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ARTICLE INFO ABSTRACT

Keywords: Aeromonas salmonicida is recognized as a significant bacterial pathogen in ulcerative disease of cyprinid fish.
Aeromonas salmonicida However, the mechanism of immunity to these bacteria in common carp is still not well understood, especially
Fish the immune regulation in the gonad to bacterial infection. The aims of our study were to analyze changes in the
Infection . . T, - . .

Proteome seminal plasma proteome following A. salmonicida infection in carp males. The observed pathological changes in
Reproductive tract the tissue (liver, spleen, kidney and testis) morphology and upregulation of immune-related genes (infa2, il6a)
Semen confirmed the successful infection challenge. Using mass spectrometry-based label-free quantitative proteomics,

we identified 1402 seminal plasma proteins, and 44 proteins (20 up- and 24 downregulated) were found to be
differentially abundant between infected and control males. Most differentially abundant proteins were involved
in the immune response mechanisms, such as acute phase response, complement activation and coagulation,
inflammation, lipid metabolism, cell-cell and cell-matrix adhesion, creatine-phosphate biosynthesis and germ
cell-Sertoli cell junction signaling. Bacterial infection also caused profound changes in expression of selected
genes in the testis and hematopoietic organs, which contributed to changes in seminal proteins. The altered
seminal proteins and bacterial proteins in seminal plasma may serve as valuable markers of infection in the testis.

1. Introduction

Aquaculture is affected primarily by microbial pathogens mostly of
bacterial origin [1], wherein Aeromonas salmonicida is widespread in
aquatic environments and is considered the etiological factor of many
fish diseases [2]. A. salmonicida is a gram-negative bacterium that causes
furunculosis, a systemic disease that affects salmonids; however, the
high mortality and morbidity caused by this bacterium was subse-
quently found in nonsalmonid species, such as catfish, tilapia, eels,
turbot, halibut and Cyprinids, causing global economic losses [3].
Nevertheless, very little was reported about A. salmonicida infection in
Cyprinids.

The common carp (Cyprinus carpio), which is the research object in
our study, is commercially important fish species of significant economic
value [4]. Common carp is also produced and stocked into natural
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waters for angling purposes, and its colorful varieties (koi carp) repre-
sent one of the most expensive fish. A. salmonicida is recognized as a
significant bacterial pathogen in ulcerative disease of common carp [5].
In cyprinid species, infection with this pathogen is known as “carp
erythrodermatitis” because infection with this pathogen causes cuta-
neous hemorrhagic symptoms [6]. A. salmonicida-infected carp showed
symptoms such as abnormal lethargy, swimming behavior,
intra-abdominal fluid, multifocal necrosis, dropsy, infiltration of in-
flammatory cells in tissues, ulceration and hemorrhagic septicemia on
fins and the ventral side of the body [2,7]. The mechanism of immune
response to these bacteria in carp is not well understood.

Proteomics offers a comprehensive and large-scale analysis of pro-
teins with direct interpretation of protein responses under the influence
of disease, compared to genomic approaches, as proteins are the main
effectors of most cellular processes. High-throughput comparative
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proteomic techniques such as 2D electrophoresis and liquid
chromatography-mass spectrometry (LC-MS), including label-free tech-
niques, isobaric tags (iTRAQ), tandem mass tag (TMT) have been suc-
cessfully applied to study proteomic alterations during bacterial
infection in various species of fish [8-13]. However, previous studies of
the proteomic changes during bacterial infections in fish were per-
formed mainly on liver, spleen, kidney, gill or intestinal mucosa, while
reproductive tracts were not well studied. To the best of our knowledge,
little is known about the regulation of the immune response in repro-
ductive tissues at the protein level and the role of these organs in
pathogen transmission and survival in fish.

Immunoregulation in the testis is characterized by a balance between
immune suppression (or immune privilege) and the ability to react to
infections. The regulation of immunity in the gonad in combination with
the blood-testis barrier forms a special immunological environment that
protects germ cells and responds to invading pathogens [14]. In fish,
immune regulation in the gonad is poorly understood and restricted to
few species such as seabream and rainbow trout [15]. As in mammals,
the testes of gilthead seabream and European seabass express genes
encoding anti- and proinflammatory cytokines, -defensin, chemokines,
antimicrobial peptides (AMPs), complement factors, immunoglobulins,
and immune-related receptors [16]. Moreover, leukocytes such as
granulocytes, macrophages, and lymphocytes were found in the testis
and semen of various fish species [17,18]. Our previous studies
demonstrated that A. salmonicida infection of carp males triggers a
testicular immune response manifested by increased expression of
proinflammatory il14 and inducible nitrogen oxide synthase (inos) [19].
However, the mechanisms by which carp might fight bacterial infections
in the male reproductive system are not understood.

Carp seminal plasma is characterized by the dominance of immune-
related proteins involved in the acute phase response (transferrin, alpha-
1-antitrypsin, apolipoproteins, complement C3, Wap65) [20], the first
rapid mechanism of protection against microbes and pathogens, repair
of tissue damage and inactivation of proteases in fish [21]. Moreover,
several other minor proteins participated in immune-related processes,
indicating the essential function of seminal plasma in protecting sper-
matozoa against inflammation and infection. However, to our knowl-
edge, the dynamics of these protein changes in response to bacterial
infection have not yet been studied.

In the present study, we employed label-free proteomics to analyze
the alterations in the protein profile of carp seminal plasma following
A. salmonicida infection. The identification of differentially abundant
proteins (DAPs) combined with the relevant bioinformatics analysis may
contribute to further understanding the immune response mechanism
within the testis following bacterial infection. Furthermore, some po-
tential biomarkers were identified for assessing the infection of the carp
reproductive tract.

2. Materials and methods
2.1. Infection experiment

The samples were collected during earlier described A. salmonicida
infection of reproductively mature common carp males [19]. Briefly, six
fish were intraperitoneally (i.p) injected with 200 pl of PBS containing 1
x 107 colony-forming units (CFU) of A. salmonicida per individual (AS
group). The control (CON) fish (n = 6) received an i.p. injection of
phosphate-buffered saline (PBS). Fish were kept for two days at 25 °C.
Then, the carp were euthanized with 0.5 g L~! MS222, and sperm and
tissue from the testis, liver, kidney, and spleen were collected. The
sperm was centrifuged at 2500 g for 15 min, and plasma supernatant
was collected into a separate tube and stored at - 80 °C until further
proteomic analysis. The tissues were placed in RNAlater (Sigma-
—Aldrich) and stored at - 80 °C until further mRNA expression analysis.
Additional tissue fragments were collected in 4% buffered formalin and
processed for histopathology by routine hematoxylin and eosin (H&E)
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staining and evaluation of the pathological changes using a semi-
quantitative scoring system. The experimental procedure was approved
by the Local Ethical Commission in Krakow, Poland with allowance no.
49/2020.

2.2. Detection and quantification of bacterial DNA

Bacterial genomic DNA was isolated and quantified as described
earlier [22]. Briefly, genomic DNA was isolated using QIAgen DNA Mini
kit. The number of copies of Aeromonas DNA was quantified using
Maxima SYBR Green mastermix and Aerom16S_gF1
GCGAAGGCGGCCCCCTGGACAAAGA Aeroml16S_ qR1  CCACGTCT-
CAAGGACACAGCCTCCAAATC primers. The results are presented as
genome copy numbers per 250 ng of isolated DNA.

2.3. Mass spectrometry

LC-MS analysis and sample preparation were performed at the Mass
Spectrometry Laboratory at the Institute of Biochemistry and Biophysics
PAS.

2.3.1. Sample preparation and measurement

Due to the low quality of the MS spectra obtained from the seminal
plasma of one control and one infected fish, label-free quantitative
proteomic analysis was performed on n = 5 for each group. Samples
were diluted with ammonium bicarbonate buffer to a final concentration
of 100 mM. Cysteine residues were reduced and blocked with 10 mM tris
(2-carboxyethyl)phosphine through 1 h incubation at 60 °C followed by
cysteine modification using 20 mM S-methyl methanethiosulfonate.
Samples were digested overnight with 2 pg of trypsin/Lys-C mix
(Promega) at 37 °C. Tryptic peptides were acidified with 0.1% formic
acid (FA) and subsequently subjected to cleaning with 10 mg Oasis HLB
columns (Waters). Samples were loaded and washed with 1 ml of 0.1%
FA. Peptide elution from columns was executed using 200 pl of 0.1% FA
and 80% acetonitrile (ACN). Aliquots were dried and resuspended in 50
pl 0.1% FA. Pierce Quantitative Colorimetric Peptide Assay (Thermo
Scientific) was used to measure peptide concentration.

From each sample, 3 pg of peptide mixture was applied onto the LC-
MS system composed of an ultraperformance liquid chromatograph
(UPLC) (M-class, Waters) coupled to a Q Exactive mass spectrometer
(Thermo Scientific) via a Flex nano electrospray ionization (ESI) ion
source (Thermo Scientific). LC-MS analysis was carried out as described
previously [23] with some modification such as ACN gradient (0-30%
ACN in 160 min, 30-90% ACN in 3 min) for separation of peptides on
C18 column, mass range of 300-1650 Da was used for MS scan and
automated gain control (AGC) target value was 2e-5.

2.3.2. Data analysis

Data preprocessing and protein identification were performed with
Mascot suite (Mascot Distiller 2.7 and Mascot Server 2.7, MatrixScience,
London, UK). Files were searched against the database of Cyprinus carpio
proteins (135,487 sequences; 77,807,391 residues) derived from the
National Center for Biotechnology Information (NCBI) database (version
20210909). Offline mass recalibration was performed for each LC-MS
run as described previously [24]. One missed cleavage was allowed,
the enzyme was set to trypsin, the instrument was set to higher-energy
collision dissociation (HCD), and the modifications allowed in the
search were methylthio (C) (fixed) and oxidation (M) (variable). The
confidence in peptide assignments was computed as q-values (threshold
value 0.01) using a target/decoy strategy [25]. Peptides with gq-values
above the defined threshold, as well as single-peptide and subset pro-
teins, were removed from further analysis. Recalibration and data
filtering were performed with in-house Mscan software (http://proteo
m.ibb.waw.pl/mscan/).
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2.3.3. Quantification

The common list of identified peptides was overlaid onto 2D heat-
maps generated from LC-MS analyses using information on m/z value
(measured and theoretical), elution time and match between theoretical
and measured isotopic envelope shape [26]. For correctly matched
peptides, the volume of the 2D fit of monoisotopic peaks was taken as an
abundance estimate for further analysis. Scatter estimates were
computed and data were explored in order to inspect variance levels
prior to quantification (IQR and inspecting scatter plots are provided in
Supplementary Fig. S1). Statistical analysis with DiffProt [24] software
was performed on exported lists of peptide/protein identifications along
with quantitative values. A total of 10°® random peptide sets were
generated with DiffProt for analysis, peptides were normalized with the
LOWESS procedure, and peptide sets were clustered into single units
when they were more than 90% identical. Quantitative values were
further used for hierarchical clustering and unsupervised PCA.

2.4. Real time — quantitative polymerase chain reaction (RT-qPCR)
analysis of gene expression

Total RNA was extracted from 20 mg of the liver, kidney, spleen, and
testis collected from six control and six infected fish using TRI reagent
(Sigma-Aldrich). The total RNA (200 ng) was treated with 1 U DNAse I
for 30 min at 37 °C (Thermo Fisher Scientific) and transcribed to cDNA
using random hexamer and oligo(dT);g primers and 100 U Maxima
Reverse Transcriptase (Thermo Fisher Scientific) according to the
manufacturer’s instructions.

RT-qPCR was performed in duplicate using Maxima SYBR Green/
ROX qPCR Master Mix (Thermo Fisher Scientific), specific primers, and
cDNA (40 x diluted) according to the manufacturer’s instructions. The
sequences of the primers are listed in Supplementary Table S1. The
changes in gene expression were analyzed using the delta delta Ct
(2’AACt) method [27] as a reference for the geometric mean of two
reference genes that encode 40S ribosomal protein S11 (40S) and
elongation Factor 1 alpha (efla). The results were calculated and dis-
played as the fold change compared to the same tissue control.

2.5. Functional analysis

Ingenuity pathway analysis (IPA) software (Qiagen, CA, USA) was
used to investigate the functional and canonical pathways enriched by
the differentially abundant proteins. We used IPA Downstream Effector
Analysis tool to predict the increase or decrease in downstream bio-
logical activities and functions that are likely to be affected by the
differentially abundant proteins. Potential upstream regulators that may
account for protein expression changes observed in our experimental
dataset were predicted using the IPA Upstream Regulator Analysis tool
based on Ingenuity Knowledge Base. Fisher’s exact test and Benjamini-
Hochberg multiple testing corrections were used to calculate statistical
significance (p < 0.05). Gene Ontology (GO) annotations of differen-
tially abundant proteins was carried out using the category ‘biological
function’ and cellular component (ShinyGO v0.60). Protein-protein
interaction network and protein-set enrichment analyses were per-
formed using STRING 11.0 software (species Homo sapiens). The mini-
mum interaction confidence score for the interaction sources was set to
0.4 for the networks.

2.6. Statistical analysis

For gene expression results, SigmaPlot 12.5 (Systat Software GmbH)
was used for statistical analysis. The fold change results were tested with
Normality Test (Shapiro-Wilk) and Equal Variance Test. Significant
differences in the gene expression and pathological scores between
A. salmonicida-infected fish and the control fish were assessed using a t-
test at p < 0.05 in cases when the data were normally distributed or with
the nonparametric Mann-Whitney Rank Sum Test at p < 0.05 when the
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data were not normally distributed. The results are presented as box
plots indicating the range of 25-75% in the box and maximum and
minimum values by whiskers and showing all values as data points and a
mean using GraphPad Prism 9.0 (GraphPad Software Inc.). The Z-score
>2 is defined as the threshold of significant activation, whilst Z-score
<—2 is defined as the threshold of significant increase.

3. Results
3.1. Bacteria load

No bacterial DNA was detected by qPCR in kidney, liver, spleen and
testis of fish from the control group (Fig. 1). In A. salmonicida infected
group the A. salmonicida DNA level increased to the highest level in
spleen where mean of 563303 copies of bacteria DNA per 250 ng of
isolated DNA were recorded. The lowest bacteria load was recorded in
testis (16097 copies per 250 ng of isolated DNA). The kidney and liver
bacteria loads were 201940 copies and 228468 copies per 250 ng of
isolated DNA, respectively.

3.2. Expression of genes encoded pro-inflammatory cytokines

The expression of three immune-related genes, tumor necrosis factor
alpha type 2 (tnfa2), interleukin 6a (il6a) and interferon gamma 2a
(ifng2a), was studied using RT-qPCR. Bacterial infection led to higher
expression of tnfa2 in the head kidney (84-fold), liver (43009-fold),
spleen (33-fold), and testis (43-fold) (Fig. 2A). The expression levels of
il6a increased following A. salmonicida challenge in the liver (22-fold),
spleen (21-fold), and testis (70-fold) compared to the control (Fig. 2B).
The strong response of these immune markers in immune-related tissues
is consistent with the systemic immune response to A. salmonicida
infection in the animal used for other proteomic study [13]. The AS
males showed lower expression of ifng2a the spleen (2-fold) than the
control while its expression did not change in other tissue following
infection (Fig. 2C).

3.3. Label-free quantitative proteomic analysis of the differences between
seminal plasma proteins of A. salmonicida-infected and uninfected carp
males

Using label-free quantitative proteomic profiling of carp seminal
plasma from CON and AS males, 1402 proteins were identified with at
least two unique peptides and a 1% FDR. Among the identified proteins,
44 were found to be differentially abundant (DAPs; p value < 0.05 and a
ratio >1.5-fold difference). Twenty proteins were upregulated and 24
were downregulated following bacterial infection (Table 1, Supple-
mentary Table S2). Hyaluronan and proteoglycan link protein 1-like
isoform X2 (HAPLN1) and dipeptidase 1-like isoform X (DPEP1) were
exclusively identified in seminal plasma of infected males, while ribo-
somal protein S6 kinase alpha-1 isoform X1 (RPS6KA1) and 40S ribo-
somal protein $23-like (RPS23) were unique for control males. As shown
in Fig. 3A, hierarchical clustering analysis of the datasets displayed two
clusters representing the AS and CON groups. Further principal
component analysis revealed the clear separation of the CON and AS
groups (Fig. 3B). The first principal component (PC1) distinguished
44.3% of the variance, and 25.1% additional variation was distinguished
by the second principal component.

An additional search of mass spectra from seminal plasma collected
from both groups against the A. salmonicida database allowed us to
identify 21 A. salmonicida proteins in seminal plasma from infected
males (Supplementary Table S3). These proteins were not identified in
seminal plasma of control males.
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Fig. 1. A. salmonicida DNA in the kidney, liver, spleen and testis of carp measured by qPCR in control and infected males. Data are shown as mean genome copies per
250 ng of DNA (+SD) from n = 6 in control and A. salmonicida infected groups. *P < 0.05.
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Fig. 2. RT-qPCR analysis of genes encoding pro-inflammatory cytokines in control and A-salmonicida-infected males. A-tumor necrosis factor alpha type 2 (tnfa2), B-
interleukin 6 (il6a), C- interferon gamma 2a (ifng2a). Asterisk indicates significant difference between control and infected groups (P < 0.05) in particular tissue.

3.4. Functional annotation of seminal plasma proteins changed following
bacterial infection

3.4.1. IPA analysis

To further understand the functions of the identified proteins, we
uploaded 41 (vitellogenin and saxitoxin- and tetrodotoxin-binding
protein 2 were not found in the human database, complement C3a.3
and complement C3 had the same gene name) out of 44 differentially
abundant proteins between CON and AS into IPA which revealed acute
phase response signaling, LXR/RXR activation, creatine-phosphate
biosynthesis, and germ cell-Sertoli cell junction signaling as the top
canonical pathways, with several implicated molecules overlapping
among the different pathways (Table 2). The top molecular and cellular
function categories included lipid metabolism, molecular transport,
small molecule biochemistry, protein synthesis and vitamin and mineral
metabolism (Table 2). The top disease and disorder categories included
Inflammatory Response, Metabolic Disease, Organismal Injury and Ab-
normalities and Hematological Disease. Fig. 4 presents the specific
functions/disease with their predicted activation state (activated -or-
ange or inhibited — blue; darker colors indicate higher z-scores) and
associated molecules within the top-ranked categories: Lipid meta-
bolism, Inflammatory response, Molecular transport and Hematological
system development (Table 2). Interestingly, IPA Downstream Effects
analysis identified one canonical pathway and two functions presented
z-scores: activation of acute phase response signaling (z score 2.249),
activation of hemostasis (z score 2.215) and activation of secretion of
molecules (z score 2.032) following infection. The top enriched net-
works were associated with: (i) cell cycle, cell morphology, cellular as-
sembly and organization (score 48), consisting of 21 DAPs; (ii) lipid
metabolism, small molecule biochemistry, and molecular transport
(score 24), consisting of 12 DAPs; and (iii) cell morphology, cell-to-cell
signaling and interaction (score 14), consisting of 6 proteins (Fig. 5).
Complete sets of all the IPA results are presented in Supplementary
Table S4.

We also searched in silico for upstream regulators of differentially
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abundant proteins. In the AS males, IL6 (z score: 2.33; p = 1.11E-05) and
platelet-derived growth factor (PDGF, z score 2.00; p -value 3.15E-0.3)
were identified as potential activated upstream regulators based on
the changes in abundance of several proteins involved in immune
response. IL6 leads to activation of ApoAl, A2M, C3, CP, FGA, FN1,
LCAT and inhibition of APOE and DPP3 while activation of PDGF acti-
vates C3, CP, FN1 and inhibits YWHAH (Supplementary Fig. S2). The
expected regulation effect was consistent with changed in protein
abundance observed in our proteomic study with exception of LCAT
which decreased following infection. The mechanistic network gener-
ated by IPA for IL6 showed that IL6 activated TNF alpha, NFKBIA and
the NF-kB complex and affected five other intermediate regulatory
molecules that were connected to 17 DAPs (Supplementary Fig. S3).

3.4.2. GO enrichment and protein-protein interaction analysis

GO Biological process analysis revealed enrichment of triglyceride-
rich lipoprotein particle remodeling, positive regulation of cholesterol
esterification, immune system processes, regulated exocytosis, and cell
substrate adhesion. According to the GO Cellular complement analysis,
most of the proteins were localized to extracellular vesicles and space,
the secretory granule lumen, high-density lipoprotein particles, the
extracellular matrix (ECM) and the DNA packing complex (Supple-
mentary Figs. S4A and B, Supplementary Tables S5 and S6). Very high
confidence interactions (interaction score >0.8) were observed between
proteins involved in triglyceride-rich lipoprotein particle remodeling
(LCAT, CEPT, APOA2, APOA1, APOE), defense response (A2M, C3, FGA,
FN1, APOA2, APOA1l, APOE) and between histones using STRING
analysis (Supplementary Fig. S4C). The analysis of enriched biological
processes provided by STRING revealed the association of differentially
abundant proteins in triglyceride-rich lipoprotein particle remodeling (p
value 4.01E-06, pink nodes), posttranslational protein modifications (p
value 8.6E-05, yellow nodes) and defense response (p value 9.1E-05,
blue nodes) (Supplementary Fig. S4C).

The functional analysis of identified in this study proteins with the
use of bioinformatics software such as IPA, String and ShinyGo based on
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Table 1

List of differentially abundant proteins between A. salmonicida-infected (AS) and control (CON) males of carp.
Protein name Gene symbol Human homolog Accession number P-value Fold change AS/CON
Hyaluronan and proteoglycan link protein 1-like isoform X2 hapln1 HAPLN1 KTG38360.1 NA only in AS
Dipeptidase 1-like isoform X dpep1 DPEP1 KTF96654.1 NA only in AS
Parvalbumin alpha pvalba PVALB XP018922924.1 0.00112 15.01
Creatine kinase M-type ckmb CKM KTF81044.1 0.00020 39.09
Eosinophil peroxidase-like epx EPX XP018925078.1 0.00846 35.54
PREDICTED: ependymin-like isoform X1 epdrl EPDR1 XP018950094.1 0.00568 12.84
Vitellogenin vtg AAL07472.1 0.00814 11.06
Complement C3-like (similar to ¢3b) c3b Cc3 KTF92880.1 0.02387 10.52
Complement C3a.3, fragment c3a3 Cc3 KTG40750.1 0.04093 8.56
Alpha-2-macroglobulin family, partial a2m3 A2M KTF87003.1 0.00829 7.72
Alpha-N-acetylgalactosaminidase precursor naga NAGA KTG04161.1 0.02378 4.47
Saxitoxin and tetrodotoxin-binding protein 2-like psbp2 XP018961212.1 0.04420 4.08
Complement component C7-like c7a c7 XP018919401.1 0.00163 3.83
Apolipoprotein A-I apoal APOA1 AHJ79064.1 0.00917 2.64
Apolipoprotein A-II precursor apol4 APOA2 XP018931187.1 0.00112 2.56
Inter-alpha-trypsin inhibitor heavy chain H2 itih2 ITIH2 KTF86194.1 0.03223 2.35
Cholesteryl ester transfer protein cetp CETP KTG31753.1 0.00874 2.27
Fibronectin isoform X1 fm FN1 KTF75090.1 0.00957 2.04
Fibrinogen alpha chain precursor fega FGA KTF87998.1 0.02173 2.03
Ceruloplasmin cp cp KTF79664.1 0.00976 1.95
Creatine kinase, brain b ckbb CKB KTG39582.1 0.03164 —2.65
Apolipoprotein Eb apoeb APOE KTG31224.1 0.03275 -2.71
Actinin, alpha 4 actn4 ACTN4 KTG32258.1 0.00311 —-3.07
Transketolase tktb TKT KTG42770.1 0.00020 —3.26
Glutaredoxin 3-like glrx3 GLRX3 XP018934300.1 0.00261 —4.23
coiled-coil domain-containing protein 62-like isoform X5 cedc62 CCDC62 XP018931733.1 0.008423 —4.27
Tubulin beta-4B chain isoform X3 tubb4b TUBB4B XP018934601.1 0.04378 —5.37
Histone H4-like h4 H3C1 XP018963044.1 0.00020 —-5.73
14-3-3 protein beta/alpha-A-like ywhab YWHAH XP018979902.1 0.00020 -5.79
Histone H2A.Z.7 h2az2b H2AZ2 AFV36374.1 0.00035 —6.05
Actin, cytoplasmic 2 actbl ACTG1 KTF76943.1 0.00020 —7.03
Histone H2B-like hist2h2l H2bc1 XP018977972.1 0.00020 -7.11
Elongation factor 1-alpha 1-like eeflalb EEF1A1 XP018950712.1 0.00127 —8.37
Dipeptidyl peptidase 3-like dpp3 DPP3 XP018929389.1 0.001365 —8.42
Cytochrome b-c1 complex subunit 2, mitochondrial, partial uqcre2b UQCRC2 KTF91707.1 0.000753 —8.45
C-factor-like 28c:92161 LCAT KTG42627.1 0.01670 -10.4
Adenylyl cyclase-associated protein 1-like capl CAP1 XP018940001.1 0.00020 —10.84
Mimecan ogn OGN KTG33060.1 0.00947 —11.65
Ictacalcin-like icn S100A4 XP018974737.1 0.00020 —13.48
Histone H1-like 2g¢:163061 HI-5 KTF71206.1 0.01917 -17.1
Histone H2A-like h2afx1 H2AC11 XP018967130.1 0.00942 —17.92
COP9 signalosome complex subunit 2 cops2 COPS2 KTF83911.1 0.00028 —50.76
Ribosomal protein S6 kinase alpha-1 isoform X1 rps6kal RPS6KA1 KTG06164.1 NA Only in CON
40S ribosomal protein S23-like ps23 RPS23 KTG01543.1 NA Only in CON
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Fig. 3. Heatmap (A) and principal component analysis (B) of differentially abundant seminal plasma proteins between control (CON) and A. salmonicida-infected

(AS) carp males.

human database should be treated with caution.

3.5. RT-qPCR analysis of differentially abundant proteins

The expression of 20 genes encoding the differentially abundant

proteins during A. salmonicida infection were studied using the RT-qPCR
technique in the liver, head kidney, spleen, and testis (Fig. 6). The full
name of the genes are indicated in Table 1 and Supplementary Table S1.
In the kidney four genes showed higher relative expression levels
following infection: complement C3b (c3b; 11-fold), alpha-2-
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Table 2
Ingenuity pathway analysis of differentially abundant seminal plasma proteins
between uninfected and A. salmonicida-infected carp males.

Categories P value Proteins

Top Canonical Pathways

Acute Phase Response 8.78E-10 A2M,APOA1,APOA2,C3,CP,FGA,
Signaling FN1,ITIH2

LXR/RXR Activation 1.61E-09 APOA1,APOA2,APOE,C3,CETP,FGA,

LCAT

Complement and coagulation 1.73E-09 A2M,C3,FGA,C7,FN1
system

Creatine-phosphate 1.91E-09 CKB,CKM
Biosynthesis

Germ Cell-Sertoli Cell 2.14E-04 A2M,ACTG1,ACTN4,TUBB4B

Junction Signaling
Molecular and cellular functions

Lipid Metabolism 2.34E-11- A2M,APOA1,APOA2,APOE,C3,
1.73E-03 CETP,CP,DPEP1,EEF1A1,FN1,LCAT,
NAGA,PVALB, YWHAH
Molecular Transport 2.34E-11- A2M,ACTN4,APOA1,APOA2,APOE,
1.73E-03 C3,CAP1,CETP,CKM,CP,DPEP1,
EEF1A1,FGA,FN1,HOOK3,LCAT,
PVALB,S100A4,YWHAH
Small Molecule Biochemistry 2.34E-11- A2M,APOA1,APOA2,APOE,C3,
1.73E-03 CAP1,CETP,CKB,CKM,CP,DPEP1,
EEF1A1,FN1,LCAT, NAGA,PVALB,
YWHAH
Protein Synthesis 1.38E-10- APOA1,APOA2,APOE,C3,CETP,CP,
9.74E-04 DPP3,EEF1A1,FGA,FN1,H1-5H3C1,
ITIH2,LCAT,RPS23,5100A4
Vitamin and Mineral 1.09E-07- A2M,APOA1,APOA2,APOE,C3,
Metabolism 1.73E-03 CETP,CKM,FN1,LCAT, PVALB,

YWHAH
Physiological system development and functions

Hematological System 5.86E-06- A2M,ACTN4,APOA1,APOA2,APOE,
Development and Function 1.73E-03 C3,CP,DPEP1,EPX,FGA,FN1,H3C1,
LCAT,S100A4,UQCRC2
Lymphoid Tissue Structure 1.74E-05- APOE,C3,FN1
and Development 1.73E-03
Organ Morphology 1.74E-05- A2M,ACTN4,APOA1,APOA2,APOE,
1.73E-03 C3,CETP,CKB,CKM,CP,DPP3,FGA,
FN1,GLRX3,LCAT,OGN,PVALB,
S100A4,TKT
Renal and Urological System 1.75E-05- ACTN4,APOA1,APOE,C3,FGA,FN1,
Development and Function ~ 1.73E-03 LCAT, TKT
Immune Cell Trafficking 3.46E-05- A2M,ACTN4,APOA1,APOE,C3,
1.64E-03 DPEP1,EPX,FGA,FN1,LCAT,S100A4
Disease
Inflammatory Response 1.02E-07- A2M,ACTN4,APOA1,APOA2,APOE,
1.73E-03 C3,C7,CAP1,CKB,CKM,CP,DPEP1,
EEF1A1,EPX,FGA,FN1,H2BC1,
LCAT,RPS6KA1,S100A4,TKT,
TUBB4B
Hematological Disease 1.14E-07- APOA1,APOA2,APOE,C3,CETP,
1.73E-03 CKM,CP,FN1,LCAT,S100A4,TUBB4B
Metabolic Disease 1.14E-07- A2M,APOA1,APOA2,APOE,C3,C7,
1.73E-03 CETP,CKM,COPS2,CP,DPEP1,EPX,
FGA,FN1,HAPLN1,LCAT, NAGA,
OGN,S100A4,TKT,UQCRC2
Organismal Injury and 1.14E-07- A2M,ACTG1,ACTN4,APOA1,
Abnormalities 1.73E-03 APOA2,APOE,C3,C7,CETP,CKB,

CKM,COPS2,CP,DPEP1,DPP3,
EEF1A1,EPDR1,EPX,FGA,FNI1,
GLRX3,H3C1,HAPLN1,HOOKS3,
LCAT, NAGA,OGN,PVALB,RPS23,
RPS6KA1,S100A4,TKT,TUBB4B,
UQCRC2,YWHAH

macroglobulin 3 (a2m3; 6-fold), complement C7a (c7a; 30-fold) and
cholesteryl ester transfer protein (cetp; 11-fold), while hyaluronan and
proteoglycan link protein 1-like (hpinl), dipeptidase 1-like (dpep1), and
vitellogenin (vtg) expression was downregulated (by 4-fold, 86-fold and
10-fold, respectively) in AS-infected males. In the liver, bacterial infec-
tion led to higher expression of 11 genes: dpepl (405-fold), eosinophil
peroxidase-like (epx (655-fold), ependymin-like 1 (epdrl; 19-fold), c3b
(10-fold), alpha-N-acetylgalactosaminidase-like (naga; 32-fold),
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saxitoxin and tetrodotoxin-binding protein 2-like (psbp2; 57-fold), c7a
(30-fold), cetp (30-fold), fibronectin (fn; 5-fold), fibrinogen alpha chain
(fga; 24-fold), and ceruloplasmin (cp; 82-fold), while in the spleen, the
expression levels of 7 genes were upregulated following infection: exp
(10-fold), c3b (24-fold), c7a (449-fold), cetp (4-fold), fn (4-fold), fga (17-
fold), and cp (4-fold). In the testis, the expression levels of four genes
were upregulated: creatine kinase, M type (ckmb; 7-fold), c¢3b (4-fold),
c7a (523-fold), and fn (3-fold), while the expression of 5 genes was
downregulated: haplnl (4-fold), complement C3a3 (c3a3; 2-fold), a2m3
(3-fold), apolipoprotein A-I (apoal; 6-fold), and apolipoprotein 14 kDa
(apo14; 3-fold) following bacterial infection compared to the control.
We did not observe differences in the expression levels of parvalbumin
alpha (pvalba) and inter-alpha-trypsin inhibitor heavy chain H2 (itih2)
between infected and control males. The same direction of changes
between the protein and mRNA levels was found for CKM, C7, C3, FN1,
while the opposite direction (upregulation at the protein level and
downregulation at the mRNA level) was demonstrated for A2M3,
APOA1, APOA2, HAPLN1 and C3, partial.

Moreover, the expression levels of two genes predicted by IPA up-
stream regulators nuclear factor NF-kappa-B p105 subunit-like (nfkb
p105) and platelet-derived growth factor beta polypeptide b (pdgfbb)
were analyzed. The AS males showed higher expression of nfkb p105 by
6-fold in the liver and lower expression of pdgfb in kidney (3-fold) than
the control (Supplementary Fig. S5).

3.6. Histopathological tissue studies

A semiquantitative evaluation of histopathological changes induced
by A. salmonicida infection is presented in Fig. 7 and Supplementary
Table S7. In the kidney of infected fish, the tubules showed various
degrees of degradation, and the parenchyma between tubules was
strongly hyperemic in some spots. There are moderate amounts of
melanomacrophages and reaction centers in the kidney of the infected
fish. Some areas showed accumulations of inflammatory cell infiltrates.
While the liver of fish in the control group was largely unchanged, the
parenchyma in the infected fish was severely hyperemic. In the spleen of
the control fish, high levels of melanomacrophages and the formation of
reaction centers were observed. The splenic parenchyma of the infected
fish showed a very high number of melanomacrophages and a wide-
spread formation of reaction centers. The testicular tissue of the infected
fish was heavily pervaded by hyperemic areas in the parenchyma. The
observed pathological changes in the tissue morphology (Supplemen-
tary Table S7) confirm the successful infection challenge.

4. Discussion

Based on our previous results, which demonstrated that
A. salmonicida infection triggers testicular immunity manifested by an
increase in inos, il1 and wap65-2 expression and crosses the blood-testis
barrier [19], we assumed that the changes in carp seminal plasma pro-
teins were related to infection. Our proteomic results confirmed this
hypothesis and led to the identification of 44 seminal plasma proteins
that showed significant differential abundance following bacterial
infection. To the best of our knowledge, this is the first report indicating
changes in a wide range of seminal plasma proteins following bacterial
infection in fish.

4.1. Expression of pro-inflammatory cytokines in tissues

In our study we selected three immune-related genes (il6a, tnfa2,
ifng2a) which are markers important for characterization of the immune
response to infection in fish. IL6 despite being pro-inflammatory cyto-
kine together with IFN, has also anti-inflammatory properties. TNF
using different mechanisms of action than interferons and interleukins
promotes phagocytosis and nitric oxide production in teleost during
bacterial infection. In our study expression of il6 and tnfa2 were
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significantly upregulated in immune relevant tissue (spleen, head kid-
ney and liver) and testis following A. salmonicida infection which agrees
with previous data showing strong upregulation of il6 and tnfa2 in
spleen and head kidney of crucian carp following A. salmonicida treat-
ment [28]. On the other hand, we observed down-regulation of ifng2a
expression in spleen following infection while its expression did not
change in other tissue. Our results are consistent with previous studies
indicating decreased expression of ifng2a in fugu spleen while its
expression did not change in pufferfish kidney in response to bacterial
infection [29]. Extensive studies demonstrated anti-viral properties of
IFNaz2 in different fish species but it remains enigmatic against bacterial
pathogens in fish [30]. We would like to underline that IL6 and TNFA2
were not detected at protein level by LC-MS analysis of seminal plasma
probably due to low concentration of these pro-inflammatory cytokines
in seminal plasma.

4.2. Upregulation of acute phase proteins

Most seminal proteins altered upon infection were related to innate
immune defense, such as acute phase response signaling and the com-
plement and coagulation system. Moreover, in the testis, systemic
A. salmonicida infection resulted in the upregulation of proinflammatory
cytokines such as IL6 and TNFaq, both associated with the induction of
acute phase proteins (APPs), including A2M, CP, C3, FGA, and ITIH3.
These proteins are recognized as positive APPs whose concentration
increases significantly during inflammation. The upregulation, both at
the protein and mRNA levels, complement components C3 and C7 in-
dicates activation of the complement system in carp seminal plasma
after A. salmonicida infection. Upon infection, enrichment of APOA1 and
APOA2 coincides with their action as positive APPs in many teleost
species (carp, channel catfish, Atlantic halibut) with direct antimicrobial
properties [31,32], likely through the mechanism of LPS binding or
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together with FGA (which was proposed as a biomarker of A. salmonicida
infection in Atlantic salmon [11]) as an immune regulator involved in
complement regulation [33]. The increased level of APPs in carp seminal
plasma is consistent with their upregulation in transcriptomic and pro-
teomic studies of other tissues during bacterial infections in different
fish species [11,13,16,23,34-36]. Our results suggest the involvement of
APPs in neutralizing A. salmonicida, minimizing the extent of tissue
damage, and participating in tissue regeneration within the testis and
the possible utility of these proteins as diagnostic tools in carp repro-
ductive tract infections.

4.3. Proteins involved in lipid metabolism

Bacterial infection also led to alterations in proteins associated with
lipid metabolism, including apolipoproteins (APOA1, APOA2, the major
protein constituents (90%) of HDL and APOE) and enzymes involved in
high-density lipoprotein (HDL) particle remodeling, such as down-
regulated lecithin cholesterol acetyltransferase (LCAT) and upregulated
cholesteryl ester transfer protein (CETP). LCAT converts free cholesterol
into cholesteryl ester that migrate to the core of the HDL, while CETP
facilitate transfer of cholesterol esters from HDL to LDL or VLDL [37].
The upregulation of CETP may result in elevation of triglyceride levels in
semen and blood, as was indicated for mammals during infection and
inflammation [38] and in our present study. HDL, in addition to its role
in lipid metabolism, plays an important role as an antioxidant and in-
fluences leukocyte reactivity during infection and inflammation and
together with its apolipoproteins displayed antibacterial activity [31,39,
40]. Moreover, during infection in mammals, HDL particles are selec-
tively remodeled by LCAT to maximize the net HDL particle surface area
(phospholipid content) for LPS binding. The present study also suggests
that LXR/RXR signaling pathways can be one of the potential molecular
mechanisms underlying the changes in proteins involved in lipid
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metabolism since this pathway controls apolipoproteins and CETP gene
expression. Our results indicate that lipoprotein remodeling and lipid
changes might play a role in the reproductive tract in carp during bac-
terial infection.

4.4. Adhesion proteins

The bioinformatic analysis of DAPs clearly supports their role in the
cell-extracellular matrix and cell-cell adhesion, playing a crucial role in
initiating and supporting an effective immune response against patho-
gens. Interestingly, DPEP1, a zinc-dependent metalloproteinase, was
exclusively identified in A. salmonicida-infected males. DPEP1, in addi-
tion to its dipeptidase activity, was recently recognized in mammals as a
major adhesion receptor for neutrophil sequestration in the lung and
liver [41]. These data suggest the involvement of the DPEP1-mediated
adhesion mechanism by which neutrophils can be sequestered into the
testis during infection in carp. Bacterial infection also led to enrichment
of fibronectin 1 (FN1), an extracellular matrix glycoprotein that plays
vital roles in cellular adhesion modulation between leucocytes: mono-
cytes, eosinophils and the extracellular matrix [42]. In addition, we
observed alterations in actin and actin binding proteins, such as actinin
and adenosyl cyclase-associated protein 1 involved in actin-based cell to
cell and cell to the ECM adhesions during infection and inflammation
and in the regulation of the assembly and remodeling of epithelial
junctions and the establishment of tissue barriers [43]. Moreover, ECM
is a preferential target for bacterial adhesion, and targeting ECM pro-
teins for adherence is, therefore, one of the major strategies for pathogen
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Fig. 5. The top scoring IPA networks A) Cell Cycle,
Cell Morphology, Cellular Assembly and Organiza-
tion, B) Lipid Metabolism, Small Molecule Biochem-
istry, Molecular Transport, C) Cell morphology, Cell-
to-cell signaling and interaction associated with
differentially abundant seminal plasma proteins. The
IPA generates networks of differentially expressed
proteins and their potential association with other
known proteins. Nodes represent proteins and lines
show the relationship (solid and dotted lines repre-
sent direct and indirect association, respectively).
Nodes shapes indicate protein’s primary function.
The intensity of the node color indicates the degree of
the up-regulation (red) or down-regulation (green) of
significant proteins following infection with A. sal-
monicida. Non-color nodes are added by the IPA
through relationships with other molecules. Edges are
marked with symbols to represent the relationship
between nodes (arrow = activation, suppression dash
inhibition, line only binding). The legend
explaining node shape and edge type is given in the
bottom right panel.
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colonization and host invasion [44]. Our results confirmed dramatic
changes in ECM proteins, such as upregulation of HAPLN1 and down-
regulation of mimecan, also known as osteoglycin (OGN). HAPLN1
regulates inflammation and tissue repair through the release of inflam-
matory cytokines and regulates inflammatory cell recruitment and cell
migration [45,46], while OGN is a small leucine-rich proteoglycan
involved in many biological processes, including cellular growth,
angiogenesis, pathogen binding and inflammation. The changes in
HPLN1 and OGN upon bacterial infection coincide with significant
modifications of ECM composition and turnover, which have a profound
impact on the specific signals that the ECM conveys to immune cells at
the forefront of infection and inflammation. Altogether, our findings
suggest that DPEP1- and FN1-mediated adhesion mechanisms and ECM
remodeling are essential strategies of carp responses to pathogens. These
changes may alter the epithelial barrier integrity, affecting ECM func-
tions in regulating spermatogenesis and blood-testis barrier integrity.

Furthermore, we observed upregulation of ependymin, a fish-specific
protein recognized as the predominant constituent of brain extracellular
fluid in teleost fish involved in neuronal growth and regeneration,
maintaining calcium homeostasis in the brain and cold adaptation [47].
The role of ependymin-related proteins outside the central nervous in
mammals is proposed to be cell-cell/cell-matrix adhesion in a
calcium-dependent manner, contractility, and regeneration [48], but its
specific function is still unclear. Our results suggest that fish ependymin
might be involved in the immune response against bacterial infection in
testis; however, its function in this mechanism will be an interesting
avenue of future research.
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Fig. 7. Photomicrographs showing sections of the kidney, liver, spleen and testis of common carp. A and D control (CON; PBS-treated males), E to H fish challenged

with A. salmonicida (AS). Staining: hematoxylin and eosin.

4.5. Immune-related proteins

Interestingly, our results indicated the dramatic enrichment of alpha-
N-acetylgalactosaminidase (NAGA) following bacterial infection. NAGA
together with CRP is a marker for inflammation in human that is often
elevated in viral infections, cancer, and other chronic conditions [49,
50]. Its elevation was associated with immune system deficiency since
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NAGA prevents the formation of the regulatory protein Gc
protein-derived macrophage activating factor (GcMAF), an immune
stimulant cytokine [49,50]. The immune role of NAGA, to our knowl-
edge, has not been reported in fish, and our data suggest the possible
utilization of this protein as a biomarker of inflammation/disease in the
carp reproductive system.

Our results indicate the involvement of eosinophil peroxidase (EPX),
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a major eosinophil-specific granular protein, in the immune response
against A. salmonicida in carp testes. EPX is considered a molecular
marker of eosinophil activity and is also known as an inflammatory
marker. EPX displays numerous immunological activities, such as
bactericidal activity and innate factors that protect the host from bac-
terial endotoxins [51]. EPX activity in teleosts have been reported in
response against parasites, viruses and bacteria [13,52-55]. The marked
increase in EPX in carp seminal plasma suggests eosinophil degranula-
tion in response to bacteria and indicates the participation of eosinophils
in immune defense in the testis.

Bacterial infection also led to an increase in fish-specific protein,
saxitoxin- and tetradotoxin-binding protein 2, which are capable of
binding to the neurotoxins saxitoxin and tetrodotoxin produced by
bacteria. This protein constitutes a toxin-tolerant system in pufferfish
[56]. It was also recently identified in pikeperch seminal plasma [23].
The enrichment of saxitoxin- and tetrodotoxin-binding protein 2 in carp
seminal plasma following bacterial infection suggests its role in detox-
ification mechanisms in protecting spermatozoa and reproductive tract
tissue against tetrodotoxin produced by A. salmonicida [57].

4.6. Energy metabolism-related proteins

Bacterial infection affected energy metabolic pathways such as the
creatine/phosphocreatine pathway (CK-M, CK-B), oxidative phosphor-
ylation (mitochondrial cytochrome bcl complex subunit 2 (UQCRC2)
and pentose phosphate pathway (TKT) which coincide with the dra-
matic shift in innate cellular metabolism occurring during the early
immune response [58]. Such shifts in energy supply and demand result
from a combination of profound recruitment of inflammatory cells
(monocytes/macrophages, neutrophils) and high proliferation rates of
lymphocyte [59]. We observed the opposite direction in the changes of
two cytosolic creatine kinase (CK) isozymes: CK-M increased (39-fold),
while CK-B decreased (2.65-fold) in abundance following infection. CK
is poised to function as a conduit for rapid adenosine triphosphate (ATP)
generation for epithelial junction assembly and barrier restitution dur-
ing recruitment of immune cells to sites of inflammation [60]. CK has
also been identified as an acute phase protein and bacteriostatic factor
with lectin-like activity [61]. Our results strongly suggest that CK-M is a
major isoform involved in these functions during bacterial infection.
Moreover, we observed a decrease in transketolase (TKT), an enzyme in
the nonoxidative branch of the pentose phosphate pathway (PPP) that
serves as a bridge linking the PPP and glycolysis. TKT deficiency causes a
significant reduction in the conversion from glucose to pyruvate, leading
to insufficient carbohydrate-derived energy supply [62], which suggests
a disruption in the interconnection between metabolic pathways during
infection. We also found a decrease in UQCRC2 (complex III), a central
component of the respiratory electron transport chain, which indicates
dysregulation of mitochondrial metabolism following bacterial infec-
tion. These changes can reflect the shift in energy production from
OXPHOS, a major energy source in quiescent cells of the innate immune
system, to glucose metabolic pathways upon immune cell activation
[63].

4.7. Calcium-binding proteins

The calcium concentration in extracellular fluid increases markedly
at sites of infection and inflammation [64], which corroborates our
finding indicating changes in Ca%*-binding proteins, such as upregula-
tion of parvalbumin (PV) (52-fold) and downregulation of ictacalcin
(13-fold), following bacterial challenge. Ictacalin is a fish-specific
member of the S100 family absent in mammals and has not been iden-
tified in fish semen yet, whereas parvalbumin was detected in high
amounts in both carp spermatozoa and seminal plasma [65,66]. Both
proteins are members of the EF-hand superfamily but differ in calcium
binding mechanism. Parvalbumin functions as a Ca2* buffer or trans-
porter, while ictacalcin mediates Ca?* intracellular signaling [67]. The
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downregulation of ictacalcin corroborates previous studies indicating
the reduction of this protein in the spleen and head-kidney of
Y. ruckei-infected rainbow trout and in the skin mucus of
E. ictaluri-infected yellow catfish [35,51]. To date, the role of carp semen
PV has been indicated in the Ca?*-mediated mechanism of sperm acti-
vation in carp [65] and upregulation of PVs was also observed in the gills
of A. hydrophila-infected zebrafish [8]. As changes in the mRNA
expression of gene encoded PV was not observed, we assumed that the
dramatic increase in PV levels in seminal plasma may result from
spermatozoa leakage, as it contains high amounts of PV [65]. Overall,
our results suggest that bacterial infection led to calcium homeostasis
alterations in carp semen, including both calcium buffering and calcium
signaling systems.

4.8. Upregulation of vitellogenin

A notable study finding was the strong upregulation of vitellogenins
(vtgl-3) in carp seminal plasma following A. salmonicida challenge.
These proteins were also detected at lower levels in four control males
(Supplementary Table S2). Vitellogenin is a precursor of egg yolk pro-
teins; its synthesis is controlled by estradiol-17p in the liver of female
fish during maturation. In males, vtg gene is silent; however, it is also
produced by fish males exposed to exogenous estrogen [68] and can be
related to testis development [23]. Vtg in fish, in addition to its nutri-
tional role, is also involved in defense responses with bacterial-binding
and inhibiting activities [69-71]. Later suggested that Vtg is a novel
candidate immune-relevant molecule involved in the acute phase
response in fish. In our study, we provided direct evidence that Vtg
increased in seminal plasma, which suggests its important role in the
protection of the male reproductive system against bacterial infection.

4.9. Protein with decreased abundance following infection

Interestingly, bacterial infection caused alterations in lysine-rich
(H1, H2A, H2B) and arginine-rich (H4) histones, which in addition to
their role in DNA condensation, can also be present in the extracellular
space, where they serve host defense functions. Extracellular histones
and their fragments act as antimicrobial peptides in the innate immune
response in fish and directly kill both gram-positive and gram-negative
bacteria, including Aeromonas, through destruction and penetration of
the cell membrane and binding to bacterial DNA [72-74]. Histones have
been identified in seminal plasma of different fish species, including carp
[20,75]. In the present study, we provided direct evidence that seminal
plasma histones are indeed altered by bacterial infection in testis.
Downregulation of histones in seminal plasma following infection may
result from bacterial developed mechanisms to resist killing by histones,
such as binding histones to bacterial surface receptors and secretion of
proteases capable of degrading histones [76] or suppression of histone
expression observed in chronically stressed fish [77].

Among proteins decreasing in abundance following infection, we
found proteins associated with translation (EEF1A1, RPS6KA1, RPS23),
cell proliferation and development (COPS2). Moreover, we observed
downregulation of CCDC62, which is involved in the maintenance of
normal spermiogenesis and plays a potential role in acrosome formation,
cytoplasm removal, tail stretching, and motility facilitation in mammals
[78]. Their changes can suggest more extensive spermatogenesis and
spermiogenesis, when round spermatids undergo a number of charac-
teristic changes, including DNA compaction and the removal of ribo-
somes during cytoplasmic extrusion, in control fish as opposed to
infected fish.

4.10. Bacterial proteins in seminal plasma
Our proteomic analysis indicated the presence of variable bacterial

proteins in carp seminal plasma following infection, such as proteins
associated with transcription (hupB, rpoA), translation including
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elongation factors (tufl, fusA) and 30S and 50S ribosomal proteins
(rpsJ, rplL), lipid metabolism (fadB), transport (ABC and TRAP trans-
porters, atpA) as well as outer membrane proteins (omph, lpp, Pal),
chaperone (GroEL), and multiple enzymes (aspA, eno, cysK, fbaA, ahpC,
pke, ipdA) recognized also as actively secreted [79]. Among bacterial
proteins, we identified canonical bacterial virulence factors described
for Aeromonas, including outer membrane protein H with porin activity
acting like lectin-type adhesins, which bind the bacteria to
carbohydrate-rich surfaces such as erythrocytes, and extracellular en-
zymes, serine protease aspA (also known as the subtilase family) and
enolase, contributing to bacterial dissemination. The identification of
bacterial proteins in seminal plasma provided further direct evidence
that A. salmonicida and/or its components cross the blood-testis barrier
and enter the testis, leading to local infection/inflammation, which was
previously indicated by an increase in proinflammatory gene expression
and detection of A. salmonicida 16S rRNA expression [19].

4.11. Relationship between mRNA and protein levels of altered seminal
proteins

Analysis of immune tissues were performed to provide some insights
into relationship between the level of upregulated proteins in seminal
plasma and their synthesis in immune tissues in order to evaluate
possible origin of these proteins in seminal plasma. The increase in
seminal protein abundance following infection may result from their
synthesis and secretion in the testis (ckm, c7, c3b, fn1) and/or their
origin from blood through the blood-testis barrier since mRNA expres-
sion of these proteins was also upregulated in hematopoietic organs. The
blood proteins are synthetized by the liver as well as by head kidney and
spleen, a major lymphoid organ in teleost fish [80]. We confirmed the
positive relationship between mRNA and seminal protein changes for
DPEP, EPDR1, EPX, NAGA, PBSP, CETP, FGA, CP in the liver, EPX,
CETP, FGA, CP in the spleen and DPEP, A2M3, CETP in the kidney,
which suggests that these organs can be the main source of protein
changes in seminal plasma, these proteins can reach plasma via
blood-testis barrier from blood to testis. Conversely, we observed a
discrepancy between the protein and transcript levels of HAPLN1, C3a3,
APOA2, APOA1, and A2M3 in the testis and vitellogenin in the liver
because negative relationships were observed. A weak correlation be-
tween proteomic and transcriptomic analysis following bacterial and
viral infection has been observed in previous studies in fish indicating
both the same expression pattern and opposite expression trends for
differentially abundant proteins and genes [81-83]. The uncoupling
between the level of mRNA and protein can result from various factors,
such as weak ribosome binding sites, codon usage bias, half-life differ-
ences between protein and mRNA, protein turnover, peptide sharing
among isoforms, and posttranslational modification (PTM) variants
[84]. The lack of such correlation can be related to complex relationship
between the level of these proteins in seminal plasma and their synthesis
in four different tissues. Overall, our results indicated that infection
caused profound changes in expression of several genes in the testis as
well as in hematopoietic organs, which likely contribute to changes in
seminal proteins.

Teleost fish species possess multiple forms of the complement C3,
five C3 isoforms are present in common carp serum [85]. In our
experiment we observed the increase in protein abundance of two
different isoforms of complement C3 identified as complement C3-like
(c3b, KTF92880.1) and complement C3a, partial (c3a3, KTG40750.1)
in seminal plasma following bacterial infection. The first C3 isoform
increased both at protein and mRNA level in all analyzed tissue while
the protein changes of the second C3 isoform was inconsistent with
mRNA level which was unchanged in liver, kidney and spleen and
down-regulated in testis. The latter C3 isoform increased in abundance
in seminal plasma was identified as a fragment of C3 probably derived
from protein autolysis, due to characteristics of the complement C3
proteins [86] and therefore we did not observed the relationship

832

Fish and Shellfish Inmunology 127 (2022) 822-835

between protein and mRNA levels.

We would like to mention that information on gene expression
changes in response to A. salmonicida infection in cyprinids is limited.
Similarly to our study upregulation of complement component genes
was observed in zebrafish [87]. Recently Ling et al. [28] demonstrated
changes in transcriptome of kidney in crucian carp infected by A. sal-
monicida indicating the activation of specific immune pathways after
infection. Unfortunately differentially expressed genes are not listed in
this paper which did not allow us to discuss our results of gene expres-
sion with data of other results. Most studies of A. salmonicida infection
have examined changes in gene expression in salmonid species and
demonstrated induction of genes associated with complement and
coagulation cascade (c3b, c7, fga) among others in liver, spleen and
kidney [88-92]. However, gene expression varies markedly among
different species and even among different tissues following
A. salmonicida infection. It should be underlined that our study is the
first indicating changes of expression of some genes (upregulation of
c3b, c7a, fn, fga, ckmb and downregulation of haplnl, c3a3, a2m3, apoal,
apol4) in testis which indicate that infection of A. salmonicida can in-
fluence male reproductive system. Further studies are necessary to
determine if bacterial infection has an impact on male reproductive
functions.

In conclusion, our results provide new insights into the molecular
mechanisms that regulate the immune response to bacterial infection in
the carp reproductive tract. A. salmonidica infection induced humoral
and cellular innate immune response mechanisms in carp testis,
including eosinophil degranulation, acute phase signaling, complement
and coagulation cascade, inflammation, lipoprotein remodeling and
lipid metabolism, DPEP1-and FN1-mediated adhesion, remodeling of
ECM, detoxification, energy metabolism, calcium signaling and calcium
buffering system. Moreover, infection led to the induction of vitelloge-
nin production in seminal plasma. However, further studies are neces-
sary to determine the specific roles of the described proteins in the
immune response against bacteria in the testis as well as their involve-
ment in protection of reproductive tract or induction of gamete and
tissue damage. These proteins combined with bacterial proteins identi-
fied in seminal plasma may serve as valuable markers of infection in the
testis of fish.
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