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ABSTRACT

Hexagrammos otakii is favored by consumers and aquaculture practitioners because of its strong adaptability and
fast growth. However, recently, frequent outbreaks of diseases in the breeding of H. otakii have led to significant
economic losses, especially due to bacterial diseases, which limit the healthy breeding of H. otakii. As a lumi-
nescent Gram-negative bacterium, Vibrio harveyi is the main pathogenic bacteria of H. otakii. In this study, the
histopathology and label-free quantitative proteomics analysis were performed to reveal the changes of skin
mucus proteins in H. otakii after infection with V. harveyi. The histopathological changes in the skin of H. otakii
showed that when the bacteria were injected into the epithelial cells, it caused an increase in the number of
mucous cells and a certain degree of damage and deformation in skin. Moreover, the quantitative proteomics
analysis revealed a total of 364 differentially expressed proteins (DEPs), and these DEPs were found to be
involved in environmental information processing, metabolism, infectious diseases: bacteria, replication and
repair. More importantly, the enrichment analysis of the DEPs revealed that these different proteins were mainly
targeted immune-related pathways. After infection of bacteria, the host’s immune ability will be weakened,
causing V. harveyi to enter the organism more easily, resulting in increased mucus in H. otakii, which will
eventually lead to a decline in its physical function. These results provided an insight into a series of physio-
logical changes after the bacterial infection of fish at the proteomic level and basic data for further exploration of
the potential mechanism of skin mucus. Taken together, the results indicated more opportunities for the future
designs and discoveries of effective antibacterial vaccines and antibacterial drugs for H. otakii.

1. Introduction

furnissii, Vibrio parahaemolyticus, Vibrio vulnificus, and Vibrio alginolyticus
have been isolated, causing huge economic losses worldwide [7]. In

Fat greenling (Hexagrammos otakii) is a vital commercial fish in the
Northwestern Pacific, it is primarily found in China’s Bohai Sea, East Sea
and Yellow China Sea [1-3]. In recent years, the farming of Hexa-
grammos otakii (H. otakii) has suffered significant financial losses due to
recurrent disease outbreaks, particularly bacterial illnesses which has
limited the growth of a healthy H. otakii aquaculture [4]. Vibrio spp.,
which are rod-shaped bacteria and belong to the gram-negative cate-
gory, exist naturally and can be observed in various aquatic environ-
ments such as freshwater, estuarine, and marine habitats [5]. Vibrio is a
large and diverse bacterial group of marine and estuarine environments
successfully isolated and identified [6]. Vibrio harveyi, Vibrio eel, Vibrio
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recent years, H. otakii has also been affected by Vibrio infections,
resulting in reduced production in China [3]. Nevertheless, the disease
and immunity aspect of H. otakii continues to be overlooked.

Vibrio harveyi (V. harveyi) is a luminescent gram-negative bacterium
and a dangerous pathogen in natural aquatic ecosystems [3,8]. It is a
major cause of vibriosis, one of the deadliest infectious diseases of
farmed fish [9]. V. harveyi can attach to biological or non-biological
surfaces, to a free state of life, or a symbiotic or host-pathogen interac-
tion with other organisms, which is extremely common in both aquatic
vertebrates and invertebrates [10], and has caused outbreaks of major
diseases in aquaculture, resulting in infected biological diseases and
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even death [11]. Many pelagic animals were previously known to be
infected with V. harveyi, including flounder (Paralichthys olivaceus),
common snakefish (Centropomus undeeimalis), and Atlantic salmon
(Salmo salar) [12-14]. Symptoms of V. harveyi infection include eye
lesions, slow movement, feeding cessation, gastrointestinal diseases,
varying degrees of ulceration on the body surface, and in severe cases,
death [15]. However, research on the skin pathogenic mechanism of
V. harveyi is limited, and the corresponding pathogenic mechanism has
not yet been fully elucidated and requires additional investigation.

Fish skin mucus is the first line of defense against the infection of
external pathogens [16] and plays a crucial role in controlling the fish’s
immune system [17]. Three mucus-secreting cells, known as goblet cells,
sacciform cells, and club cells, are responsible for its production in the
fish skin, with goblet cells producing the majority of fish mucus [18],
and being scattered throughout the mucosal tissue with epithelial cells
[19,20]. The proteomic analysis of mucus is an easy-to-obtain technique
that does not require the sacrifice of animals and only a simple pro-
cedure to obtain representative protein contents and to detect the fish
immune status [21]. In recent years, under viral and bacterial infections,
the skin mucus proteomes of a series of fish species, in particular atlantic
cod (Gadus morhua), Boleophthalmus pectinirostris, crucian carp (Car-
assius auratus gibelio), yellow catfish (Pelteobagrus fulvidraco), greater
amberjack (Seriola dumerili), Cynoglossus semilaevis, rainbow trout
(Oncorhynchus mykiss) and Anguilla anguilla [22-29]. At present, the
research on the immunity of H. otakii remains limited. Therefore, this
paper expounds the mucosal immunity of H. otakii from the perspective
of proteomics.

In this research, we studied the microstructure of the skin tissue by
histopathological technique, and we also utilized label-free quantitative
mass spectrometry, a proteomics technology, to identify the proteome
map of the skin mucus in H. otakii during varying concentrations of
V. harveyi infection, and analyzed the changes of protein content. These
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studies provide fundamental information on the physiological and
pathological changes of H. otakii after infection with V. harveyi.

2. Materials and methods
2.1. Experimental fish

Healthy H. otakii were obtained from Dalian Haolin Aquatic Products
Co., Ltd (Dalian, China) and cultured at the Key Laboratory of Applied
Biology and Aquaculture (Dalian, China). Before the experiment, a total
of 100 healthy H. otakii (55.0 £+ 5.0 g; 15.0 + 0.5 cm) were placed in an
approximately 1000 L tank with water temperature of (14 + 1) °C for 1
week, and then fasted for 1 week. The diet was formulated with 40 %
fish meal and 30 % soybean meal as the main protein source, 16 %
casein and 5 % fish oil as the main fat source. The feed was fed according
to 2 % of the body weight of the fish, twice a day (9: 00 and 16: 00) [30].
During the experiment, three biological replicates were conducted at
each time point (n = 3). H. otakii were randomly divided into three
groups, which contained low infection group (LIG), high infection group
(HIG) and control group (CG), with three tanks (100 L) equipped with
purification devices in each group, and 10 fish in each tank. In addition,
not feeding during the experiment. After the experiment, all H. otakii
were treated with medicated bath. The experimental process was shown
in Fig. 1.

2.2. Bacterial infection

Bacterial infection was performed according to Siddik’s method
[31]. Briefly, V. harveyi was removed from the aquatic animal hospital at
Dalian Ocean University. V. harveyi stored at —80 °C was thawed and
activated on 2216E agar at 28 °C for 24 h. Subsequently, a single colony
was inoculated into 2216E broth and shaken at 28 °C (180 rpm) for 24 h.
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Fig. 1. A schematic illustration of the workflow methodology from sample acquisition to label-free analysis.
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The bacterial concentration was determined through the plate counting
method, followed by dilution with PBS to the required concentration of
1 x 107 CFU/mL (LIG) and 1 x 108 CFU/mL (HIG), and then 100 pL was
injected intraperitoneally into the two experimental groups. Meanwhile,
the CG was injected with 100 pL PBS.

2.3. Mucus samples collection

Mucus collection was slightly modified based the method described
by Guardiola et al. [32]. After 24 h of injection, H. otakii were sedated
using 100 mg/L of trichloromethane sulfonate (MS-222, USA) and then
rinsed with deionized water, three randomly selected fish from each
tank (composite sample) collect mucus from the skin of H. otakii. Then,
the dorsal surface of H. otakii was gently scraped by using a cell scraper,
while taking care to avoid contamination with blood, urine and feces.
Subsequently, mucus samples were immediately frozen using liquid
nitrogen and then stored at —80 °C for subsequent proteomic analysis.

2.4. Histopathological analysis

After the mucus was taken, the dorsal lateral region of the fish’s skin
was dissected (1 cmz), rinsed with normal saline, and immediately fixed
in 4 % paraformaldehyde for histopathological analysis. The fixed skin
samples were removed with 70 % alcohol to remove excess Bouin’s
solution, and then the tissues were dehydrated with different gradients
of ethanol solution, followed by infiltration and paraffin embedding,
and finally paraffin blocks were prepared. Neatly, the paraffin sections
of 3-4 pm were cut using the Leica RM2125 microtome in a precise
manner, following which they were placed on the slide. Lastly, the
paraffin sections were stained with hematoxylin-eosin (H & E), and the
pathological changes were observed and photographed under the Leica
(LEICA DM4000 LED) microscope.

2.5. Total protein extraction and SDS-PAGE

Total protein was extracted through the utilization of the Bradford
protein quantification kit (Beyotime Biotechnology). The method was
described by Zhang et al. [33]. The mucus was incubated with protein
lysates (8 M urea, 100 mM TEAB, pH 8). It was then treated with ul-
trasound 2 x 5 s (Ningbo Xinzhi/JY92-11 N), centrifuged at 12,000 g at
4 °C for 15 min, and the resulting supernatant was collected in a new 1.5
mL centrifuge tube. The solution was added with 1 M dithiothreitol
(DTT) for 1 h at 56 °C, then treated with enough iodoacetamide (IAM)
for 1 h at room temperature in darkness, followed by a 2 min ice bath.

After extraction, protein concentration was evaluated through the
Bradford method, with bovine serum albumin (BSA) as the standard.
The samples were then subjected to 15 % SDS-PAGE gel electrophoresis,
heated to boiling, rapidly stained with Coomassie Brilliant Blue (CBB)
and observed for decolorization after 15 min (Fig. 1).

2.6. Proteolysis

As described by Zhang H et al. [34]. Protein samples were obtained
and the protein solution was supplemented to a volume of 100 pL.
Subsequently, 100 mM TEAB buffer and trypsin were added, followed by
an incubation period of 4 h at 37 °C. Overnight digestion was achieved
by adding trypsin and CaCly. The pH was reduced to below 3 by intro-
ducing formic acid. Following mixing, the mixture was centrifuged for 5
min at 12,000 g and room temperature. The resulting supernatant was
passed through the C18 desalination column, continuously washed three
times with a cleaning solution (0.1 % formic acid, 3 % acetonitrile).
Then, an adequate quantity of eluent containing (0.1 % formic acid, 70
% acetonitrile) was added. The filtrate was collected and freeze-dried
afterwards.
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2.7. Label-free quantitative proteomics

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis was performed using an EASY-nLC™ 1200 nano-upgrade
UHPLC system and a Q Exactive™ HF-X mass spectrometer (Thermo
Fisher/LC140) [35]. The mobile phases, A (100 % water, 0.1 % formic
acid) and B (80 % acetonitrile, 0.1 % formic acid) were combined and
10 pL of mobile phase A was used to dissolve the lyophilized powder.
After centrifuging the mixture at 4 °C and 14,000 g for 20 min, 1 pg of
the resulting supernatant was injected into the self-made pre-column
(inner diameter 4.5 cm x 75 pm, particle size 3 pm). The mixture was
subsequently purified at a flow rate of 5 pL/min for 5 min. In the
EASY-Spray chromatographic column (Acclaim Pep Map C18, pore size
96 A, inner diameter 15 cm x 150 pm, particle size 1.9 pm, Thermo
Scientific), the peptides were converted in the phase B solution using a
linear gradient (10-30 %) and a flow rate of 250 nL/min for 2 h. All
biological replicates were run at an LC gradient of 120 min.

Data-dependent acquisition mode was employed in mass spectrom-
etry. The mass spectrometry full scan range was m/z 350-1500 and the
first order resolution was set at 60,000 (200 m/z). The high-energy
collision fragmentation (HCD) method was used for fragmentation and
secondary mass spectrometry detection. The resolution of the second-
order mass spectrometry was set to 15,000 (200 m/z). The dynamic
range was set to 20 s, and the mass tolerance was 10 ppm. Ultimately,
Finally, the raw data of mass spectrometry were produced.

2.8. Statistical analysis

Western blot analysis are performed as described in Li et al. [36].
After adjusting the concentration of the total protein solution, the
sample buffer was boiled. The supernatant was then centrifuged at 12,
000 rpm for 10 min at 4 °C for gel electrophoresis. Proteins were
separated by 7.5 %, 10 % and 15 % SDS-PAGE, and the gels were then
transferred to a methanol-activated PVDF membrane (Immobilon-P,
USA) for 30 s. The primary antibodies used in the experiments were
purchased from ProteinTech Group, Inc. (Stathmin 1, 11157-1-AP;
RBX1, 14895-1-AP; PSMA6, 11573-1-AP; Beta Actin, 66009-1-I1G;
ERK1/2, 11257-1-AP; CADM1, 14335-1-AP; Septin 9, 10769-1-AP;
NF-xB, 10745-1-AP; Integrin Beta 1, 12594-1-AP and Hexokinase 2,
22029-1-AP) and diluted according to the optimal dilution ratio of
different  antibodies. = Additionally, @we wused horseradish
peroxidase-labelled (HRP-labelled) secondary antibodies, including
goat anti-rabbit IgG (H + L, 1:10,000, Biodragon) and goat anti-mouse
IgG (H + L, 1:5000, Beyotime). The results were observed using the
BeyoECL Plus Kit (Beyotime) on a Western blot imager (Amersham
Imager 600, USA).

2.9. Statistical analysis

The resulting spectra were searched according to the genome data of
Anoplopoma fimbria (BioProject PRJINA 869752) from NCBI using the
Proteome Discoverer search engine (Thermo, HFX). The Peptide Spec-
trum Matches (PSMs) were filtered using Proteome Discoverer (PD)
software, ensuring a credibility of over 99 %. Verification of the FDR was
conducted to determine the critical threshold, which was set at FDR
<0.01. The normality of the evaluation data was tested using the
Shapiro-Wilk method, then followed by the use of the T-test for statis-
tical analysis of the protein quantitative results. Differentially expressed
proteins (DEPs) were defined as those whose quantitation was signifi-
cantly different between experimental and control groups (P < 0.05 and
|log2FC| > 0.5 (FC > 1.5 or FC < 0.67 [fold change, FC])). The analysis
of data used the public Gene Ontology (GO) database (http://www.
geneontology.org/), the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg/pathway.html) and the
Eukaryotic Orthologous Groups (http://www.ncbi.nlm.nih.gov/KOG).
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3. Results
3.1. Changes in the skin of H.otakii after infection with V. harveyi

Fig. S1 illustrated the macroscopic lesions of H. otakii during rearing
process, caused by V. harveyi infection. The outcomes exhibited healthy
adult fish (Fig. S1A), fish infected with V. harveyi exhibiting cutaneous
sores and ulceration (Fig. S1B), and a magnified view of the skin ul-
ceration after V. harveyi infection (Fig. S1C). The H&E staining of skin
paraffin sections showed three main features. First, compared with the
CG group (Fig. 2A), the number of mucous cells in the LIG group
(Fig. 2B) and the HIG group (Fig. 2C) increased significantly. Second,
stress changed the location and morphology of pigment cells. The
pigment clusters in the HIG group were thicker and deeper, while the
pigment in the LIG group was lighter. Third, the destruction of the
epithelial tight junction layer was observed in both LIG group and the
HIG group (Fig. 2B), as well as signs of cell infiltration and inflammatory
processes were observed in both groups.

3.2. Identification of skin mucus from H. otakii

The UHPLC-MS/MS analysis revealed a total of 536,661 spectra,
162,442 matched spectra, and 19,870 peptide sequences were obtained.
Removal of redundant peptides identified 3787 non-redundant proteins
(Table 1). The 48.98 % of reliable proteins had sequence coverage of
>10 %, indicating good coverage (Fig. 3A). The identified proteins have
a wide range of mass distribution, with a majority of relative molecular
mass below 100 kDa, and a small amount greater than 100 kDa (Fig. 3B).

Additional annotation and analysis of the discovered proteins was
performed in the GO and KEGG databases (Fig. 4). In the GO classifi-
cation, 2277 proteins were assigned to 727 terms, which were catego-
rized into three groups: molecular function (MF), cellular component
(CC) and biological process (BP). In the BP category, the proteins with an
oxidation-reduction process are the most, followed by ‘protein phos-
phorylation’ and ‘metabolic process’. The CC category significantly ex-
presses the proteins associated with the ‘intracellular’ and 'nucleus’. In
the MF category, the term that appears most frequently is ‘protein
binding’ (Fig. 4A). In the KEGG pathway annotation, 3545 proteins were
assigned to 33 categories, of which the most abundant pathway was
‘Signaling molecules and interaction’, followed by ‘Glycan biosynthesis
and metabolism’ and ‘Transport and catabolism’ pathways (Fig. 4B). In
the KOGs classification, 3453 proteins were assigned to 25 categories,
with 36 % of DEPs allocated to posttranslational modification, protein
turnover, chaperone, general function prediction only, and signal
transduction mechanism (Fig. 4C). The above results indicate that the
mucus of H.otakii are involved in multiple cellular and biological
processes.

3.3. Analysis of DEPs

A total of 163, 211, and 72 DEPs (P < 0.05) were identified as
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Table 1
Summary of Label-free DIA database search analysis.

Name Total spectra Matched spectrum Peptide Identified protein

All 536,661 162,442 19,870 3787

significant between groups LIG and CG, HIG and CG, and HIG and LIG,
separately. Overall, 101 DEPs were increased and 62 DEPs were
decreased in the LIG and CG groups; 108 DEPs were increased in the HIG
group and 103 DEPs were decreased in the CG group; compared to the
LIG group, 38 DEPs were increased and 34 DEPs were decreased in the
HIG group (Fig. 5A). Three sets of DEPs were presented through the
comparison of volcano plots (Fig. 5B). The Venn diagram illustrates the
intersection of DEPs in the three groups (Fig. 5C). Additional clustering
analysis highlighted that these DEPs were primarily clustered into two
comparisons: LIG vs. CG and group HIG vs. CG (Fig. 5D).

3.4. Functional enrichment analysis of DEPs

Firstly, we analyzed the function of DEPs through GO enrichment.
Fig. 6A showed the abundance of elements (P < 0.05) in three distinct
groups (MF, CC, and BP). The results demonstrated that the DEPs of LIG
and CG were mainly distributed in the CC class’s ribosome and mito-
chondrial outer membrane. BP and DEPs are mainly involved in protein
insertion into the membrane, cell cycle arrest, and tricarboxylic acid
cycle. MF DEPs mainly involved palmitoyl hydrolase activity, fine
transferase activity, and structural constituent of ribosome. The DEPs of
HIG and CG were mainly distributed in the intracellular and intracel-
lular parts of the CC class. BP and DEPs are mainly involved in the
compound nitrogen metabolic process, cellular compound nitrogen
metabolism, and cellular biosynthetic process. The MF-type DEPs
mainly involve structural molecule activity and structural constituent of
ribosome. The DEPs of HIG and LIG were mainly distributed in the CC
class ESCRT I complex. MF DEPs mainly involve hydroxymethylglutaryl-
CoA synthase activity, phosphatidylinositol-4-phosphate binding, and
syntaxin binding.

In the KEGG pathway enrichment analysis, 177 KEGG pathways
were detected in the LIG and CG groups (Fig. 6B). Among them, the
Neomycin, kanamycin and gentamicin biosynthesis signaling pathways
related to metabolism, the HIF-1 signaling pathway related to signal
transduction in Environmental information processing, and the MAPK
signaling pathway were significantly enriched. KEGG pathway enrich-
ment analysis in CG and HIG groups identified 109 KEGG pathways; the
changes in Steroid Hormone Biosynthesis, Neomycin, Kanamycin and
Kanamycin Kiosynthesis, Bacterial invasion of Epithelial Cells were
more significant. In the LIG and HIG groups, KEGG pathway enrichment
analysis detected 113 KEGG pathways. Moreover, signaling pathways
were significantly enriched, including Cell adhesion molecules (CAMs),
Nucleotide excision repair, and 2-Oxocarboxylic acid metabolism. The
DEPs of these major pathways were listed in Table 2, and 10 DEPs
(Stathmin 1, RBX1, PSMAS6, Beta Actin, ERK1/2, CADM1, Septin 9, NF-

Fig. 2. The histopathological changes of the skin of H.otakii infected with low and high concentrations of V.harveyi were observed by H & E staining. Epidermal cells
(EPs), dermal cells (DEs), muscle (MU), mucous cells (MCs) and pigment clusters (PCs) (A). The arrow indicates inflammatory cell infiltration (B, C). Bar = 75 pm.
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kB, Integrin Beta 1 and Hexokinase 2) were randomly selected for
verification by Western blot. The results showed that the differential
expression trend was consistent with the results of proteomics (Fig. 7).

KOGs enrichment analysis showed that DEPs in skin mucus of H.
otakii were enriched into 24 functional categories (Fig. 6C-Table S1).
Obviously, the three groups of DEPs are mostly concentrated in trans-
lation, ribosomal structure and biosynthesis; general function prediction
only; post-translational modification, protein turnover, chaperone;
signal transduction mechanism and intracellular trafficking, secretion
and vesicular transport process. In the LIG vs. CG groups and HIG vs. LIG
groups, DEPs were most expressed in the signal transduction mecha-
nism, while in the HIG vs. LIG groups, they were mainly concentrated in
translation, ribosomal structure and biosynthesis.

4. Discussion

V.harveyi is the most prevalent pathogenic Vibrio species [8] and is
widely distributed in cultured seawater and aquatic animals in vivo and
in vitro. However, H. otakii is susceptible to Vibrio infection in
large-scale aquaculture, resulting in significant economic losses [4].
Therefore, for the safe and efficient breeding of H. otakii, it is important
to study its immune defense mechanism. The surface mucus of fish plays
a significant physiological role in fish growth in the complex aquatic
environment [37], and it is also the first line of defense of the fish im-
mune system [24]. Numerous immune components on the surface of fish
skin include glycoproteins, complement proteins, C-reactive proteins,
lectins, proteolytic enzymes, antimicrobial peptides, flavoenzymes, and
immunoglobulins [16,38].

In contrast to mammals, teleost skin exhibits unparalleled histolog-
ical diversity and uniqueness, and it secretes mucus related to immune
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function, particularly when stimulated [39]. As the Vibrio concentration
increased, the number of mucous cells in the skin increased gradually,
and new cells differentiated and moved to the surface of the epidermis
(Fig. 2). In response to external stimuli, the fish secretes more mucus.
Most studies have reported that goblet cell proliferation or hypertrophy
indicates increased mucus production in response to multiple environ-
mental stressors [40,41]. Changes in melanin concentration and mela-
nosome fluidity in fish skin can be observed in reply to external stimuli
[42]. Additionally, the study of Oncorhynchus mykiss [43] and Salmo
salar [44] indicated a direct relationship between the color morphology
of melanin and stress response and health status. Our results of increased
skin pigment clusters align with the reported studies. Epithelial cells of
the skin’s outer layer exhibit a certain level of destruction and degen-
eration, even leading to the shedding of necrotic cells. Relevant studies
have reported that the pathological changes of acute toxicity on the

epidermis of Heteropneustes fossilis [45] show that when the external
environment stimulates the epithelial cells, they will cause cell shedding
and cause a certain degree of damage and deformation [42], as shown in
Fig. 2B and C [45].

Proteomics analysis was used to analyze the skin mucus of H. otakii
infected with V. harveyi. The protein distribution histogram, together
with the protein molecular weight distribution map, showed that the
protein molecular weight distribution determined by this proteomics
was uniform and wide, and the quality was qualified (Fig. 3). The skin
mucus of H. otakii has a potential to exhibit diverse and complex func-
tions, as evidenced by the mapping of the 3787 proteins identified
through proteomics analysis to 727 items of GO classification and 33
items of KEGG pathway annotation (Fig. 4). Additionally, by analyzing
the changes of mucus before and after V. harveyi infection in H. otakii,
some changes in key proteins were found (Table 2). GO, KEGG and KOG
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Fig. 6. Functional analysis of significantly enriched trends. (A) GO Enriched Terms of Meaning for Molecular Functions (MF), Cellular Components (CC) and
Biological Processes (BP). (B) The top 20 significance terms of KEGG enrichment. (C) KOG enrichment for 24 functional categories.

enrichment analysis of these proteins evidenced that the differential
proteins mainly involved Environmental Information Processing,
Metabolism, Infectious disease: bacterial, Replication and repair
(Fig. 5). Most of the major pathway’s key proteins are associated with
mucosal immunity. This indicates that mucus plays an important
defensive role in resisting bacterial invasion, which is consistent with
the previous results [25,28].

HIF-1 signaling pathway and MAPK signaling pathway were signif-
icantly enriched in LIG and CG groups (Fig. 6B). Hypoxia-inducible
factor 1 (HIF-1) is a transcription factor with a basic helix-loop-helix-
PAS domain [46]. HIF-1 signaling pathway serves various biological
purposes as a classic body response to hypoxia concentration or hypoxia
response pathway [47]. The expression of NF-kB protein (Table 2) is
significantly increased, which will upregulate HIF-a in this pathway, and
HIF-o will promote the expression of cytokines [48]. Cytokines can

stimulate the recruitment and activation of bone marrow-derived sup-
pressor cells (MDSC), regulatory T cells (Treg) and tumor-associated
macrophages (TAM) [49], thereby inhibiting the adaptive immune
system and eventually creating an immunosuppressive environment.
Therefore, we hypothesize that when V. harveyi invades H. otakii, the
immune system function in H. otakii can be weakened by stimulating the
expression of NF-kB. This is consistent with the results of
V. parahaemolyticus stimulating Penaeus vannamei [50] to activate the
NF-xB pathway and negatively regulate the immune response to bacte-
rial infection. Nuclear factor of activated T-cells, cytoplasmic 2-like
(NFATC) is an important transcription factor, which is closely related
to many pathological processes such as cell differentiation, proliferation
and apoptosis, and its expression is regulated by MAPK signaling
pathway. MAPK signaling pathway is a process of cascade phosphory-
lation, which can be divided into four classical MAPK pathways: ERK,
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Table 2
DEPs in important immune-related KEGG pathways in LIG vs. CG, HIG vs. CG and HIG vs. LIG groups.
Groups Prot ID Name KEGG Description (AD) P-value logoFC"
LIG vs. AfiChr100828.1 histone acetyltransferase KAT6A [Seriola lalandi dorsalis] Hexokinase (HK) 0.0407 2.1846
CG AfiChr080434.1  Hypothetical protein D9C73_002278 [Collichthys lucidus] small subunit ribosomal protein S6e(rpS6) 0.0229 1.2135
AfiChr070236.1 alkaline phosphatase, tissue-nonspecific isozyme [Seriola dumerili] translation initiation factor 4G (ALPL) 0.0078 2.2941
AfiChr040431.1 hypothetical protein E3U43_007611, partial [Larimichthys crocea] calcium/calmodulin-dependent protein kinase 0.0190 0.6041
(CaM kinase) II(Camk)
AfiChr230223.1 peroxisome proliferator-activated receptor alpha 2 [Lateolabrax cyclin-dependent kinase inhibitor 1B(p21/p27) 0.0472 0.8474
Jjaponicus]
AfiChr030022.1  E3 ubiquitin-protein ligase RBX1 [Danio rerio] RING-box protein 1(Rbx1) 0.0005 3.8641
AfiChr101014.1  G-protein coupled receptor 74 [Collichthys lucidus] mitogen-activated protein kinase 1/3(ERK) 0.0133 0.6767
AfiChr040318.1 P65 transcription factor, partial [Siniperca chuatsi] transcription factor p65(NF-kB) 0.0202 0.7103
AfiChr110701.1  PREDICTED: neurogenic locus Notch protein-like isoform X2 MAP kinase interacting serine/threonine kinase 0.0000 -Inf
[Cyprinodon variegatus] (MNK)
AfiChr050445.1  myeloid leukemia factor 2 [Perca flavescens] cell division control protein 42(Cdc42) 0.01781  0.6165
AfiChr190315.1  PREDICTED: misshapen-like kinase 1 isoform X9 [Paralichthys mitogen-activated protein kinase kinase kinase 0.0000 Inf
olivaceus] kinase 4(HGK)
AfiChr100965.1  kinase suppressor of Ras 2 [Perca flavescens] thousand and one amino acid protein kinase 0.0433 —0.7099
(TAO)
AfiChr200641.1 PREDICTED: serine incorporator 2-like [Stegastes partitus] Stathmin (STMN1) 0.0083 —0.6366
HIG vs. AfiChr190756.1  PREDICTED: phosphoglycerate kinase 1 [Stegastes partitus] hexokinase (PGK 1) 0.0188 —0.7487
CG AfiChr190058.1  clathrin heavy chain 1 isoform X2 [Scleropages formosus] clathrin heavy chain (Clathrin) 0.0050 —1.0452
AfiChr030007.1  hypothetical protein CCH79_.00013,689 [Gambusia affinis] Beta actin/gamma 1(actin) 0.0015 —0.9555
AfiChr020841.1  alpha-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltrans- ~ CD2-associated protein (CD2AP) 0.0232 —0.6494
ferase-like [Perca flavescens]
AfiChr140735.1  zinc finger protein 217 isoform X1 [Perca flavescens] tyrosine-protein kinase Src(Src) 0.0442 —0.7382
AfiChr200136.1  wiskott-Aldrich syndrome protein family member 2 [Larimichthys WAS protein family, member 2(WAVE) 0.0224 —0.7341
crocea]
AfiChr240369.1 PREDICTED: LOW QUALITY PROTEIN: junctional adhesion molecule  junctional adhesion molecule B-like isoform X1 0.0495 0.8782
B [Stegastes partitus]
AfiChr030470.1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-3- phosphatidylinositol phospholipase C, delta 0.0446 —0.7938
A-like [Perca flavescens]
AfiChr010237.1 myeloperoxidase [Epinephelus coioides] eosinophil peroxidase 0.0379 —0.6571
AfiChr180468.1  proteasome subunit alpha type-6 [Perca flavescens] psmab; proteasome subunit alpha type-6 (PSMA 0.0000 Inf
6)
AfiChr031119.1 uncharacterized protein LOC114570175 [Perca flavescens] septin 3/9/12(Septin) 0.0000 -Inf
HIG vs. AfiChr150072.1  ABC transporter F family member 4-like isoform X1 [Perca flavescens]  integrin beta 1(ITGB1) 0.0000 -Inf
LIG AfiChr190712.1 hypothetical protein E3U43_022,226 [Larimichthys crocea] cell adhesion molecule 1(IGSF4) 0.0244 0.6594
AfiChr060694.1  PREDICTED: glypican-6-like [Stegastes partitus] cullin 4(Cul4) 0.0253 —1.0280
AfiChr050352.1  acid sphingomyelinase-like phosphodiesterase 3b [Perca flavescens] replication factor A2(RPA) 0.0000 -Inf
AfiChr030028.1  aconitate hydratase, mitochondrial-like [Perca flavescens] aconitate hydratase 0.0053 —0.6110
AfiChr040527.1 PREDICTED: kynurenine/alpha-aminoadipate aminotransferase, kynurenine/2-aminoadipate aminotransferase 0.0212 0.6620
mitochondrial [Lates calcarifer]
# Log,FC. threshold = + Inf.
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Fig. 7. Verification of DEPs by Western blotting (WB). The WB results for 10 antibodies are presented: (A) Stathmin 1, (B) RBX1, (C) PSMAS6, (D) Beta Actin, (E)
ERK1/2, (F) CADM1, (G) Septin 9, (H) NF-«B, (I) Integrin Beta 1 and (J) Hexokinase 2. Their molecular weights were 13 kDa, 15 kDa, 27 kDa, 42 kDa, 43 kDa, 64
kDa, 65 kDa, 88 kDa and 102 kDa, which were marked in green. Lane M: protein molecular weight marker. Lanes CG, LIG, and HIG were the control group, low

injection group, and high injection group, respectively.

p38, JNK, and BMK1, ERK1/2 kinase is the most extensively researched
member of the MAPK family [51]. According to proteomics analysis, the
expression of ERK protein was significantly increased (Table 2). Some
transcription factors may continue to be phosphorylated by ERK1/2,
which promotes the expression of genes involved in cell cycle and pro-
liferation [52]. RAKs, MSKs, and MNKs are among the intracellular ki-
nases that activated ERK1/2 can phosphorylate. These kinases affect cell
growth and adhesion [51]. In addition, the V-set and transmembrane
domain-containing protein 2-like protein (VSTM2L) in the signal

transduction mechanisms of the differentially expressed proteins in
Fig. 5C and Table S1 was also predicted to enhance the activity of
intercellular adhesion mediators and participate in the negative regu-
lation of neuronal apoptosis. This is also consistent with a significant
increase in mucus after infection with V. harveyi (Fig. 2). Similar results
were obtained in the study of Cynoglossus semilaevis [53].

Neomycin, kanamycin, and gentamicin biosynthesis were signifi-
cantly enriched in HIG vs. CG and LIG vs. CG groups (Fig. 6B). Antibiotics
are a class of secondary metabolites produced by microorganisms or
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higher organisms during their lifetime with antipathogenic or other
bioactive properties. They can act anti-bacterially or bactericidally by
hindering the formation of the bacterial cell wall, increasing perme-
ability of the bacterial cell membrane, disrupting the synthesis of bac-
terial proteins, and inhibiting the replication and transcription of
bacterial nucleic acids [54-56]. The hexokinase (HK) expression in this
pathway has changed significantly (Table 2). HK has been shown to
significantly affect the secretion of mucus but does not affect the
bactericidal activity of mucus [16]. The significant enrichment of this
pathway indicates that the body of H. otakii has recognized the invasion
of V. harveyi and responded to remove it. In the bacterial invasion of
epithelial cells pathway, the expression of Clathrin, CD2AP, Src, WAVE,
Septin, and other proteins decreased significantly, decreasing actin
protein expression. Actin proteins play a pivotal role in various vital
cellular processes such as cell motility, cell division, muscle contraction,
cytokinesis, vesicle and organelle movement, cell junction and cell
shape establishment, and maintenance [57,58]. Mutations in human
actin can lead to muscle disease, heart size and function changes, and
deafness [59]. By altering the host’s actin skeleton, Gram-negative
bacteria infection induces epithelial cells to undergo internalization
[60]. When H. otakii is infected with V. harveyi, another Gram-negative
bacterium, the body may undergo similar changes, which is consistent
with the results in Fig. 2.

By comparing the KEGG enrichment results of the HIG group and the
LIG group, it can be seen that the Cell adhesion molecule, CAMs
signaling pathway is significantly enriched, and the expression of the
immunoglobulin superfamily IGSF has changed significantly (Table 2).
Previous studies have shown that IGSF will initiate complex intracellular
molecular interactions after binding to the receptor, ultimately changing
the cell gene transcription [61]. Therefore, we predict that V. harveyi can
affect the transcription of host cells by affecting the expression of IGSF
after entering H. otakii. This is similar to the immune analysis results of
juvenile seabass (Lates calcarifer) to V. harveyi [62]. Furthermore, our
data indicates that the DEPs consist of peroxidase as a crucial antifungal
agent and proteases (proteasome subunit alpha type-6: PSAT 6) linked to
the immune system’s resistance to bacterial or parasitic infections
(Table 2). This verifies the significant role of mucus during the immune
process.

5. Conclusion

This study focused on the function of protein in skin mucus of
H. otakii after infected by V. harveyi. The histopathological changes of
the skin showed that acute stimulation led to an increase in the number
of mucous cells, resulting in an increase in mucus secretion and a certain
degree of damage and deformation of epithelial tissue cells. In addition,
the label-free quantitative proteomics analysis of skin mucus showed
that the mucus had the potential to produce complex and diverse
functional proteins. From different perspectives, the significant enrich-
ment of HIF-1 signaling pathway, MAPK signaling pathway, neomycin,
kanamycin and gentamicin biosynthesis, cell adhesion molecules and
CAMs signaling pathway shows that the stimulation of bacteria will lead
to immunocompromised, thus affecting the mutual recognition of im-
mune cells, destroying the immune structure of the body, and ultimately
causing their body function to decline. Taken together, these results
provide basic data for evaluating the potential mechanism of skin mucus
in response to V. harveyi.
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