifications within the fish
host at these sites of parasite entry into the host. Indeed, these
two myxozoans modulated host defense mechanisms at the
portals of entry, resulting in the synthesis of unique host
proteins during each co-infection [7, 8].

In the current study, we present the proteome profiling of
infected rainbow trout in the target organs for M. cerebralis
and 7. bryosalmonae, the head cartilage [2] and kidney [17,
29]. This study provides important information on proteome
modulation, biological processes, and distinct pathways
activated by the infection. Exploring the respective differences
between the infection groups helps us to understand important
molecular traits specific to single and co-infections and gives
insights into how the sequence of the infection modulates
host responses, thereby influencing disease outcome in fish.
The identified proteins can be used for the development of
novel approaches for disease management in aquaculture.

Methods
Ethics statement

All experiments were performed under protocols
approved by the Animal Experimentation Ethics
Committee of Vienna University of Veterinary Medicine
(BMBWF-2021-0.240.416).

Experiment design

Pathogen-free rainbow trout (90 days old, mean length
4.02+0.26 cm, mean weight 0.6 £ 0.15 g) were placed in tanks
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(n = 3) with water at 15°C and fed floating trout pellets (Aqua
Garant, Austria) at a rate of 1% body weight (BW) per day,
as detailed in Saleh et al. (2024). The North American strain
(TL) of rainbow trout (Forellenzucht Trostadt GmbH & Co.
KG, Reureith, Germany), recognized for its vulnerability to
myxozoan parasites, was utilized in the exposure experiment
[36, 8]. The fish were acclimatized under controlled
laboratory conditions in a 1000 L capacity tank at 15°C for 14
days with sufficient aeration. The fish were monitored thrice
daily for indications of illness (uncoordinated swimming and
lethargy) to provide the prompt evacuation and euthanasia
of affected specimens as necessary. Kidney (target organ
of T. bryosalmonae) and head cartilage (target organ of M.
cerebralis) samples were previously collected from five
distinct fish groups [8].

Rainbow trout in group 1 were infected with M. cerebralis
(Mc) triactinomyxons (TAMs) (2000 TAMs/fish), whereas
fish in group 2 were exposed to free 7. bryosalmonae spores
(Tb) released from 22 mature parasite sacs at 16°C [8]. The
TAMs were collected using a 20 pm mesh sieve from our
laboratory infected 7. tubifex that had been exposed previously
to spores of M. cerebralis obtained from infected rainbow
trout [37]. T. bryosalmonae spores were released from mature
parasite spore sacs that were collected from infected F.
sultana colonies [38]. F. sultana colonies were obtained from
our established laboratory cultures, which originated at the
very beginning from a single clonal population in Germany
[38].

Prior to the in vivo experiments, to confirm that fish are free
from infectious agents, fish (n = 10) were randomly selected

In vivo Experimental Outline
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and inspected for parasites through microscopic analysis of
gill and skin scrapings as described in Saleh et al. (2024). In
addition, prior to and at sampling time points, kidney swabs
were also taken to ensure the absence of bacterial infections
via culture on blood agar plates, as previously outlined [39].
Homogenates of the brain, whole viscera, spleen, and kidney
were also analyzed for viral presence utilizing BF-2 and EPC
cell lines in accordance with established cell culture protocols
[40].

No bacterial agents or viruses were detected before or
during the experiment. Thirty days post exposure (dpe),
fifty percent (n = 18 randomly selected fish (n = 6) from
each triplicate tank) of the fish from group 1 (n = 36 in
triplicate tanks) initially infected with Mc (distributed in
triplicate tanks) and group 2 (n = 36 infected with Tb) were
reciprocally co-infected with the alternate parasite, resulting
in two additional groups, group 3 (Mc+) (n = 18 in triplicate
tanks with 6 fish) and group 4 (Tb+) (n = 18 in triplicate tanks
with 6 fish). Mock-exposed fish (pathogen-free water) (Group
5) (n = in triplicate tanks with 6 fish) served as a negative
control (C), according to Saleh et al. (2024) (Fig. 1A). Fish (n
=9/ 3 fish were collected from triplicate tanks) were sampled
from each group at 1 day post co-infection (1 dpc)/1 month
post exposure (mpe) to single infections to monitor the early
host responses and at 2 months post co-infections (mpc) (3
mpe), which typically show highest parasite loads [29], to
monitor the host response modulation in regard to parasite
proliferation at the target organs. The fish were euthanized
using an overdose (300 mg/L) of buffered tricaine methane
sulfonate (MS-222) and sampled (Fig. 1B).
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Figure 1: The outline of the in vivo experiment is presented (1A). The scheme shows the experimental design of the trial. The figure was
created with BioRender.com. At 2 mpc (3 mpe), fish showed distinct clinical signs for each group, with single infection groups having typical

clinical signs that were exacerbated in the co-infection groups (1B).
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The head cartilage and kidney samples used in the
current study were collected from the fish used in Saleh et al.
(2024). In brief, the head cartilage and kidney samples were
collected, rinsed with sterile phosphate buffer, and preserved
in RNAlater (for RNA extraction) or frozen immediately in
liquid nitrogen (for protein extraction) at -80°C.

c¢DNA synthesis and parasite load

Total RNA was isolated from head -cartilage and
kidney samples at each time point utilizing the RNeasy
Mini Kit (Qiagen, Hilden, Germany) in accordance with
the manufacturer's guidelines. An on-column DNase
digestion step was conducted to eliminate any leftover
DNA contamination. The RNA concentration and quality
control were assessed using an agarose gel electrophoresis
device (Thermo Fisher Scientific, Wilmington, USA) and
a Nanodrop 2000c spectrophotometer. The iScript cDNA
Synthesis Kit (Bio-Rad, Munich, Germany) was employed to
synthesize cDNA from the isolated RNA in accordance with
the manufacturer's instructions.

Prior to the exposure trial, ten fish were randomly
selected, and the presence of M. cerebralis was assessed
in the head cartilage, and T. bryosalmonae incidence
was evaluated in the kidney, using qPCR as previously
described [29]. The parasite load of M. cerebralis was
assessed using cDNA samples derived from infected
cranial cartilage. The forward primer Myx18-909 F
(CTTTGACTGAATGTTATTCAGTTACAGCA) and the
reverse primer Myx18-996 R (GCGGTCTGGGCAAATGC)
were used. To determine the parasite load of 7. bryosalmonae
using cDNA samples derived from infected kidney, the forward
primer RPL18 F (GTAAACGGGGACAAAAAGA) and the
reverse primer RPL18 R (GGAGCAGCACCAAAATAC)
were utilized, previously reported [26, 41]. RNA samples
were efficiently used for assessing parasite load for the two
myxozoans, acting as a marker for parasite viability and
surpassing standard DNA-based methods [29, 8, 7]. For each
PCR reaction, the total volume was 20 pl, which included
4 ul of 1:10 diluted cDNA, 1x SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad), 0.4 uM of each primer,
and DEPC-treated sterile distilled water (Bio-Rad). The PCR
protocol consisted of an initial denaturation of cDNA at 95°C
for 5 min, followed by 35 cycles of 95°C for 30 s, 57-62°C for
30 s, and 72°C for 30 s. The detection thresholds for Myx18
and RPL18 were 35.89 and 37.50, respectively. A melting-
point curve was generated, starting at 55°C and increasing by
0.5°C every 10 s until reaching 95°C, to assess non-specific
binding using the CFX96 Touch Real-Time PCR detection
system (Bio-Rad, Munich, Germany). Elongation factor 1
alpha was used as a reference gene for normalizing specific
gene expression [35, 8, 7]. Relative gene expression was
analyzed using CFX Manager software version 3.1 (Bio-Rad,
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Munich, Germany). The relative gene expression changes of
Myx18 and RPL18 were calculated using the comparative CT
method (2-AACT) according to Livak and Schmittgen (2001).
One-way analysis of variance (ANOVA) with Tukey’s
a-correction was used to examine the differences between
the groups at each time point. The statistical differences were
regarded as significant at a p-value < 0.001.

Protein extraction

Control and diseased fish tissue (50 mg) samples (head
cartilage and kidney) were solubilized with 400 pl of pre-
cooled denaturing lysis solution (7M urea, 2M thiourea,
4% CHAPS, and 1% DTT), augmented with a mammalian
protease inhibitor cocktail (Sigma Aldrich, Vienna, Austria).
Sample suspensions underwent disturbance via sonication.
The lysates were preserved overnight at 4°C, vortexed,
and centrifuged at 18,000 x g for 30 min at 4°C, with the
supernatants collected. The total protein concentration of
each lysate was determined colorimetrically with a DeNovix
DS-11 FX+ spectrophotometer (DeNovix Inc., Wilmington,
USA) and the Pierce 660 nm Protein Assay, adhering to
the manufacturer's instructions (Thermo Scientific, Vienna,
Austria).

Protein digestion and nanoLC-ESI-Orbitrap-MS/
MS analysis

Digestion was executed utilizing the Filter-Aided-Sample
Preparation (FASP) methodology as delineated by Ramires et
al. (2022), in accordance with the methodologies established
by Wisniewski et al. (2009) and Wisniewski (2016). A
10 kDa Pall Nanosep centrifugal device (Cytiva, MA,
USA) was utilized to process 30 pg of protein. Promega's
Trypsin-LysC-Mix (Wisconsin, USA) was utilized to digest
proteins after reduction with dithiothreitol and alkylation
with iodoacetamide. Peptides were extracted using three
cycles of 50 pL 50 mM Tris, succeeded by centrifugation.
Trifluoroacetic acid was utilized to acidify peptides to a pH
under 2 before desalting and clean-up using Pierce C18 spin
columns (Thermo Scientific, Vienna, Austria) according to
the manufacturer’s protocol. Peptides were separated using a
nanoRSLC system equipped with a 25 cm Acclaim PepMap
C18 column (Thermo Fisher) and subsequently detected using
a high-resolution Q Exactive HF Orbitrap mass spectrometer
(Thermo Fisher), as described in Gutiérrez et al. (2019).

Data Processing and quantification

The Proteome Discoverer Software version 2.4.1.15
from Thermo Fisher Scientific was employed to conduct the
database search. The protein databases for Oncorhynchus
mykiss (taxonomy ID 8022) and Myxozoa (taxonomy ID
35581) were taken from the UniProt website (http://www.
uniprot.org). The search parameters were established as
follows: The precursor mass tolerance was defined at 10 ppm,
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and the fragment mass tolerance was set at 0.02 Da. Permitted
dynamic changes encompassed the oxidation of methionine
and N-terminal protein modifications, including acetylation,
methionine loss, and their combinations. A static modification
of carbamidomethylation on cysteine was employed. Protein
identification was reported solely for proteins with at least
two identified peptides.

The relative protein abundance in the experiments was
evaluated using intensity-based label-free measurement.
Protein abundance was determined from raw mass
spectrometry data using Proteome Discoverer software
and subsequently normalized to the total area summation.
Before conducting additional statistical analysis using the
R programming language per R Core Team (2021), we
filtered the exported normalized abundance values in Excel
to eliminate proteins with missing values. Modulated proteins
showing pronounced elevated or reduced levels were involved
in signal transduction, immune response, host protection
against oxidative stress, extracellular matrix and cytoskeleton
organization, protein folding, metabolism, or DNA repair;
accordingly, the results were presented highlighting these
functions.

Bioinformatic analysis of the differentially regulated
proteins

Statistical evaluation was conducted in the R
programming language to identify differentially expressed
proteins in the trout tissue samples. One-way ANOVA
was implemented to evaluate the differential expression of
proteins for each protein. To mitigate the false discovery rate
(FDR) and account for multiple testing, the Benjamini and
Hochberg (1995) methodology was used. The differences
were regarded significant if the FDR-adjusted p-values were
less than the significance level of a = 0.001. The honest
significant difference method of Tukey was implemented as
a post hoc test to evaluate the significance of the pairwise
comparisons for these proteins. When the adjusted p-value
of the ANOVA as well as of the Tukey post-hoc test of the
respective comparison was less than a and the absolute fold
change was at least two (fold change <—2 or >+2), protein
expression was regarded as modulated. The dataset has
been submitted to the ProteomeXchange [42]. Consortium
via the PRIDE [43] partner repository [44]. The dataset
identifier (xxxx) has been assigned to the proteomics data
obtained from mass spectrometry. The modulated proteins
were allocated molecular functions, cellular components, and
biological processes.

To identify pathways that were potentially modulated,
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
PATHWAY database was implemented. The protein-
protein functional interaction network of the differentially
regulated proteins was determined using STRING v11.0
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[45] to evaluate their amino acid sequences. The protein-
protein network representation was examined by database
analysis, experimental methods, text mining, co-expression,
neighborhood analysis, gene fusion, and co-occurrence.

Results
Parasite burden

In head cartilage, the relative expression of M. cerebralis
18S rRNA was measured in single and coinfected fish. The
Mc+ groups exhibited the maximum loads of M. cerebralis at
1 dpc and 2 mpc (1 and 3 mpe), while the Mc group exhibited
the lowest parasite count at 1 mpe. At 3 mpe, the parasite
count also increased in the Mc group (Fig. 2A).

The relative expression of the 60S ribosomal protein
L18 of T. bryosalmonae (RPL18) gene in kidney tissues was
evaluated in both single and co-infection. The peak load of T.
bryosalmonae was recorded in the Tb group at 1 dpc (1 mpe).
T. bryosalmonae burden decreased over time, with the Tb+

Figure 2A
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Figure 2: Parasite load in the head cartilage (1A) and kidney (1B)
at 1 dpc and 2 mpc (1 and 3 mpe) after single and co-infections.
Relative fold change was initially normalized to elongation factor
1 alpha and subsequently expressed as a fold change relative to
expression levels of control fish. One-way analysis of variance
(ANOVA) with Tukey’s a-correction was used to examine the
differences between the groups at each time point. The statistical
differences were regarded as significant at a p-value < 0.001.
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group exhibiting the lowest parasite count at 2 mpc (3 mpe)
(Fig. 2B).

Proteins differentially regulated in the head cartilage

In the head cartilage, 36 rainbow trout proteins were
differentially regulated between the groups. The Tb group
was not included in subsequent analyses, as 7. bryosalmonae
doesn’t affect the head cartilage. The relative distribution
of these proteins, classified by function, is shown in Table
1. The upregulated proteins are mainly involved in signal
transduction, immune response, and host protection against
oxidative stress, while the downregulated ones are associated
with cytoskeleton organization, protein folding, metabolism,
and DNA repair.

Extracellular matrix (ECM) and cytoskeleton
proteins differentially regulated in head cartilage at
1 dpe and 2 mpe (1 and 3 mpe)

Among the 36 differentially regulated proteins in the
head cartilage, six were involved in extracellular matrix and
cytoskeleton organization (Table 2).

Volume 10 ¢ Issue 2 61

At 2 mpc (3 mpe), in addition to spectrin beta, the
abundance of catenin delta 1 was also induced in Mc+ fish.
On the other hand, 2 of 4 downregulated extracellular proteins
including actin alpha 1 and gamma-catenin were decreased in
Mc and Mc+ fish. In Tb+ fish, the abundance of myosin, actin
alpha 1 and the LIM zinc-binding proteins was reduced at 2
mpc (3 mpe) (Table 2). Among the decreased extracellular
proteins, the abundance of gamma-catenin was extremely
reduced (< -100) at 2 mpc (3 mpe).

Proteins differentially regulated in head cartilage
involved in protein folding, transcriptional
regulation and metabolism at 1 dpc and 2 mpe (1
and 3 mpe)

In our study, 15 proteins implicated in transcriptional
regulation, protein folding, and metabolism were differentially
regulated between the groups (Table 3).

The abundance of 13 proteins associated with protein
folding, transcriptional regulation, and metabolism were
decreased in Mc, Mc+, and Tb+ at 2 mpc (3 mpe). Among
these proteins, the extended synaptotagmin-like protein,

Table 1: The table presents the main molecular functions of the top differentially regulated proteins in the head cartilage in rainbow trout
against single and coinfection, based on annotation and protein domain characterization.

Differentially Regulated

X Protein Functions
Proteins

Extracellular and cytoskeletal activities
(actin binding; cell adhesion)
Transcriptional regulation
(DNA and RNA repair)

Signal transduction

Top Induced Proteins
in the Head Cartilage in

Infected Fish Groups
Immune response (complement;

proteases; lectins)
Host protection (oxidoreductase and
thioredoxin activities)

Total Number of Top
Induced Proteins in the
Head Cartilage in Infected
Fish Groups

Extracellular and cytoskeletal activities
(actin binding; cell adhesion)

Transcriptional regulation
(DNA and RNA repair)
Protein folding

Top Reduced Proteins
in the Head Cartilage in
Infected Fish G

LSS ISR Metabolism
Signal transduction

Immune response (complement;
proteases; lectins)

Total Number of Top
Reduced Proteins in the
Head Cartilage in Infected
Fish Groups

Number of Number of proteins Number of proteins in

proteins in Mc fish in Mc+ fish Tb+ fish

1 2 -
1 1 2
3 4 4
- 2 4
1 1 1
6 10 11
2 2 4
1 1 1
1 1

3 3 4
- - 3
- 2 2
7 10 20
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C-terminal binding protein, and peptidylprolyl isomerase
showed the most significant reductions in values (< -100).
Only two proteins, namely alpha-ketoglutarate-dependent
dioxygenase and RNA-binding protein Luc7-like 1 showed
increased levels.

Proteins differentially regulated in head cartilage
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involved in signal transduction, immune response
and host protection at 1 dpc and 2 mpc (1 and 3 mpe)

The levels of 15 proteins involved in signal transduction,
immune response, and host protection were differentially
regulated between the groups (Table 4). Eleven proteins,
including collapsin, complement C3, and thioredoxin, were

Table 2: Differentially regulated proteins involved in cytoskeleton organisation and extracellular matrix in the head cartilage of infected fish
post single and co-infection at 1M (1 mpe)/1 dpc and 3M (3 mpe)/2 mpc; M: Month; Mc and Mc+: M. cerebralis single and co-infection, Tb+:
T. bryosalmonae co-infection; Significant regulation (a fold change of at least +/-2 as well as ANOVA and Tukey post-hoc p-value < 0.001)
is shown in red with asterisks. The fold changes greater/smaller than +/- 100 are artificial fold changes derived from division of the mean
abundance value of one group by a mean abundance of 1 in the other group or vice versa, when the protein is ON/OFF regulated.

Accession Descriotion | ME3M /| Mc+ IM/ | Mc# 3W/ | Mc+ 3M/ | Mc+ 3M/ | To+ 1M/ | Tb+ 1M/ | To+ 3M/ | To+ 3M/ | Tb+ 3W/
P Mc1M | Mc1M | Mc1M | Mc3M | Mc+1M | Mc1M | Mc+1M | Mc3M | Mc+3M | Tb+ 1M
AOASBC7S210 Myosin A7 1.2 2 A2 25 1.1 A1 .7.8% 6.6 14.6%
Actin alpha 1
AOASC7LQL2 | (ACTC), skeletal | -2.6* 1 -2.5% 1.1 -2.5% A1 A1 A2 13 -2.8*
muscle
AOASC7UWY4 | Spectrin beta | 3.7* 13 3.2* 12 4.3* 1.1 1.4 12 1.1 2.8
Junction
AOASC7P7S7 | Plakoglobin o0 gy -100* 1 -100* 1 1.2 1 1 -100*
(gamma-
catenin)
AOAOBOW2D5 | Catenindelta1 | 2.5 1.1 2.7 1.1 3.1* 1.1 1 1 1.1 2.8
LIM zinc-binding
AOASBKOUFU2 domain- 4.4 16 4.7 26 1.1 13 12 1.9 49 -6.6*
containing
protein

Table 3: Differentially regulated proteins involved in protein folding, metabolism, DNA and RNA repair in the head cartilage of infected fish
post single and co-infection at 1M (1 mpe)/ 1 dpc and 3M (3 mpe)/2 mpc); M: Month; Mc and Mc+: M. cerebralis single and co-infection, Tb
and Tb+: T. bryosalmonae single and co-infection. Significant regulation (a fold change of at least +/-2 as well as ANOVA and Tukey post-hoc
p-value <0.001) is shown in red with asterisks. The fold changes greater/smaller than +/- 100 are artificial fold changes derived from division
of the mean abundance value of one group by a mean abundance of 1 in the other group or vice versa, when the protein is ON/OFF regulated.

Mc 3M Mc+ Mc+
Accession Description / Mc 1/ 3M/ Mc
M | Mc1M | 1M
AOABKIUSB4 Thymidine 1.9 1 16
phosphorylase
AOASC7UJSg | Slobin domain- 47 1.2 6
containing protein
AOA0BOXSWO | Clobin domain- 38 1.4 4
containing protein
AOAOBOXKZ9 Extended 23 - 22
synaptotagmin-like
AOAOBOYPKQ | Succinate-—CoA 1 4 ¢ 2 15.2
ligase subunit beta
AOABKIWV69 Histone -22.9% 17 -33.9%

Mc+ M+ Th+ Th+ Th+ Th+ Th+

1/ 3M 3m/ 3Mm/
3M/ Mc 3m/ 1M/ Mc

3M Mc+ 1M m Mc+ I Mc Mc+ Th+

™ 3M 3M 1™

1.1 -1.7 -1.1 -1.1 -1.5 -1.7 -2.6*
-1.3 -6.9 1 -1.1 -2.8 -2.2 -13.4*
-1 -2.9 -1.2 1.1 -4 -3.8 -12.6*
1.1 2.1 -1.3 -1.3 -100* -100* | -100*
-1.4 -30.9* 1 -2 -2.8 -2 -31.2*
-1.5 -59.0* -1.5 -2.5 1.1 1.7 -13.9*
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AOAO60XRV6

Globin domain-
containing protein

-1.8

-1.1

-1.9

1.2

1.3

-9.5*

AOA060WSL3

Delta-1-pyrroline-
5-carboxylate
synthase

-1.6

1.6

-1.7

1.1

AOABCT7VAK2

Ubiquitin-
conjugating
enzyme E2D 4

-3.7*

-3.6*

-1.1

-1.1

-7.4¢

AOABCT7UNTS

C-terminal binding
protein

-100*

1.3

-100*

-100*

1.2

-1.1

-100*

AOA8C7R074

Peptidylprolyl
isomerase

-100*

1.5

-100*

-100*

-1.5

-100*

AOA8C7RVMO

Endoplasmic
reticulum
oxidoreductase
alpha

3.7

1.1

4.5

1.2

-6.0*

-1.8

AOABKIXPG4

Alpha-
ketoglutarate-
dependent
dioxygenase

1.5

-1.3

-1.3

1.3

-1.5

2.9

3.9*

4.4¢

AOA8C7PLN6

Zgc:158803
(putative RNA-
binding protein

Luc7-like 1)

2.5

-1.2

2.8

1.1

3.3

-1.4

-1.2

1.1

-1.1

3.9%

AOABC7LSH8

Dimethylglycine
dehydrogenase

-5.2%

1.1

1.7

1.3

1.2

1.5

1.1

-4.7*

Table 4: Differentially regulated proteins involved in signal transduction, immune response and host protection in the head cartilage of infected
fish post single and co-infection at 1M (1 mpe)/ 1 dpc and 3M (3 mpe)/2 mpc); M: Month; Mc and Mc+: M. cerebralis single and co-infection,
Tb and Tb+: T. bryosalmonae single and co-infection Significant regulation (a fold change of at least +/-2 as well as ANOVA and Tukey
post-hoc p-value < 0.001) is shown in red with asterisks. The fold changes greater/smaller than +/- 100 are artificial fold changes derived from
division of the mean abundance value of one group by a mean abundance of 1 in the other group or vice versa, when the protein is ON/OFF

regulated.
Mc 3M Tb+

Accession Descriotion o Mot 1M/ Mo+ 3M/| Mo+ 3M/ | Mo+ 3M/ | Tb+ 1M/ | To+ 3M | Tb+ 1M/ Tb+3M/ | 00

P Mc1M | Mc1M | Mc3M | Mc+ 1M | Mc1M | /Mc3M | Mc+ 1M | Mc+ 3M
1™ Tb+ 1M
AOASC7PBV1 Complement 24 .1 44 18 5.0* 13 16 15 1.1 29
C3-like
AOASC7TWGH6 = Transketolase 2.6 1.2 3.5¢ 1.4 4.2+ 1.1 13 13 1.1 3.1*
AOABC7S3Z3 Proteasome 15 1.1 -2.6* A7 -2.4* 1.2 16 13 1 3.4%
subunit beta
AOABCTTMCO | |ymus-specific 2 A5 -4.6* 23 3.1 1.1 3 1.4 13 -5.4*
serine protease
AOA8C7TMasg |~ COLDdomain- 1, 1 1.4 15 1.4 1.2 1 13 15 2.7*
containing protein
AOABKgV2Me | Acidic nuclear 3.9* 1.4 3.4* A2 4.7* 1.1 13 15 1.1 2.8
phosphoprotein 32
C1BH85 Thioredoxin 10.6* | -1.9 55 1.9 10.5* 1 15 1.9 13 7.2¢
Stress protein .

Q8UWM6 b 16 1.8 1.2 13 1.4 36 A2 6.5 1.1 4.8
AOA8C7UUS52 | Nucleoprotein TPR | -1.6 1.1 -1.5 1 -1.6 15 5.3* 1.4 5.1* 2.2
AOASKIUWE7 Prosaposin 1.8 A 1.6 12 16 24 1.2 23 1.4 5.1*
AOABC7TL27 | Fnosphorylase 1.9 1.1 2.9 15 2.7 4.8* 3.8 4.4 2.4 15

kinase

C1BFUO Cytochrome ¢ 15 1 4.2* 2.9* 4.1* 1.1 2.2 1.1 13 2.8*

oxidase subunit 5B
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Bactericidal
AOABKIXGR1 permeability- 15 1 1.2 A2 1.2 33 15 -3.5% 1.9 7.6*
increasing protein
AOABK9XMa3 | Collapsinresponse | o, 2.9 5.4* 13 15.8* 1 25 3 1.9 2.8
mediator protein 1
COKIP4 C type lectin 26 1.2 6.1* 2.3 5.0* 1 3.2 A2 1.4 8.5
receptor B
AOAD60XUVI
ADAOBOVSSO AQADBOVTG2
— O
/ : ADADBOVQQ6 ADADBOWSDY
QG4 ADADBOVPCS AOA0BOWFLO
AQ/QV?
s SIS
—_——
1 \ AOAQBOW3NS
ADAOBOVR13
O EEF1AKMT1

ADAO060XDZ6 RNF168

O O

© AOADBOVMKZ
AQA060VPC8
ADAD60VQQE
ADADBOVQY7

) ADADGOVR13

TRANSKETOLASE_1 domain-containing protein. (628 aa)

LIM zinc-binding domain-containing protein. (337 aa)

Peptidylprolyl isomerase. (436 aa)

Proteasome subunit beta; Belongs to the peptidase T1B family. (253 aa)

Fibronectin type-lil domain-containing protein. (926 aa)

AOAOBOVSSD Mpyosin motor domain-containing protein; Belongs to the TRAFAC class myosin-kinesin ATPase superfamily. Myosin
family. (1007 aa)

AQAD60VTG2 Lipocin_cytosolic_FA-bd_dom domain-containing protein; Belongs to the calycin superfamily. Lipocalin family. (193 aa)

RTERTELD Elongation factor 1-alpha; This protein promotes the GTP-dependent binding of aminoacyl- tRNA fo the A-site of
ribosomes during protein biosynthesis. (458 aa)

Delta-1-pyrroline-5-carboxylate synthase; In the C-terminal section; belongs to the gamma-glutamy! phosphate

©® AOAD60WSBL3
reductase family. (780 aa)

AQA060WID9 Spectrin beta chain; Belongs to the spectrin family. (2411 aa)

AQAO060WFLO GLOBIN domain-containing protein; Belongs to the globin family. (196 aa)

Succinate-CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial; Succinyl-CoA synthetase functions in the citric
acid cycle (TCA), coupling the hydrolysis of succinyl-CoA to the synthesis of either ATP or GTP and thus represents the
SUCLG1 only step of substrate-level phosphorylation in the TCA. The alpha subunit of the enzyme binds the substrates
coenzyme A and phosphate, while succinate binding and specificity for either ATP or GTP is provided by different beta
subunits. (356 aa)
E3 ubiquitin-protein ligase RNF168; E3 ubiguitin-protein ligase required for accumulation of repair proteins to sites of
DNA damage. Acts with UBE2N/UBC13 to amplify the RNF8-dependent histone ubiquitination. Recruited to sites of
EE DNA damage at double-strand breaks (DSBs) by binding to ubiguitinated histone H2A and ubiquitinates histone H2A
and H2AX, leading to amplify the RNF8-dependent HZA ubiquitination and promoting the formation of 'Lys-63-linked
ubiquitin conjugates. This leads to concentrate ubiquitinated histones H2A and H2AX at DNA lesions to the threshold

required for recrui[...] (509 aa)

TR Phosphorylase b kinase regulatory subunit; Phosphorylase b kinase catalyzes the phosphorylation of serine in certain
substrates, including troponin I. Belongs to the phosphorylase b kinase regulatory chain family. (213 aa)

THIO Thioredoxin; Belongs to the thioredoxin family. (108 aa)

Figure 3: String protein-protein interaction network of the main differentially regulated head cartilage proteins. In this network, nodes are
proteins, lines represent the predicted functional associations, and the number of lines represents the strength of predicted function interactions
between proteins. All scores rank from 0 to 1, with 1 being the highest possible confidence. The predicted interactions have a score of more
than 0.5, which indicates a 50% confidence score.
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significantly induced between Mc, Mc+, and Tb+ at 2 mpc
(3 mpe).

On the other hand, the abundance of hsp70, thymus-
specific serine protease, and proteasome subunit alpha was
reduced in the Mc+ group at 2 mpc (3 mpe).

Protein-protein interaction networks of head

cartilage proteins

The STRING analysis provided important information
on the protein-protein interactions, pathways, and biological
processes enriched in the head cartilage (the target organ of
M. cerebralis) in rainbow trout (Fig. 3 and 4).

Carbon metabolism, citrate, biosynthesis of amino acids,
metabolic pathways, the pentose phosphate pathway, and one

Volume 10« Issue 2 | 65

carbon pool by folate are among the pathways that have been
identified in the cranial cartilage (Fig. 4).

Based on protein domain characterization of the
annotated proteins that were significantly modulated in the
head cartilage, various molecular functions appear to be
triggered by M. cerebralis (Fig. 4). The molecular functions
of the head cartilage proteins assigned by KEGG analysis
include oxidoreductase, thioredoxin-disulfide reductase, and
thiamine pyrophosphate binding, which serves as a cofactor
for many translocases. The proteins implicated in protein
folding and transcriptional control demonstrate various
functions, including mRNA regulatory element binding,
translation repression, amino acid binding, and mRNA 5'
untranslated region binding.

Molecular Function (Gene Ontology) enrichment

Oxidoreductase aclivity, acting on the
aldehyde or oxo group of donors,
disulfide as acceplor

Oxidoreductase activity, acting on the
aldehyde or oxo group of donors

Thiamine pyrophosphate binding

Oxoglutarate dehydrogenase (succinyl- -9

transferring) activity

Quaternary ammaonium group binding .

Oxidoreductase activity
Vitamin binding —.
succinate-CoA ligase (ADP-forming ®
activity

Protein-disulfide reductase activity sl

Thioredoxin-disulfide redudasq_’
activity

FDR
- 1.0e-11
- 1.0e-09
~ 1.0e-08

1.0e-06
1.0e-05
1.0e-03

Gene count

Groups at similarity 0.8

20 25 30
Signal

KEGG Pathways enrichment

Carbon metabolism

Citrate cycle (TCA cycle)

Biosynthesis of amino acids

Pri r -9
Pentose phosphale pathway se———
One carbon pool by folale se—

Metabolic pathways

Glycine, sefine and threonine,
metabolism™ @

ielenocompound metabolism =i

Pyrimidine metabolism sl

Signal

FDR
- 1.0e-20
- 1.0e-17
- 1.0e-13

1.0e-09
1.08-06
1.0e-02

Gene count
2
10

20

Groups at similarity 0.8

30

Figure 4: The diagram shows that the metabolism pathways and antioxidative stress response are among the top KEGG pathways and the main
molecular function of differentially regulated proteins in the head cartilage based on annotation and protein domain characterization.
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Table 5: The table presents the main molecular functions of the top differentially regulated proteins in the kidney in rainbow trout against
single and coinfection, based on annotation and protein domain characterization.

Number of proteins Number of proteins Number of proteins

Category Molecular Functions in Mc fish in Mc+ fish in Th+ fish
Extracellular and cytoskeletal activities _ 1 1
(actin binding; cell adhesion)
Top Induced Proteins in Transcriptional regulation (DNA and _ 4 6
the Kidney in Infected Fish RNA repair)
Groups Immune response (complement; 1 A -
proteases; lectins)
Host protection (oxidoreductase and _ 1 1

thioredoxin activities)

Total Number of Top Induced
Proteins in the Kidney in 1 10 25
Infected Fish Groups

Extracellular and cytoskeletal activities

(actin binding, cell adhesion) g ! !
Top Reduced Proteins in Transcriptional regulation (DNA and
the Kidney in Infected Fish RNA repair) 1 - -
Groups
Metabolism © 6 6
Immune response (complement; 1 2 3

proteases; lectins)

Total Number of Top Reduced
Proteins in the Kidney in 12 15 16
Infected Fish Groups

Table 6: Top differentially regulated proteins involved in cytoskeleton organisation and extracellular matrix in the kidney of infected fish post
single and co-infection at 1M (1 mpe)/ 1 dpc and 3M (3 mpe)/2 mpc; M: Month; Mc and Mc+: M. cerebralis single and co-infection, Tb and
Tb+: T. bryosalmonae single and co-infection; Asterisks show significant fold changes. Significant regulation (a fold change of at least +/-2
as well as ANOVA and Tukey post-hoc p-value < 0.001) is shown in red with asterisks. The fold changes greater/smaller than +/- 100 are
artificial fold changes derived from division of the mean abundance value of one group by a mean abundance of 1 in the other group or vice
versa, when the protein is ON/OFF regulated.

Accession | Descriotion | M¢3M/ M+ 1M/ Mc#+ 3M/ | Mc+ 3M/ | Mc+ 3M/ | To+ 1M/ | Tb+3M /| To+ M/ | To+3M/ | Tb+3W/
P MciM  Mc1M | MciM | Mc3M | Mc+iM Mc1M = Mc3M | Mc+1M | Mc+3M | Tb+1M
Qoowre | YPe 'I'E:‘erat'” 3.9 2.1 -11.0* 238 5.1 13 3 16 -1 8.9
Qoowzs | 1YPe 'I'E'z‘erat'” 53 A7 59 A1 35 A2 57 1.4 -5.1 .25.2%
AOAOBOY5W1 | Myosin motor | -58.1%* | -1.8 | -89.2* 15 -49.9% 15 A7 1.2 1.1 -64.3*
AOASC7T9EO | Myosin motor | -37.3* | -1.9 | -29.2% 13 -15.4 1.8 1.6 1.1 2 -32.3*
Myosin light " * *
AOABC7NJH5 o 569 | -14 | -85.6 15 -62.1 13 29 1.1 1.9 -100
AOABC7SMFg | Myosin heavy | ; 4, 48 | 126 16 -6.9% 1.1 -100* 17 -100* -100*
chain 10
AOASC7PCS9 | Myosin IG 2.1 1.1 3.8* 1.8 3.3* 1.1 1.9 4 1.1 3.7
AOA8BK9Y6I6 | PDZand LIM | -100* 1 -100* 1 -100* 1.2 1 1.2 1 -100*
AOA8C7T270 | PlexinD1 | -72.9* = -1.6 -100* 25 16 -100* 6.6 1 26 -100*
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Proteins differentially regulated in the kidney

Inthekidney, 618 rainbow trout proteins were differentially
regulated between the groups. These include 504 upregulated
proteins that are mainly involved in signal transduction,
host immunity, and protection against oxidative damage and
oxidative stress. On the other hand, the abundance of 114
proteins mainly associated with extracellular matrix (ECM)
and cytoskeleton organization was downregulated. The
proteomic analysis of the kidney of infected fish identified
numerous proteins implicated in diverse functions related to
the host’s response during infection (Table 5). Among these
are several proteins involved in signal transduction (protein
kinase C and serine kinase), host immunity (complement C3,
immunoglobulin, and MHC II), transcription (transcription
factor A), tissue repair, and protection against oxidative
damage and stress (thioredoxin).

Volume 10 ¢ Issue 2 67

Proteins differentially regulated in kidney involved
in extracellular matrix (ECM) and cytoskeleton
organisation

The levels of many ECM and cytoskeletal structure
proteins were decreased (Table 6). The proteins exhibiting
the most pronounced reductions in levels comprise type II
keratin (three members) and various myosin proteins (eleven
members). Five downregulated myosins had markedly
diminished levels (< -100), while one myosin protein
(myosin IG) was considerably elevated in the Mc+ and Tb+
fish at 2 mpc (3 mpe). The level of PDZ and LIM proteins
(2 members) was significantly downregulated (< -100) in the
kidneys of Mc-infected fish and in the co-infected Mc+ and
Tb+ fish. Plexin D1 was significantly downregulated (<-100)
in Tb+ fish at 2 mpc (3 mpe).

Table 7: Differentially regulated proteins involved in metabolism, DNA and RNA repair and protein folding in the kidney of infected fish post
single and co-infection at 1M (1 mpe)/ 1 dpc and 3M (3 mpe)/2 mpc; M: Month; Mc and Mc+: M. cerebralis single and co-infection, Tb and
Tb+: T. bryosalmonae single and co-infection; Asterisks show significant fold changes. Significant regulation (a fold change of at least +/-2 as
well as ANOVA and Tukey post-hoc p-value < 0.001) is shown in red with asterisks. The fold changes greater/smaller than +/- 100 are artificial
fold changes derived from division of the mean abundance value of one group by a mean abundance of 1 in the other group or vice versa, when

the protein is ON/OFF regulated.

Mc+
. L Mc 3M / | Mc+ 1M/
Accession Description Mc 1M Mc 1M 3IV:/MMc
AOABKIXPA47 Thymidine 1 1 1
phosphorylase
AOAOBOYGGS | Serine-tRNA 3.1 1 5.6
ligase
AOABCTQOGY | eucine-tRNA 1.7 1.1 1.9
ligase
AoAsKoxBLy | OYStene—RNA 1 4 11 13
ligase
E3 ubiquitin-
AOAO060YXE3 protein ligase 1.1 1.1 3.1
TRIM21-like
AOA0BOVY96 KH domain- | 490 4 23
containing protein
DNA replication
AOA8C7STY9 licensing factor 2.7 -1.4 4
MCM2
DNA replication
AOABC7SX25 licensing factor 1.6 -1.6 2.2
MCM2
AOA8C7UMZ0 Calsequestrin -88.6* -1.6 -100*
AOA060X5F1 Parvalbumin -54.0* -1.8 -100*
EOWDA3 Parvalbumin -18.2* -1.6 -30.0*
AOA060XWA9 Parvalbumin -14.1* -1.5 -24.3*
AOA060YVV4 Parvalbumin -79.1* -1.6 -100*
AOA060WZV7 | Troponin Ctype2 | -60.1 -1.4 -100*

I\:;I-;- Mc+ 3M/ | Tb+ 1M/ | Tb+ 3M/ T':JI-C:_MI Th+ 3M/ | Tb+ 3M/
Mc 3M Mc+1M | Mc 1M | Mc 3M Y Mc+ 3M | Tb+ 1M
1 1 1 100* 1 100* 100*
1.8 5.5* 1.3 3.7 1.3 2.1 8.6
1.1 2.2 -1.5 1.1 -1.3 -1.1 2.7
3.9 4.7 5 8.5* 1,4 2.2 7.1
2.8 2.8 -1.2 3.9 -1.3 1.4 5.2¢
100* -1.7 1.9 100* -2.1 1.9 -2.2
1.5 5.6* 1.2 1.2 1.6 -1.2 2.8
1.4 3.6* -1.2 1.7 1.3 1.3 3.4¢
-2.1 -100* -1.5 -2.1 1.1 1 -100*
-2.1 -64.1* -1.6 -1.5 1.1 1.4 -50.5%
-1.6 -19.1* -1.1 -2.3 1.4 -1.4 -38.5*
-1.7 -15.8* -1.2 -1.8 1.2 -1 -19.9*
-2.6 -100* -1.5 -1.6 1.1 1.7 -100*
-2.1 -86.8 -1.7 -4.2 -1.2 -2 -100*
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Proteins differentially regulated in kidney involved
in metabolism, DNA and RNA repair and protein
synthesis

The levels of several proteins involved in protein synthesis,
DNA and RNA repair, and metabolism were differentially
regulated between the groups (Table 7).

The abundance of thymidine phosphorylase was highly
increased (> 100) in the Mc+ and Tb+ fish at 2 mpc (3
mpe). In addition, the abundance of E3 ubiquitin-protein
ligase TRIM21-like and the levels of various other tRNA
ligases linked to RNA repair, such as tyrosine-tRNA ligase,
methionine-tRNA ligase, and cysteine-tRNA ligase, were
mostly elevated in Tb+ fish at 2 mpc (3 mpe). Likewise,

26

Volume 10 ¢ Issue 2 68

the abundance of multiple proteins involved in RNA
transcription and DNA replication, including the KH domain-
containing protein and the DNA replication licensing factor
MCM2, was upregulated in Mct+ and Tb+ fish at 2 mpc (3
mpe). The quantity of KH domain-containing protein and
DNA replication licensing factor MCM2 (two members) was
elevated in Mc+ and Tb+ fish at 2 mpc (3 mpe). On the other
hand, the abundance of vitellogenin and 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase domain-containing
protein, which are involved in lipid and carbohydrate
metabolism and transport, was extremely decreased in the
kidney of Tb+ fish at 2 mpc (3 mpe). The level of palmitoyl
transferase involved in lipid metabolism was also extremely
reduced in the Mc+ fish as well as in the co-infected fish

Table 8: Differentially regulated proteins involved in signal transduction, immune response and host protection in the kidney of infected fish
post single and co-infection at 1M (1 mpe)/ 1 dpc and 3M (3 mpe)/2 mpc; M: Month; Mc and Mc+: M. cerebralis single and co-infection, Tb
and Tb+: T. bryosalmonae single and co-infection; Asterisks show significant fold changes. Significant regulation (a fold change of at least
+/-2 as well as ANOVA and Tukey post-hoc p-value < 0.001) is shown in red with asterisks. The fold changes greater/smaller than +/- 100 are
artificial fold changes derived from division of the mean abundance value of one group by a mean abundance of 1 in the other group or vice

versa, when the protein is ON/OFF regulated.

Mc 3M/

Accession
Mc 1M

Description

Mc1M | Mc 1M

Complement
C3-lik
Complement
factor H
QogJiz | MHCclassiti 1
beta-chain
Ig-like
AOABKgY4g3 |~ domain- 1 1 1
containing
protein
Ig-like
domain-
containing
protein
Ig-like
domain-
containing
protein
Ig-like
domain-
containing
protein
Cathepsin
L-like
Cathepsin B

26S
proteasome
regulatory
subunit 6B
Proteasome
subunit
alpha
Proteasome
subunit
alpha

AOA8C7PBV1 4.6* 1.1 7.7*

AOABKOWTM6 3.4 3.1 8.5

100*

AOABC7SYI3 1.8 1.3 -100*

AOABC7PZE5 2.9 1.7 5

AOABC7R4F5 1.5 1.2 2.7

AOA859IQK1 -1.1 1.7

AOA0B0YXS6 1.4 1.3 23

AOABKIXXD3 1.8 1.2 2.6

AOA060XJ24 1.8 1.7 3.3

AOA060YALS 1.1 29

Mc+ 1M/ | Mc+ 3M/ | Mc+ 3M/
Mc 3M

1.7

25

100*

1.1

1.7

1.8

3.2
1.6

1.5

1.8

1.6

Mc+ 3M/ | Tb+ 1M/ | Tb+ 3M /| Thb+ 1M/ | Tb+ 3M/ | Tb+ 3M/
Mc+ 1M Mc 1M Mc3M | Mc+ 1M | Mc+3M | Th+ 1M
7.2¢ 2.1 1.7 1.9 1 3.9%
2.7 -4.5 3.3 -14 1.3 51*

100* 1 1 1 -100* 1

1 1 100* 1 100 100*
1.5 2 3.6 -100* 3.2 100*

3 1 3.6 -1.6 2.1 10.4*
23 -1.2 7.5 -1.4 4.3 14.0*
1.5 2.7 6 -3 1.9 8.7¢
1.7 -1.7 3.1 2.2 1.9 7.2¢
21 -1.1 1.7 -1.3 1.2 3.3
1.9 1.2 25 -1.5 1.4 3.8
2.6 -1.4 1.8 -1.5 1.1 4.4¢
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AOA8C7REH1

Proteasome
subunit beta

1.7

1.2

4.1

24

3.6

-1.1

-1.3

1.3

5.8*

AOABKOUMM3

Proteasome
activator
complex

1.6

1.3

4.1

25

3.2

-1.3

-1.6

1.6

8.2¢

AOA060WJ19

Proteasome
activator
complex

1.3

1.4

3.9*

2.8

-1.1

4.4¢

-1.5

1.5

6.3*

AOA060YXB8

Proteasome
assembly
chaperone 2

3.8

1.8

7.1*

1.8

3.8

1.4

6.7

AOA8BC7VMW9

SERPIN
domain-
containing
protein

100*

100*

100*

AOA060XM71

Serpin H1

-44.3*

-1.8

-94.8*

-2.1

-53.8*

1.7

-1.6

1.3

-43.2*

AOA8C7UVL2

Thioredoxin

-2.4

1.3

2.2

5.1*

1.7

1.9

13.7¢

15

2.7

Table 9: Differentially regulated myxozoan proteins in the kidney of infected fish post single and co-infection at 1M (1 mpe)/ 1 dpc and 3M (3
mpe)/2 mpc; M: Month; Mc and Mc+: M. cerebralis single and co-infection, Tb and Tb+: 7. bryosalmonae single and co-infection; Asterisks
show significant fold changes. Significant regulation (a fold change of at least +/-2 as well as ANOVA and Tukey post-hoc p-value < 0.001)
is shown in red with asterisks.

Accession

Description

Mc 3M /
Mc 1M

Mc+ 1M/
Mc 1M

Mc+
3M/ Mc
1M

Mc+
3M/ Mc

3M

Mc+ 3M/
Mc+ 1M

Tb+ 1M/
Mc 1M

Tb+ 3M/
Mc 3M

Tb+ 1M/
Mc+ 1M

Tb+ 3M/
Mc+ 3M

Tb+ 3M/
Th+ 1M

AOA859IQF9

Hsp 70 cognate
Tetracapsuloides
bryosalmonae

-1.3 2.1

23.2*

2

9.5%

10.8

3.8

45.7*

1.8

1.6

9.3

AOA859IQP1

Hsp 90-alpha
Tetracapsuloides
bryosalmonae

1.3 1.1

8.4*

6.5

7.8

1.3

7.9%

1.2

1.2

7.7

AOA859IQC5

Hsp 70 Bip-
like protein
Tetracapsuloides
bryosalmonae

-1.9 -1.4

20.8

401

29.6

1.4

83.4*

1.9

2.1

31.8

Q26045

Antigen PKX101
proliferative kidney
organism

-1.4 1.1

4.9

4.7

1.2

11.4*

1.2

1.6

6.4

AOAO0C21U88

Elongation factor
2 Thelohanellus
kitauei

1.9 -1.1

23

1.2

2.8

-1.3

1.6

1.1

1.3

8.7*

AOAGG3MGA4

Heat shock 70

kDa protein F,

mitochondrial
Henneguya
salminicola

1.3 1

2.1

1.6

-1.1

2.2

-1.2

1.4

3.2¢

AOA8591QK1

Cathepsin L-like
Tetracapsuloides
bryosalmonae

-1.8 1.1

1.7

3.2

1.5

1.9

8.7*

16Z2Y10

Elongation factor
2 Myxidium
coryphaenoideum

1.9 1.1

24

1.3

2.7

-1.2

1.6

-1.1

1.2

3.7*
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Mc+ and Tb+ at 2 mpc (3 mpe). In addition, the abundance
of several proteins, including calsequestrin, parvalbumin, and
troponin C, was enormously downregulated (< -100) in the
Tb+ fish at 1 dpc (1 mpe) and in the Mc, Mc+, and Tb+ fish
at 2 mpc (3 mpe).

Proteins differentially regulated in kidney involved
in signal transduction, immune response and host
protection

Among the broadly expanded and induced proteins, we
identified multiple complement C3 members, MHC 1I, and
thioredoxin (Table 8). The Ig-like domain-containing proteins
(5 members) were differentially regulated between the groups
and showed high abundance values (> 100), primarily in Tb+
fish.

Several proteins involved in protein degradation and
proteasome assembly, such as proteases including cathepsin
(2 members), proteasome subunit alpha (3 members),
proteasome subunit beta, proteasome activator complex
subunit 2 (2 members), 26S proteasome regulatory subunit
6B, and the proteasome assembly chaperone 2, were
upregulated in the co-infection groups Mc+ and Tb+ at 2
mpc (3 mpe). Multiple kinases, including protein kinase C
and serine kinase, which are involved in signal transduction,
were also differentially regulated between the groups at 1 dpc
and 2 mpc (1 and 3 mpe). In Mc+ fish, the abundance of 4
lectins was upregulated, and one of these, namely the c-type
lectin, was extremely induced (> 100). Multiple serpins were
induced, showing the highest upregulation (> 100) in Tb+
fish. One serpin domain-containing protein was unchanged,
and the collagen chaperone Serpin H1, also known as hsp47,
was extremely downregulated in Tb+ fish at 1 dpc (1 mpe)
and in Mc, Mc+, and Tb+ fish at 2 mpc (3 mpe).

Differentially regulated myxozoan proteins

In the head cartilage, two M. cerebralis proteins, the
beta-actin (Q818C8) and the elongation factor 2 (E3U3Z2),
were differentially regulated, showing minimal changes
between the groups, mainly in the Tb+ group. In kidney, 8
myxozoan proteins, including actin, myosin, hsp70, hsp70
Bip-like (immunoglobulin-binding protein), hsp90, antigen
PKX101, and cathepsin L-like, were differentially regulated
between the groups (Table 9). Proteins involved in protein
degradation, parasite development, and virulence, such as
hsp70, hsp70 Bip, hsp90, the antigen PKX101, and cathepsin,
were upregulated in Mc+ and Tb+ groups at 2 mpc (3 mpe).
Among these, the most highly induced proteins are hsp70
(> 45) and hsp70 Bip (> 83-fold), which show increased
abundance levels in the Tb+ group at 2 mpc (3 mpe).

The protein—protein interaction network of kidney
proteins

The STRING analysis provided important information
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Figure 5: String protein-protein interaction network of the main
differentially regulated kidney proteins. In this network, nodes are
proteins, lines represent the predicted functional associations, and
the number of lines represents the strength of predicted function
interactions between proteins. All scores rank from 0 to 1, with 1
being the highest possible confidence. The predicted interactions
have a score of more than 0.5, which indicates a 50% confidence
score.

on the protein-protein interactions, pathways, and biological
processes enriched in the kidney (the target organ of T.
bryosalmonae) in rainbow trout (Fig. 5 and 6).

The biological processes associated with the observed
proteomic changes in the kidney in rainbow trout are mainly
involved in host protection against oxidative stress, DNA
and protein synthesis, and metabolism. The top identified
pathways in the kidney included the proteasome, glutathione
metabolism, and arginine and proline metabolism (Fig. 6).

The gene ontology analysis of the significantly modulated
proteins in the kidney identified various molecular functions
likely triggered by 7. bryosalmonae, including endopeptidase
activity, NF-kappaB binding, and proteasome binding (Fig. 6).
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Figure 6: The diagram shows that the proteasome and different
metabolism pathways and various peptidase/protease activities are
among the top KEGG pathways and the main molecular function of
differentially regulated proteins in the kidney based on annotation
and protein domain characterisation.

Discussion

Recently, the proteomic profiles of the rainbow trout
portals of entry for M. cerebralis and T. bryosalmonae in
single and co-infections revealed novel molecular traits of the
host immune responses and fish myxozoan interactions [8].
However, proteome modulation and protein changes at the
target organs of the two parasites, the head cartilage (target
of M. cerebralis) and the kidney (target of 7. bryosalmonae),
are not well explored. Hence, in the current study, we aimed
to explore the proteomic changes induced by these two
parasites at their target organs during M. cerebralis and T.
bryosalmonae single and co-infection in rainbow trout.
This proteomic study highlights traits of the host-parasite
interactions and the immune response of rainbow trout to
co-infections with the two different myxozoan parasites at
their target organs and potentially facilitates development
of effective interventions and therapeutic strategies to help
control these diseases.

Myxobolus  cerebralis  and
bryosalmonae parasite burden

Tetracapsuloides

In the head cartilage, the parasite load increased in the
co-infected group Mc+ group at at 1 dpc and 2 mpc (1 and
3 mpe) as compared to the single infected Mc group. The
increased M. cerebralis load in the head cartilage implies that
the fish were unable to maintain proper tissue homeostasis,
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immunity, or limit parasite load during WD as previously
reported [10, 11, 13, 29, 8, 14, 15]. Conversely, the parasite
count decreased in the Tb+ group as compared to the Tb
group in the kidney. The reduced parasite load in the kidney
implies that the fish were able to constrain the development
and growth of the parasite, likely by triggering balanced host
protection mechanisms and maintaining tissue homeostasis,
corresponding to previous studies [26, 29, 23]. These findings
emphasize that the primary infection determines the outcome
of a subsequent co-infection in rainbow trout.

Extracellular matrix and cytoskeletal proteins

In the head cartilage, catenin delta 1 was one of
significantly upregulated in the head cartilage in Mc+ fish at
2 mpc (3 mpe). This protein is associated with extracellular
matrix, focal adhesion, and cadherin-catenin complex
formation. It regulates the NF-kB transcription factor and has
a critical role in neuronal development and chromatin biology
in zebrafish [46]. Delta catenin has different binding partners,
which indicates that it may play different roles in different
cellular subcompartments [47]. On the other hand, the
abundance of gamma-catenin with structural and signaling
roles was extremely decreased in Mc and the co-infected
fish Mc+ and Tb+ at 2 mpc (3 mpe), suggesting that the two
catenin proteins may have different roles in head cartilage
tissue in rainbow trout. Actin alpha 1 was also downregulated
in Mc, Mc+, and Tb+ infected fish at 2 mpc (3 mpe). In
addition, the abundance of myosin and LIM zinc binding
with structural and signal transduction roles was decreased in
Tb+ fish at 2 mpc (3 mpe). Such proteins are associated with
signal transduction, tissue repair, and regeneration in fish and
after parasitic infections [48, 49, 50, 51, 52, 53]. Here, the
decreased abundance of several extracellular and cytoskeletal
proteins in Mc, Mc+, and Tb+ fish at 2 mpc (3 mpe) mirrors
the inability of the host fish to compensate for tissue damage
due to parasite evasion and increased parasite load.

In the kidney, the levels of 114 proteins associated
with ECM and cytoskeleton organization were mainly
downregulated, including type II keratin (3 members) and
multiple myosin proteins (11 members). Keratin II is a
cytoskeletal protein with a crucial role in protecting cells
from mechanical and non-mechanical damage [54]. The
keratin II from fish mucus has pore-forming activities [55].
Furthermore, keratin II turnover depends on the ubiquitin—
proteasome pathway and is modulated by cell injury [56].
In olive flounder gills, keratin II was downregulated in
response to Streptococcus parauberis infection or VHSV
[57]. Likewise, in the current study, the rainbow trout
keratin II proteins were downregulated in Tb+ fish, likely a
myxozoan strategy to evade host immune responses. Five of
the downregulated myosins were extremely downregulated
(< -100) in the Mc+ and Tb+ fish at 2 mpc (3 mpe). These
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cytoskeletal proteins are associated with cell structure,
tissue repair, and regeneration in fish and are modulated
during parasitic infections [49, 50, 52]. Only myosin IG
was upregulated in the Mc+ and Tb+ fish at 2 mpc (3 mpe),
suggesting a different role for this protein during myxozoan
co-infections. PDZ and LIM domain proteins are involved in
the organization and maintenance of the Z-lines in striated
muscle in Atlantic salmon [48]. The downregulation of the
PDZ-LIM proteins after single and co-infections reflects a
possible impairment in the organization and maintenance
of kidney tissues during myxozoan infections. Plexin D1 is
a cellular receptor that modulates the cytoskeleton and cell
adhesion and regulates cellular migration [58, 59]. This
protein also exhibited marked downregulation (< 100) in Mc,
Mc+, and Tb+ fish. Here, the decreased abundance of several
extracellular and cytoskeletal proteins in Mc, Mc+, and Tb+
fish reflects the inability of the host fish to cope with tissue
damage and adverse effects caused by the parasites after
infection.

Protein folding, metabolism, DNA and RNA repair
proteins

In the head cartilage, several proteins involved in
transcription and protein folding were extremely reduced.
Peptidylprolylisomeraseproteinwasextremely downregulated
(< -100) in Mc, Mc+, and Tb+ fish at 2 mpc (3 mpe). This
protein has roles in protein folding and was differentially
regulated in the gills of infected zebrafish in response to
Aeromonas hydrophila [60]. In addition, the abundance of the
extended synaptotagmin was also extremely reduced (<-100-
fold) in Tb+ fish at 2 mpc (3 mpe). The protein is involved
in lipid binding and transport [61, 62]. On the other hand,
two proteins, alpha-ketoglutarate-dependent dioxygenase
and RNA-binding protein Luc7-like 1, involved in RNA and
DNA repair, showed increased levels, likely to compensate
for the adverse effects after exposure to M. cerebralis. In a
previous study, the deletion of alpha-ketoglutarate-dependent
dioxygenase caused considerable defects in epiboly during
embryo gastrulation in zebrafish [63]. Here, the abundance
of alpha-ketoglutarate-dependent dioxygenase and RNA-
binding protein Luc7-like 1 was increased after exposure to
M. cerebralis infected rainbow trout, likely to repair tissue
destruction and adverse events due to parasite development
in head cartilage tissues. The identified pathways of the
head cartilage proteins include carbon metabolism (protein
synthesis), the citrate cycle (TCA cycle), biosynthesis of
amino acids, one carbon pool of folate (biosynthesis, amino
acid homeostasis, epigenetic maintenance, and redox defense),
the pentose phosphate pathway (DNA and RNA synthesis),
and metabolic pathways. Synaptotagmin-like, the C-terminal
binding protein, and peptidylprolyl isomerase proteins, which
are involved in protein folding and metabolism, were highly
reduced (< -100). The decreased levels of proteins involved
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in protein folding and metabolism indicate the inability of
the host fish to cope with the adverse effects of the increased
parasite load. The increased M. cerebralis load in the head
cartilage shows that the fish are unable to limit parasite
burden during WD (Fig. 2A). This observation agrees with
similar findings previously reported [13, 29, 8, 14, 15].

In kidney tissues, in addition to thymidine phosphorylase,
the abundance of several ligases, including E3 ubiquitin-
protein ligase and multiple tRNA ligases including tyrosine-
tRNA ligase, methionine-tRNA ligase, and cysteine-tRNA
ligase, was mostly upregulated in Tb+ fish at 2 mpc (3 mpe).
Likewise, the abundance of multiple proteins involved in
RNA transcription and DNA replication, including the KH
domain-containing protein and the DNA replication licensing
factor MCM2, was upregulated in Mc+ and Tb+ fish at 2
mpc (3 mpe). The increased abundance of these proteins was
likely associated with RNA transcription and DNA and RNA
repair to compensate for tissue damage and adverse effects
triggered by the parasite. During parasitic infection with
Cryptocaryon irritans in yellow croaker, similar proteins,
including E3 ubiquitin ligase, were induced [64]. Conversely,
several proteins involved in muscle contraction and calcium
transport, such as calsequestrin, parvalbumin, and troponin
C, were strikingly downregulated (< -100) in the Tb+ fish at
1 dpc (1 mpe) as well as in the two co-infection groups, Mc+,
and Tb+, at 2 mpc (3 mpe). The contraction of the smooth
muscles surrounding the collecting tubule can increase
intratubular pressure, affecting the glomerular filtration rate,
and may also affect the transport activity of tubule cells
(Tsuneki et al., 1984). We thus propose that the suppression
of these proteins negatively impacts the glomerular filtration
rate and the transport activity of tubule cells during PKD,
thereby affecting the release of 7. bryosalmonae spores and
hindering the completion of the parasite life cycle in rainbow
trout. However, functional analysis studies are needed to
reveal the exact role of these proteins in rainbow trout during
PKD.

Signal transduction, immune response and host
protection proteins

Multiple proteins involved in signal transduction, immune
response, and host protection were differentially regulated in
the head cartilage between the groups. These comprise 11
proteins, such as collapsing response mediator 1, complement
C3, lectin, and thioredoxin, which were significantly induced
in Mc, Mc+, and Tb+ at 2 mpc (3 mpe). Collapsin response
mediator proteins (CRMPs) are a family of cytosolic
phosphoproteins that play important roles during neural
development in zebrafish [65]. CRMP1 is a key downstream
mediator of the Semaphorin-3A signal transduction pathway
implicated in axon guidance and neuronal migration [66].
CRMPI1 was induced in Mc, Mc+, and Tb+ fish, likely to
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enhance signal transduction and activate molecules involved
in immune defense and protection against damage caused
during parasite development and replication. In our previous
study, we observed that various immune defense molecules
involved in host immunity and protection against oxidative
stress were induced during co-infections by the two parasites
(Saleh 2024). On the other hand, the levels of the proteasome
subunit alpha, hsp70, and thymus-specific serine protease
were reduced, which may indicate the inability of fish to
keep proper tissue homeostasis and failure to cope with tissue
damage caused by the parasite.

The abundance of multiple complement related proteins,
including complement C3, was induced in the kidney of
Mc, Mc+, and Tb+ fish at 2 mpc (3 mpe). In addition, the
complement factor H protein was highly increased in Tb+
fish at 2 mpc (3 mpe). In our previous study, the abundance
of the complement factor H protein was increased in caudal
fin tissues in the co-infection groups Mc+ and Tb+ [8].
Complement factor H can bind to various ligands, protecting
host cells from damage and thereby contributing to tissue
hemostasis and the immune response of rainbow trout against
myxozoan co-infections at the entry sites by impeding the
complement system [67]. This regulator can inhibit the
alternative pathway of the complement system and prevent
the synthesis of C3 convertase, thereby hindering complement
activation [68]. The complement factor H protein was able to
bind to pathogenic bacteria and maintain a proper homeostasis
in the host and pathogen [67]. The increased abundance in
the co-infection groups implies that the complement factor
H protein contributes to tissue homeostasis and immunity of
rainbow trout against myxozoan co-infections.

The B cell signature proteins MHC II and several Ig-like
domain containing proteins showed elevated abundance up
to > 100 in the kidney of the co-infection groups, especially
in the Mc+ fish (after co-infection with T. bryosalmonae)
at 2 mpc (3 mpe). This agrees with previous studies, which
have shown that M. cerebralis and T. bryosalmonae can
activate B cells during infections [16, 23]. In addition, the
B-cell markers Ig-like domain and MHC II were induced (>
100) in the gills in the co-infected fish [8]. Further, proteins
involved in protein degradation and proteasome assembly,
including proteases such as cathepsin, 26S proteasome
regulatory subunit 6B, proteasome subunit alpha, proteasome
subunit beta, proteasome activator complex subunit 2, and the
proteasome assembly chaperone 2, were induced, showing
high elevation levels in the co-infection groups Mc+ and Tb+
at 2 mpc (3 mpe). The proteasome and metabolism of several
amino acids were the main pathways modulated within the
rainbow trout kidney proteins. Likewise, during parasitic
infection with Ichthyophthirius multifiliis, the proteasome
and metabolism pathways were the most highly represented
in the head kidney of rainbow trout [69]. This is likely
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because when fish are overwhelmed by stress or infection,
the excessive or misfolded proteins must be processed and
degraded by proteolytic activities in the proteasome [70,
69]. Serpins are serine protease inhibitors that impede tissue
damage, excessive proteolysis, and complement-dependent
cell lysis [71]. In the current study, several serpins were
induced in kidney tissues, likely aimed at protection against
tissue damage and excessive proteolysis triggered by T.
bryosalmonae. On the other hand, serpin H1 showed reduced
levels in Mc, Mc+, and Tb+ fish at 2 mpc (3 mpe) and was
extremely reduced in Tb+ fish at 1 dpc (1 mpe). Serpin H1
can influence bone growth and skeletal patterning and is
believed to exert its function through the organization of
collagen proteins in the extracellular matrix [72]. In addition,
serpin H1 is likely involved in wound healing and structural
repair of damaged tissues in Atlantic salmon after infection
with sea lice and in response to Moritella viscosa [73, 74].
The extreme reduced abundance of serpin H1 in Tb+ fish at
1 dpc (1 mpe) suggests a reduced collagen organization in
the extracellular matrix after a subsequent co-infection with
M. cerebralis. Only one serpin remained unchanged, possibly
interfering with 7. bryosalmonae, as previously reported.
The lack of modulation (up- or downregulation) of only one
serpin can be likely attributed to 7. bryosalmonae due to its
interaction and interference with this serpin, inhibiting its
binding to proteases, which is essential for serpin modulation,
as observed during infections with VHSV [71]. Clearly,
functional investigations are required to explain whether and
how T. bryosalmonae interferes with serpin, preventing its
modulation.

Collectively, in Tb+ and Mc+ fish, among several signal
transduction and immune response proteins, multiple proteins
involved in signal transduction (protein kinase C and serine
kinase), host immunity (complement C3, immunoglobulin,
and MHC II), transcription (transcription factor A), tissue
repair, and protection against oxidative damage and stress
(thioredoxin) were highly induced in the kidney (Fig. 7). In
the head cartilage of the Mc+ fish, we observed decreased
levels of the proteins involved in cytoskeleton organization
and metabolism, and increased parasite count. This fact
shows that M. cerebralis renders its host unable to cope with
tissue damage triggered during parasite development and
growth, which increases the fish’s vulnerability to subsequent
co-infections. In the kidney of the Tb+ fish, the upregulated
proteins are associated with host immunity and DNA and
RNA repair, signifying that 7. bryosalmonae primes host
immunity, enabling a proper tissue homeostasis and a
balanced immune response. Unexpectedly, the kidney with a
high number of differentially regulated proteins (618) showed
fewer enriched GO terms than the cartilage with low numbers
(37). This is likely because the kidney is showing controlled
responses with several proteins of similar function, aiming
at maintaining a balanced response and tissue homeostasis.
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Summary of the host responses in the head cartilage and the kidney of rainbow trout after single
and co-infection conditions.
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signatures after single and co-infections. The figure was created with BioRender.com.

Common proteins differentially expressed between both
organs include complement C3, different kinases and
thioredoxin. Kinases are known to activate various immune
signaling pathways, including the c-type lectin pathway.
Lectins are important for sensing and degrading dead cells
and play a pivotal role in host defense against pathogens
and for tissue homeostasis [75]. The marked upregulation
(= 100) of c-type lectin in Mc+ fish suggests that the host
is responding in a way that aims to limit parasite replication
and development, cope with accompanied tissue damage,
and maintain proper tissue homeostasis following subsequent
co-infection with M. cerebralis.

Parasite Proteins

In addition to the modulated host proteins, eight
myxozoan proteins, including hsp70, hsp70 Bip-like, hsp90,
antigen PKX101, and cathepsin L-like, were identified in
the fish kidney. These proteins likely have a role in parasite
development, virulence, and growth. The expression of the
heat shock proteins hsp60, hsp70, and hsp90 7. bryosalmonae
homologues was increased in Bryozoa and fish, implying
a potential role in parasite survival, temperature-driven
development, and host invasion [76]. Hsp70, in particular,
has roles in cell structure, cell regulation, protein assembly,
folding, and translocation during parasitic infestations in fish
[77, 78, 8]. In our previous proteome study, four myxozoan
proteins were significantly increased in Mc+ fish gills [8]. As
a vaccine adjuvant, hsp70 provides high protection against
the fish parasite C. irritans in orange spotted grouper [79].
Hence, it is important to investigate functionally whether and
how hsp70 could exert such protection in rainbow trout. The

binding immunoglobulin protein (BiP) of the hsp70 family
chaperone is localized in the ER lumen. As a highly conserved
molecular chaperone, hsp70-BiP assists in a wide range of
folding processes. It is implicated in directing misfolded
proteins into ERDM for degradation and is involved in
protein translocation [80]. The abundance of the myxozoan
hsp70 Bip-like protein was highly elevated (> 83-fold) in
the kidney in the Tb+ fish kidney at 2 mpc (3 mpe). This
molecule is likely used by the parasite to keep proteostasis
to counteract host responses and favor its survival within
the host. The precise role of hsp70-Bip during myxozoan
infections deserves further functional investigations.

The increase of critical myxozoan virulence proteins,
such as hsp70, hsp70 Bip-like, hsp90, antigen PKX101, and
cathepsin L, in the kidney in Mc+ and Tb+ fish at 2 mpc
(3 mpe) underscores the involvement of such molecules
in potential invasion/evasion strategies during myxozoan
infections as previously suggested [8, 76]. The heightened
prevalence of the virulence genes in the kidney at 2 mpc
(3 mpe) represents a parasitic approach to sustain homeostasis
and mitigate the host’s immune responses during co-
infections. However, functional experiments are essential to
elucidate and confirm the specific role of these proteins and
to further understand how myxozoans influence the result of
co-infection in rainbow trout.

Conclusion

The biological processes, signalling pathways, and
molecular functions of the differentially regulated proteins
revealed that many of them were involved in the immune
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response, DNA and RNA repair, and host protection.
Considering that the fish kidney (the main target organ of
T. bryosalmonae) is a major hematopoietic organ playing a
vital role in protection against pathogens, that the number of
identified and quantified proteins was much higher here than in
the head cartilage was expected. Most of the highly upregulated
proteins in the kidney are associated with host immunity
and DNA and RNA repair, indicating that 7. bryosalmonae
primes host immunity, maintains tissue homeostasis, and
allows the host to mount a balanced response aimed at coping
with tissue damage and adverse effects caused by the parasite
in an attempt to limit tissue destruction and parasite growth.
Alternatively, in the head cartilage, most of the proteins
involved in cytoskeleton organization and tissue repair and
metabolism were extremely downregulated, and there was a
limited upregulation of the signaling and immune response
proteins, implying that M. cerebralis triggers excessive tissue
destruction and damage, leaving its host unable to maintain
tissue homeostasis during parasite development and growth,
increasing fish vulnerability to subsequent co-infections.

It is important to note that calsequestrin, parvalbumin,
and troponin C, which are involved in muscle contraction
and calcium transport, were extremely downregulated in the
kidney in infected fish. These proteins likely contribute to
the transport activity of tubule cells during PKD, which may
influence the development of intraluminal sporogonic stages
of T. bryosalmonae in the renal tubular lumen of rainbow
trout, impacting the release of viable 7. bryosalmonae
spores and hindering the completion of the parasite life
cycle in rainbow trout and its transmission to the bryozoan
invertebrate host. However, functional studies are needed
to elucidate and confirm the precise role that these proteins
might play, contributing to the fact that rainbow trout
is considered a dead-end host fish for 7. bryosalmonae.
Indeed, future transcriptomic and genomic studies, as well
as functional analysis, will help understand the basis of the
interactions between fish and myxozoans, specifically during
WD and PKD single and co-infections.

Overall, the current study provides key information
on how myxozoan parasites distinctly modulate immune
signaling pathways and immune response proteins, enhancing
our understanding of host myxozoan interactions in single
and co-infection consequences, potentially facilitating the
development of effective interventions and therapeutic
strategies for WD and PKD management in salmonid
aquaculture. Future transcriptomic and genomic studies
as well as functional analysis can help reveal important
interactions between myxozoans within host salmonid fish,
specifically during WD and PKD single and co-infections.
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