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Tetracapsuloides bryosalmonae is a malacosporean endoparasite that causes
proliferative kidney disease (PKD) in wild and farmed salmonids in Europe and
North America. The life cycle of T. bryosalmonae completes between
invertebrate bryozoan and vertebrate fish hosts. Inside the fish, virulence
factors of T. bryosalmonae are induced during infection or interactions with
host cells. T. bryosalmonae genes expressed in vivo are likely to be important in
fish pathogenesis. Herein, we identify in vivo induced antigens of T.
bryosalmonae during infection in brown trout (Salmo trutta) using in vivo
induced antigen technology (IVIAT). Brown trout were exposed to the spores
of T. bryosalmonae and were sampled at different time points. The pooled sera
were first pre-adsorbed with antigens to remove false positive results.
Subsequently, adsorbed sera were used to screen a T. bryosalmonae cDNA
phage expression library. Immunoscreening analysis revealed 136 immunogenic
T. bryosalmonae proteins induced in brown trout during parasite development.
They are involved in signal transduction, transport, metabolism, ion-protein
binding, protein folding, and also include hypothetical proteins, of so far
unknown functions. The identified in vivo induced antigens will be useful in the
understanding of T. bryosalmonae pathogenesis during infection in susceptible
hosts. Some of the antigens found may have significant implications for the
discovery of candidate molecules for the development of potential therapies and
preventive measures against T. bryosalmonae in salmonids.
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Introduction

Tetracapsuloides bryosalmonae is an endoparasitic
myxozoan that completes its life cycle between an invertebrate
(bryozoan) and a vertebrate (salmonid fish) host. The parasite
causes proliferative kidney disease (PKD) in various species of
salmonids (Anderson et al., 1999; Feist et al., 2001) and is
reported in Europe and North America, leading to severe
losses in trout farms (Hedrick et al., 1993). While the
economic impact of the disease makes it an important factor
for aquaculture (Clifton-Hadley et al,, 1986), PKD is also
suspected to be a factor contributing to the decline of wild
brown trout and salmonid populations in Europe (Wahli et al.,
2002; Sterud et al., 2007; Okamura et al., 2011; Skovgaard and
Buchmann, 2012; Dash and Vasemagi, 2014; Vasemigi et al,,
2017; Waldner et al., 2020). In Austria, a 92% overall prevalence
of T. bryosalmonae was detected among wild brown trout
sampled from the river Wulka, indicating a possible reason for
their decline in this river. The findings suggest that wild brown
trout might soon be extinct in the river Wulka of Austria
(Waldner et al., 2020). In North America, T. bryosalmonae
killed thousands of mountain whitefish (Prosopium
williamsoni) in Montana’s Yellowstone River in August 2016,
with a 90% mortality rate, which suggested T. bryosalmonae is
endemic in Montana (Hutchins et al, 2021) and can cause
impacts on native salmonid populations.

The ability of a pathogen to cause disease depends primarily
on its ability to sense and adapt to a variety of host
environmental signals. A parasite, while invading its host,
senses the in vivo environment by inducing or repressing the
expression of specific genes. A repetitive cycle of cell invasion
and replication stimulates the expression of these parasite genes,
resulting in disease. Thus, parasite genes expressed in vivo are
likely to be important virulence mechanisms and potential
therapeutic targets. For example, serine and cysteine protease
genes of the myxozoan Myxobolus cerebralis induced in fish
during parasite development are involved in host tissue invasion,
virulence, and the initiation of sporogenesis (Kelley et al., 2003;
Kelley et al.,, 2004; Dorfler and El-Matbouli, 2007). In
Ceratonova shasta, genes associated with parasite adhesion and
migration are found to be responsible for the enhancement of
virulence in the parasite (Alama-Bermejo et al, 2019). In
addition, single nucleotide polymorphism in the motility and
protease genes of C. shasta affects the outcome of virulence of the
parasite in the salmonid host (Alama-Bermejo et al, 2020).
Microneme protein MIC11, dense granule protein 5, and
calmodulin of Toxoplasma gondii are involved in cell division
and parasitophorous vacuole maintenance/parasite survival after
cellular invasion and pathogenesis in pigs (Tao et al., 2014). The
identification of T. bryosalmonae virulence genes would improve
our understanding of T. bryosalmonae infection and promote
the discovery of novel therapeutic targets, as well as provide
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insights into the infection process of the parasite. For this reason,
in this study we aimed to identify T. bryosalmonae genes that are
induced in brown trout during the course of infection. This was
achieved using an in vivo induced antigen technology (IVIAT),
an immunoscreening technique that identifies parasite antigens
expressed during infection of the fish host. This approach used
pooled serum from brown trout infected with the T.
bryosalmonae to identify in vivo induced (IVI) genes expressed
during infection.

Materials and methods
T. bryosalmonae collection

Our laboratory maintains the life cycle of T. bryosalmonae
between fish and bryozoan hosts according to Kumar et al.
(2013), where we regularly hatch statoblasts and grow bryozoan
colonies, harvest parasite sacs and infect brown trout, and
cohabitate specific pathogen free Fredericella sultana colonies
with infected brown trout. For this study, a large number of T.
bryosalmonae sacs (n = 20,000) were collected from the
laboratory-infected colonies by manual microdissection under
a stereomicroscope, then transferred to a Petri plate filled with
water. The clean isolated parasite sacs were pipetted into 2 ml
Eppendorf tubes and centrifuged at 5000 X g for 5 min. The
parasite pellets were stored at -80°C for antigen preparation or
directly resuspended in an RLT buffer containing B-
mercaptoethanol for RNA extraction. Similarly, T.
bryosalmonae infected F. sultana zooids were collected in
RNAlater and stored at -20°C for further molecular studies.

T. bryosalmonae expression library

The in vivo induced genes of T. bryosalmonae in brown trout
host were identified using IVIAT and the steps used in this study
are presented in a flowchart (Figure 1). Total RNA was extracted
from the frozen parasite sacs using the RNeasy mini kit (Qiagen,
Hilden, Germany). An on-column DNase (Qiagen) digestion
step was included according to the manufacturer’s protocol.
RNA integrity was measured on the 4200 TapeStation using the
RNA Screen Tape assay (Agilent Technologies, USA).
Messenger RNA was purified from the extracted RNA (18 pug)
sample using the Oligotex mRNA kit (Qiagen) according to the
manufacturer’s protocol.

One hundred nanograms of mRNA were synthesized into first-
strand ¢cDNA using the SMART ¢DNA synthesis kit (Clontech
Laboratories, USA), then into second strand cDNA by using an LD-
PCR protocol. Subsequently, digestion and fractionation steps were
performed. The resulting cDNA library was ligated into ATriplEx2
vector (Clontech Laboratories) and then packed in a high-efficiency
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In vivo-induced antigen technology applied to Tetracapsuloides bryosalmonae. An expression library of T. bryosalmonae was constructed into
the ATriplEx2 vector. Adsorption of pooled sera were performed to remove antibodies against three forms of parasite sacs and E. coli XL1-Blue
antigens (native, ultrasonic, and heat-denatured). This process eliminates antibodies in the sera that react to antigens constitutively expressed by
T. bryosalmonae in the bryozoan body cavity and eliminates background that may arise from the E. coli. Immunoscreening of expression cDNA
library was performed with adsorbed pooled sera. Positive clones were sequenced, subcloned and validated in infected kidney of brown trout

and infected bryozoan by qRT-PCR.

system using Gigapack III Gold Packaging Extract (Agilent
Technologies, USA) according to the manufacturer’s instructions.
Resulting library was amplified and titered. To determine the
percentage of recombinant clones, blue-white screening was
performed on LB/MgSO4 agar plates containing IPTG and X-gal.
Thirty clones were randomly picked and tested by PCR analysis
using the vector primers (F 5° CTCGGGAAGCGCGCCATTG
TGTTGGT 3" and R 5° TAATACGACTCACTATAGGGCG 3").
PCR amplicons were sequenced at the LGC Genomics GmbH
(Berlin, Germany) to determine the presence of an insert.

Sera samples

The sera were previously collected from brown trout infected
with T. bryosalmonae at 2, 4, 6, 8, 10, 12, and 17 weeks post
exposure (wpe) (Sudhagar et al, 2019). Kidney samples were
also collected at the same timepoints in RNAlater and stored at
-20 °C for molecular studies. Individual serum samples were
tested for the presence of T. bryosalmonae specific antibodies
using indirect ELISA (Shivam et al., 2021). Anti-T. bryosalmonae
antibody was first detected at 4 wpe and persisted until 17 wpe,
thus, these sera were selected for this study. For use in IVIAT,
equal volumes of each serum sample were pooled and adsorbed
with different antigens as described below. Serum samples from
specific pathogen free brown trout that were negative for
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T. bryosalmonae were used to verify the specificity of selected
clones. All the serum samples were stored at -80°C until use.

Preparation of antigens

Three forms of parasite sacs and E. coli XL1-Blue antigens
were prepared: native, heat-denatured, and non-heat-denatured
cell lysates. Parasite sacs and E. coli XL1-Blue cells were
suspended in Tris-HCl EDTA buffer containing complete
protease inhibitor cocktails (Roche, Germany). Both
suspensions were divided into three portions. To prepare the
non-heat-denatured antigens, parasite sacs and E. coli XL1-Blue
cells were freeze-thawed six times in liquid nitrogen followed by
six rounds of sonication on ice for 10 seconds at 10 Hz. To
prepare the heat-denatured antigens, both parasite sacs and E.
coli XL1-Blue cells were placed at 95°C for 10 minutes.

Adsorption of sera

Adsorption of pooled sera was performed to remove
antibodies against parasite sacs and E. coli XL1-Blue. This
procedure removes antibodies in the sera that react to antigens
constitutively expressed by T. bryosalmonae in the bryozoan
body cavity and eliminates any background or false positives that
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may arise from the E. coli host strain provided with the SMART
cDNA library construction kit. The pooled sera from infected
brown trout were adsorbed with native, heat-denatured, and
non-heat-denatured cell lysates. Native parasite sacs and E. coli
XL1-Blue cells were resuspended in pooled sera with the
addition of 10 mM EDTA and a complete cocktail of protease
inhibitors. The sera-parasite sacs suspension was mixed
overnight with gentle rocking (10 rpm) at 4°C. The absorbed
sera were recovered by centrifugation at 5,000 x g for 10 minutes
at 4°C. Afterwards, heat-denatured and non-heat denatured cell
lysates of parasite sacs and E. coli XL1-Blue were immobilized on
Protran nitrocellulose membranes 0.45 um (Sigma Aldrich,
Germany) overnight at 4°C on a rocking table. Membranes
were dried on Whatman papers to remove the excess buffer.
Subsequently, membranes were rinsed 5 times in 10 ml of Tris-
Buffered Saline (TBS) composed of 10 mM Tris-HCl (pH 7.5)
and 150 mM NaCl containing Tween-20 (0.05%). The
membranes were blocked by immersion for one hour in 10 ml
of 5% immunoblot blocking reagent (Sigma Aldrich) in TBS-T at
room temperature on a rocking table. Then membranes were
rinsed three times with 10 ml of TBS-T. The pooled sera were
incubated on top of the lysate-coated membranes at 4°C
overnight with gentle rocking (10 rpm). The same adsorption
processes were performed in parallel with pooled sera from non-
infected control brown trout. Each adsorption procedure was
repeated three times. The final adsorbed sera were centrifuged at
5,000 x g for 10 minutes at 4°C and absorbed sera were recovered
by aspiration. A 100 ul aliquot of absorbed sera was collected
after the adsorption step to evaluate the efficacy of the process.
The remaining adsorbed sera were aliquoted and stored at -80°C.
The efficiency of the adsorbed sera from each step were tested by
indirect ELISA according to the previously optimized protocol
(Shivam et al., 2021).

Immunoscreening of T. bryosalmonae
cDNA library

For primary screening, 10 pl of 1:10,000 diluted cDNA
library was mixed with 500 ul of overnight culture of E. coli
XL1-Blue suspended in 7.5 ml of 10mM MgSO, and incubated
at 37°C for 15 min. Five hundred microlitre melted (45°C) LB/
MgSO4 top agar was added to the phage-bacteria mixture.
Subsequently, the mixture was poured immediately onto a pre-
warmed (37°C) LB/MgSO4 agar plate (150 mm size) and swirled
until the surface of the plate was covered. The plates were
incubated at 37°C overnight. The next day, plates were
overlaid with Protran nitrocellulose membranes (132 mm size)
pre-soaked in IPTG (10 mM), which were left for 5 hours at
37°C to transfer phage particles to the membranes. Afterwards,
membranes were rinsed 5 times with TBS-T and blocked with
5% immunoblot blocking reagent for 2 hours at room
temperature before being incubated with the pooled optimized
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adsorbed sera (1:100, diluted in 1% BSA - Dulbecco’s phosphate
buffered saline) overnight at 4°C with gentle rocking.
Subsequently, membranes were washed with TBS-T five times
for 5 min and then incubated with rabbit anti-salmonid
polyclonal antibody, Bio-Rad (1:5,000) for 1 hour at 37°C.
After washing, peroxidase-conjugated anti-rabbit IgG (whole
molecule) antibody, Sigma Aldrich (1:8,000) was applied for
1 hour at 37°C and washed.

The immunoblots were developed using membrane
substrate (Sigma Aldrich) according to the user manual.
Reactive clones were identified manually by comparing with
control and negative control sera. Positive plaques were removed
from the gel as a plug, using a cut-off end of a 200 ul pipette tip
and then placed into 500 pl of SM buffer containing 3%
chloroform. Phages were allowed to diffuse into SM buffer
overnight at 4°C. After centrifugation, the supernatants were
transferred to new tubes and stored at 4°C. Each positive plaque
was screened at least two additional times to confirm that it
reacts with the adsorbed sera. In vivo excision was performed to
convert the recombinant phages to recombinant plasmids
according to the user manual. The inserts of T. bryosalmonae
were determined by PCR amplification using the vector primers
(F and R). Sequencing was performed at the LGC Genomics
GmbH, Berlin, Germany. The obtained sequences were analysed
using the BLASTX search against NCBI's non-redundant
protein database and the T. bryosalmonae transcriptome
assembly (PRINA680464, Kumar et al.,, 2021).

Gene ontology

The sequences identified by IVIAT were subjected to gene
ontology (GO) analysis for biological process, molecular
function, and cellular components. GO analysis was performed
using Blast2GO version 5.2 software (Gotz et al., 2008). Briefly,
the FASTA sequences were subjected to BLASTX in the NCBI
non-redundant database with a threshold of E-value 1.0E-3.
Subsequently, mapping was done to retrieve the GO terms of the
BLAST results. Simultaneously, InterPro annotation was done to
retrieve the information regarding protein domain/motif and the
obtained information was merged with the already available GO
terms. Subsequently, the GO terms were annotated for their
functional characteristics.

Validation of in vivo-induced genes

Fourteen genes were selected for validation analysis based on
various criteria such as function, involvement in virulence
factors and importance in cellular activities. The expression
patterns of the genes were validated in infected kidney and
infected bryozoan by quantitative real time PCR (qRT-PCR).
RNA (n = 6) was extracted from the posterior kidneys of the
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experimentally infected brown trout (12 wpe) and infected
bryozoan F. sultana colonies using an RNeasy mini kit
(Qiagen) including DNase treatment and was then reverse
transcribed to cDNA using iScript cDNA synthesis kit (Bio-
Rad). Primers specific for each target gene of T. bryosalmonae
(Supplementary Table 1) were designed using NCBI Primer
BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
qRT-PCR was optimized using a temperature gradient. The PCR
amplicon of each specific primer was sequenced, and BLAST
analysed to ensure their specificity and sensitivity. A CFX96
Touch Real-Time PCR detection system (Bio-Rad) was used to
assess the in vivo expression of the target genes. qRT-PCR had a
final volume of 10 ul, which contained 3 pl of 1:20 fold diluted
cDNA, 0.4 uM of each primer, 1X SsoAdvanced' ™ Universal
SYBR Green Supermix (Bio-Rad), and sterile DEPC-treated
distilled water. QRT-PCR included initial denaturation at 95°C
for 5 minutes, followed by 37 cycles of denaturation at 95°C for
30 seconds, annealing at 60-64°C for 30 seconds, and elongation
at 72°C. Final elongation was performed at 95°C for 30 seconds.
A melting-point curve analysis was carried from 60-95°C with
an increment of 0.5°C per 10 seconds to detect any non-specific
PCR products. All samples were analysed in triplicate. The
expression level of each tested gene was normalized to the
reference genes: 60S ribosomal protein L18 (Gorgoglione et al.,
2013) and NADH dehydrogenase. The fold change of in vivo
induced genes in the infected kidney relative to its infected
bryozoan was calculated by the 274" method (Livak and
Schmittgen, 2001). The statistical difference between infected
kidney and infected bryozoan samples was determined using the
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two-tailed unpaired Student’s t-test with Welch’s correction
using IBM SPSS software version 25.0.

Results
Adsorption of pooled sera

Most of the reductions in OD values of pooled sera were
observed after adsorption steps with the parasite sac antigens.
OD values from 0.914 to 0.076 were detected for pooled sera
diluted 1:100, which was the optimal dilution used for the
immunoscreening of the ¢cDNA library. As shown in
Figure 2A, there was a significant reduction in reactivity of the
pooled sera after the parasite sac lysates adsorption step. In
contrast, there was considerably less elimination of antibodies
recognizing E. coli XL1-Blue antigens (Figure 2B), suggesting
that the adsorption with E. coli antigens had no effect on the
antibodies against T. bryosalmonae in the sera of brown trout.

In vivo induced genes of
T. bryosalmonae

The phage ¢cDNA library (1.89 x 10° pfu/ml) had a
recombination efficiency of 97.88% (Figure 3). About 40,000
clones were screened from T. bryosalmonae phage cDNA library
using the adsorbed pooled positive sera from infected brown
trout. A total of 136 clones were identified as immune-reactive;

1.2 4
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0.6 A
0.4 A

OD 450 nm

O-O I T T T

Lysates
Denatured
lysates

Unadsorbed
sera
Whole cells

Antibody determination of pooled sera from infected brown trout after sequential adsorption steps by indirect ELISA. (A) pooled sera adsorbed
by three different forms of T. bryosalmonae (native parasite sac whole cells, ultrasonic lysates, and heat-denatured lysates), and (B) pooled sera
adsorbed by three different forms of E. coli XL1-Blue (native bacterial whole cells, ultrasonic lysates, and heat-denatured lysates).
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FIGURE 3

nonrecombinant plaque.

The efficiency of recombinant phage cDNA library. To determine the percentage of recombinant clones, blue—white screening was
performed on LB/MgSO4 agar plates containing IPTG and X-gal. White plaque indicates recombinant plaque and blue plaque indicates

these were then isolated and confirmed by sequencing and NCBI
BLAST analysis. The complete list of identified IVI genes by the
immunoscreening is presented in Supplementary Table 2.
Additionally, the functions and locations of some of the
identified IVI genes are provided in Table 1. PCR products
indicated variation in the size of inserts in the cDNA library
(Supplementary Figure 1).

Gene ontology

In vivo induced genes were categorised into biological
process, molecular function, and cellular components
(Figure 4). Majority of biological process were associated with
the cellular, metabolic, and transport processes. In terms of
molecular function, genes were enriched in catabolic activity,
binding, and structural molecular activity. Cellular components
of genes were abundant in organelle, cytoskeleton, membrane,
and ribosome.

Validation of IVl genes

The expression patterns of the fourteen IVI genes in T.
bryosalmonae dwelling in the infected brown trout kidney and
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infected bryozoans are shown in Figure 5. Five IVI genes were
significantly (p < 0.05) upregulated: Ras-related protein Rab-35,
calmodulin, transmembrane emp24 domain-containing protein
7, F-actin-capping protein, and vesicle-associated membrane
protein 3. Four IVI genes were significantly (p < 0.05)
downregulated in T. bryosalmonae from infected kidney,
compared to their expression in infected bryozoans: zinc finger
CCHC domain-containing protein 10, gamma-aminobutyric
acid receptor-associated protein, CD63 antigen, and casein
kinase I. Additionally, non-significant (p = 0.40) upregulation
of five IVI genes (14-3-3-like protein, iron-sulfur cluster
assembly scaffold protein, peptidyl-prolyl cis-trans isomerase,
S-methyl-5’-thioadenosine phosphorylase, and desumoylating
isopeptidase 2) was also observed in the T. bryosalmonae from
infected kidney compared to infected bryozoans.

Discussion

The cnidarian parasite T. bryosalmonae develops in the
kidney of salmonid fishes and can cause devastating disease.
The anterior kidney is a major lymphoid organ in fish and has
hemopoietic functions. Moreover, both anterior and posterior
kidney serve as immunocompetent organs in fish (Kum and
Sekki, 2011). In spite of the immune functions of the kidney,
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TABLE 1 lIdentified antigenic genes of Tetracapsuloides bryosalmonae.

In vivo induced antigens

Ras-related protein Rab-35

Calmodulin

14-3-3-like protein

Transmembrane emp24 domain-containing protein 7
Vesicle-associated membrane protein 3-like

Zinc transporter 1

F-actin-capping protein subunit alpha-2

Cell division control protein 42 homolog
Endophilin-B1-like

Peptidyl-prolyl cis-trans isomerase-like

Desumoylating isopeptidase 2

Function

Rab protein signal transduction
Calcium-mediated signaling
Signal transduction
Protein transport
Vesicular transport
Zinc transport
Actin cytoskeleton organization
Actin cytoskeleton organization
Membrane dynamics
Protein folding

Protein deubiquitination

10.3389/fcimb.2022.1032347

Location

Plasma membrane/cytoplasm/nucleous
Plasma membrane/cytoskeleton
Plasma membrane/cytoplasm/nucleous
Membrane
Plasma membrane
Plasma membrane
Cytosol/extracellular region or secreted/cytoskeleton
Plasma membrane
Mitochondrion/Golgi apparatus
Cytoplasm
Cytoplasm

Iron-sulfur cluster assembly enzyme ISCU
Heat shock protein 90

COP9 signalosome complex subunit 5
S-methyl-5’-thioadenosine phosphorylase-like
Enolase-like

Ceramide synthase 1-like

Hydroxyacyl-coenzyme A dehydrogenase

Iron-sulfur clusters
Protein folding
Cellular and developmental processes
Purine ribonucleoside salvage
Glycolysis
Sphingolipid biosynthetic pathway

Beta-oxidation pathway

Cytoplasm/mitochondrion
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Membrane

Cytoplasm/mitochondrion

In vivo induced antigens were identified by immunoscreening of phage cDNA library using pooled adsorbed sera of infected brown trout. Full table is presented in Supplementary Table 2.

T. bryosalmonae can successfully undergo sporogony in the
kidney of the affected fish and be released in the urine
(Sudhagar et al, 2019; Sudhagar et al, 2020) suggesting that
this parasite has evolved to survive in an extremely hostile
environment by molecular adaption. Most of the previous
experiments on brown trout - T. bryosalmonae interactions
were conducted to understand the host (brown trout) response
(Kumar et al., 2014; Kumar et al., 2015; Bailey et al., 2019;
Sudhagar et al., 2019; Sudhagar et al., 2020; Shivam et al., 2021;
Sudhagar et al, 2022), while only a few studies focused on
generating molecular information on T. bryosalmonae (Ahmad
et al., 2021; Faber et al.,, 2021; Kumar et al., 2021). Identification
of in vivo induced antigens or genes of the parasite during host-
pathogen interactions, particularly during its development host,
will provide valuable insight into the molecular adaption of the
parasite. IVIAT has been successfully used to identify antigenic
proteins of pathogens expressed during host-pathogen
interactions, by using antisera from the infected host
(Amerizadeh et al., 2013a; Amerizadeh et al., 2013b; Tao et al.,
2014; Ron et al., 2015). In our study, 136 in vivo induced genes of
T. bryosalmonae in brown trout were identified using IVIAT
(Supplementary Table 2). These genes are involved in a variety
of functions critical for the parasite including signal
transduction, actin cytoskeleton organization, transport, metal
ion binding, transcription, mitochondrial organization,
translation, protein folding, metabolic process, cell division,
and DNA repair. Additional genes encode for hypothetical
proteins, and other genes are uncharacterized. The in vivo
induced genes identified in this study are antigenic in nature
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and could potentially be used for the development of vaccines or
utilized as drug targets for treating PKD in salmonids. Although
there are limitations in the IVIAT technique such as a
requirement for cultivable pathogens and an antibody
response in the host, it has led to the identification of
previously unknown immunogenic antigens of many
pathogenic organisms (Rollins et al., 2005).

Genes involved in signal transduction

We identified several IVI genes involved in signal
transduction activity such as ras-related proteins (Rab-35,
Rap-1A, Rab-2B, and Ral-B), ras-related and estrogen-
regulated growth inhibitor, and ran-specific GTPase-activating
protein. Signal transduction is the process by which a cell
receives a signal and transmits it to another part of the cell.
This can be initiated by either a cell-surface receptor or an
intracellular receptor (Bradshaw and Dennis, 2010). During
host-parasite interaction; signal transduction mechanisms aid
in the molecular cross-talk between the host and the parasite
(Lopes-Junior et al., 2022). Rab proteins have an important
function in cellular signal transduction and autophagy.
Additionally, they are essential for cytokinesis (Kouranti et al,
2006) and act as molecular switches in intracellular membrane
trafficking (Li and Marlin, 2015). In the present study, Rab35
was identified as an in vivo induced antigen of T. bryosalmonae.
Gene expression analysis showed T. bryosalmonae Rab35 to be
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upregulated (4.39 fold) in the kidney of infected brown trout. In
humans, amoebic colitis is caused by an anaerobic parasitic
amoebozoan, Entamoeba histolytica. This parasite phagocytoses
hosts blood cells and microbiota during pathogenesis. Rab35 is
known to regulate erythrophagocytosis of E. histolytica in the
cup formation and phagosomal maturation (Verma and Datta,
2017). Similarly, developmental stages of T. bryosalmonae in the
kidney interstitium are commonly found engulfed by host
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phagocytes (Kent and Hedrick, 1986). The latter researchers
found evidence of endocytosis of host material by the parasites
migrating to the lumen of the kidney tubules. In addition, during
mitotic division of the parasite primary cell, cytokinesis has been
demonstrated by ultrastructural analysis (Morris and Adams,
2008). Therefore, we hypothesize a potential role of Rab35 in the
cellular processes of endocytosis and cytokinesis in
T. bryosalmonae.
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Another interesting signal transduction molecule we
identified was 14-3-3-like protein. Numerous parasites,
including Plasmodium sp., Toxoplasma sp., Neospora sp.,
Eimeria sp., Schistosoma sp., and Echinococcus sp., have been
found to contain this highly conserved protein (Siles-Lucas and
Gottstein, 2003). In many of these parasites, the protein is
suggested to play significant roles during their life cycle. For
example, in Eimeria tenella, this protein plays an important role
in the regulation of mannitol cycle metabolic pathway, which is
an important energy source for their sporulation process
(Liberator et al.,, 1998). These proteins modulate protein
kinase C (PKC) activity and translocation in Schistosoma
japonicum and Schistosoma mansoni, during their life cycles
(Zhang et al., 2000; Siles-Lucas and Gottstein, 2003). Similar to
these parasites, 14-3-3 protein might have important roles in
sporogony and translocation during the development of T.
bryosalmonae in its host. Considering its important role, 14-3-
3 protein is suggested as a potential vaccine candidate against
parasitic infections such as Schistosoma sp. and Echinococcus sp.
(Siles-Lucas and Gottstein, 2003; Siles-Lucas et al., 2008).

Genes involved in actin cytoskeleton
organization

Genes associated with actin cytoskeleton organization that
were identified in the present work included actin (cytoplasmic 1
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and 2), tubulin (alpha-1 and beta-1), thymosin beta-4, F-actin-
capping protein subunit alpha-2 (CAPZA2), and cell division
control protein 42 (CDC42). The organization of the actin
cytoskeleton is a process performed at the cellular level that
results in the assembly, placement, or degradation of the
cytoskeleton structure containing actin filaments and other
related proteins. Actin is important in a multitude of functions
such as the maintenance of shape, structural integrity of the cell,
cytokinesis, cellular endocytosis and the transport of membrane
vesicles in eukaryotic cells (Pollard and Cooper, 2009; Suarez
and Kovar, 2016). In endoparasites like T. bryosalmonae, the
genes involved in actin cytoskeleton organization might be
highly dynamic in their function, particularly when the
parasite changes its morphology, shifts within host (one organ
to another) and transmits from one host to complete its life
cycle. In M. cerebralis, a transcript similar to actin related protein
3 homologue (ARP3) was found with a putative function of
sporoplasm’s movement regulation during host detection and
penetration (Eszterbauer et al., 2009). Furthermore, the genes
involved in the cytoskeleton organization (B-actin, Talin and
RhoA), and cytoskeletal-extracellular matrix interaction
(Integrin-B) were observed to be significantly upregulated in
the virulent genotypes of C. shasta (Alama-Bermejo et al., 2019;
Alama-Bermejo et al., 2020). We also identified an actin protein
of T. bryosalmonae in the infected kidney of brown trout by anti-
parasite antibody-based protein purification followed by mass
spectrometry analysis (Kumar et al, 2015). Another study
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confirmed the important role of actin in cellular motility, which
supports the parasite in the evasion from the host immune
system (Hartigan et al, 2016). Based on these findings, we
speculate that actin cytoskeleton related genes of T.
bryosalmonae contribute to invasion, host-parasite interaction,
growth, migration, and establishment of disease in salmonids.

Small GTPases belonging to the Rho family are important
modulators of the actin cytoskeleton. We found Rho family
genes of T. bryosalmonae such as rho-related GTP-binding
protein RhoC, and rho GTPase-activating protein 44-like by
immunoscreening analysis. Additionally, CDC42, which belongs
to the Rho family of actin regulators, was also revealed in our
study. This protein is known to regulate many cell signaling
pathways of eukaryotes (Watson et al, 2017). The F-actin-
capping protein subunit alpha-2 is another antigenic protein
identified by adsorbed sera of infected fish in the present
experiment and is known for its role in actin cytoskeleton
organization. Capping protein is an alpha/beta heterodimer
and it is an important protein in eukaryotes for actin
cytoskeleton development (Hart et al., 1997). The role of
F-actin has been confirmed in motility and spore formation in
C. shasta (Brekhman et al., 2021). In light of these reports, and
our present study, Rho family genes in T. bryosalmonae could
play important roles and interact with antibodies of infected fish
during the development of the disease. These findings open a
new research area on cytoskeleton associated proteins in
T. bryosalmonae, with the aim of understanding their precise
molecular function.

Genes involved in cellular transportation

Cellular transportation is essential for the normal functioning of
a cell to maintain homeostasis. In the current study, we identified zinc
transporters such as zinc transporter 1 and zinc transporter 7 as
antigenic genes of T. bryosalmonae. Zinc acts as a cofactor for various
biological systems including cell signaling (Hara et al., 2017), and its
deficiency or excess is detrimental to cells (Sugarman, 1983; Wessells
et al,, 2012). Cells are endowed with zinc transporter proteins to
maintain the optimum level of zinc import, intracellular storage and
efflux (Dufner-Beattie et al,, 2003). In many parasitic organisms, zinc
transporters are involved in parasite development and are known
virulence factors in T. gondii and L. infantum (Carvalho et al.,, 2015;
Chasen et al., 2019). In line with these reports, we assume that zinc
transporters in T. bryosalmonae transport zinc into the cytoplasm
and localize to vesicles. However, how zinc transporters contribute in
the invasion process of T. bryosalmonae needs to be investigated.

Vesicle-associated membrane protein 3-like (VAMP3) of
T. bryosalmonae was found to be antigenic and upregulated in
the infected brown trout (Figure 5). VAMP3 is a membrane
protein involved in the movement of materials across the cell
membrane and it is also necessary for the homeostasis and other
physiological processes of the cell (Feldmann et al, 2011).
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Silencing of VAMP3 affects the migration of cells and cell-
mediated adhesion by integrin (Luftman et al, 2009).
Furthermore, in the human parasite Leishmania amazonensis,
VAMP3 has an important function in the formation of
parasitophorous vacuoles (Seguin et al., 2022). In the case of
malaria parasite, Plasmodium falciparum vesicle-mediated
trafficking transports parasite proteins into the infected host
cytosol and cell membrane (Taraschi et al., 2001). Similarly,
transmembrane emp24 domain-containing protein 7 (TMED?7)
was identified; this protein is involved in cellular transport and is
important for the cellular homeostasis (Aber et al, 2019).
Currently, there is not much information on membrane
proteins of myxozoan parasites, suggesting the need for
further studies to understand their molecular and
cellular functions.

Genes involved in protein folding

Heat shock proteins (HSPs) are molecular chaperones that
play an essential role in development of parasite and host-
parasite interactions (Polla, 1991). HSPs were found to be
abundant in the mature spore of C. shasta by proteome
analysis (Brekhman et al,, 2021). HSP60, 70 and 90 were
found to be enriched in T. bryosalmonae by transcriptome
analysis (Faber et al, 2021). By immunoscreening, we found
IVI genes associated with HSPs such as HSP12.2, 70, and 90,
DNJAL1 protein, activator of 90 kDa heat shock protein ATPase
homolog 1, and molecular chaperone ABCl in T. bryosalmonae.
HSPs have been identified as major antigens of parasitic
nematodes and flukes (Arizono et al, 2011; Chung et al,
2017). These findings suggest that HSPs of T. bryosalmonae
may be involved in the induction of host immunity. We propose
that HSPs could be a potential interest for vaccine development
or therapeutic target against T. bryosalmonae.

While we determined peptidyl-prolyl cis-trans isomerase-
like (PPIL) to be antigenic using IVIAT, in qRT-PCR analysis, it
was only slightly upregulated (1.30 fold). PPIL molecules are
known to have a functional role in host-parasite interaction and
anti-parasitic drug action (Bell et al., 2006). Moreover, PPIL
plays an important role in the protein folding mechanism, a
process making proteins biologically functional. The cis-trans
isomerization of peptide bonds N-terminal to proline residues in
polypeptide chains is catalysed by peptidyl-prolyl isomerases.
This protein folding machinery has been targeted for
antagonizing drug resistance in the malaria causing parasite P.
falciparum (Wilkinson, 2020). Despite the statistically
insignificant upregulation of PPIL in our study, in light of its
important role and its demonstrated vaccine potential in other
parasites, this gene should be further investigated for its
functional role and prospective use as a vaccine candidate
against T. bryosalmonae.
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Genes involved in cellular
metabolic processes

Many of the genes identified in this experiment, such as
ceramide synthase 1-like (CERS1), COP9 signalosome,
hydroxyacyl-coenzyme A dehydrogenase (HADH), and
enolase (ENO) have already been shown to have a role in
cellular metabolic processes of other parasitic organisms and
have been regarded as potential vaccine candidates or drug
targets. The CERSI gene has a crucial role in the sphingolipid
biosynthetic pathway and encodes for the catalytic enzyme
ceramide synthase that aids in the synthesis of ceramide. In
fungal pathogens, ceramide synthase is identified to play an
important role in the virulence (Munshi et al., 2018). Ceramide
synthase activity is observed in infectious parasites such as
Leishmania sp. and T. cruzi that manipulates host lipidome to
favour the establishment of the parasite within the host (Rub
et al,, 2013). In parasitic (Figueiredo et al, 2012) and fungal
pathogens (McEvoy et al,, 2020), ceramide synthase is identified
as a novel drug target that could interfere with the sphingolipid
biosynthetic pathway.

Several parasites such as Entamoeba histolytica, Toxoplasma
sp., Trypanosoma sp., and Leishmania sp. are known to encode
for COP9 signalosome. This gene regulates the ubiquitin-
proteasomal system (UPS) protein degradation pathway of E.
histolytica (Ghosh et al,, 2020). Additionally, zinc-ditiocarb
complex inhibited E. histolytica development by targeting the
COP9 signalosome. HADH is an important enzyme involved in
the B-oxidation of fatty acids that helps to metabolize lipids as
the source of energy. In canines, recombinant HADH protein of
Echinococcus granulosus offered protection against cystic
echinococcosis infection (Xian et al., 2021). Thus, T.
bryosalmonae might depend on HADH mediated B-oxidation
of fatty acids for its energy metabolism. If so, it would be
interesting to explore the potential of a recombinant HADH
protein of T. bryosalmonae as a vaccine candidate to develop
prophylactic measures against PKD in salmonids.

The interconversion of 2-phosphoglycerate into
phosphoenolpyruvate during glycolysis is mediated by a
metalloenzyme ENO (Didiasova et al.,, 2019). ENO is known
to play a key role in enhancing the virulence of trypanosomatid
parasites such as Trypanosoma sp. and Leishmania sp. (Avilan
etal, 2011). ENO is highly conserved across species with similar
catalytic residues and is identified as a candidate target for
antiparasitic drugs against trypanosomatid parasites (Avilan
et al,, 2011). Hence, experiments are needed to identify
potential candidate drugs targeting ENO of T. bryosalmonae to
treat PKD in salmonids.

Small ubiquitin-like modifier (SUMO) plays an important
role in protein modification and regulates a diverse range of
cellular processes. Desumoylating isopeptidases are enzymes
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that reverse protein SUMOylation (Shin et al, 2012). In the
present work, desumoylating isopeptidase 2 is identified as an
antigenic gene of T. bryosalmonae in brown trout. SUMOylation
could be potential drug target for treating parasitic diseases
(Sumam de Oliveira et al., 2021).

Another interesting protein that we identified was calmodulin,
a highly conserved calcium binding protein. Additionally, the
result of QRT-PCR confirmed the upregulation of calmodulin in
infected kidney during PKD development. Calmodulin regulates
various cellular activities such as cell motility, and it has been
identified as a part of the invasion motor in T. gondii (Nebl et al,,
2011). Interestingly, immunogenicity and pathogenicity of
calmodulin have been confirmed in T. gondii by IVIAT and
gene silencing (Tao et al, 2014). In accordance with the above
mentioned findings, calmodulin may play an important role as a
calcium-binding protein in T. bryosalmonae for invasion and
motility and could be a possible vaccine candidate against T.
bryosalmonae infection.

Genes with unknown function

Among the 136 in vivo induced genes of T. bryosalmonae
identified in the present experiment, we found ten hypothetical
proteins. These genes are unique and their functional roles are
not known. Further studies are needed to characterize these
genes and to understand their role in the pathogenesis of T.
bryosalmonae in salmonids.

Conclusion

In this study, we identified in vivo induced antigens of T.
bryosalmonae, a salmonid parasite of economic and ecological
significance. This is the first investigation that provides a piece of
comprehensive information about the antigenic genes of the
parasite during host-pathogen interactions. The identified IVI
genes may play critical roles during parasite development and
pathogenesis in salmonids. Taken together, the results enhance
our understanding of T. bryosalmonae virulence mechanism in
salmonids. Moreover, this study provides an extensive list of in
vivo induced genes that could be further evaluated for their
potential as drug targets and vaccine candidates against PKD
in salmonids.
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