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Background: Egg yolk immunoglobulin Y (IgY) can be produced on a large scale,
with simple and economical preparation and no drug residue, making it
promising for application in prophylactic multivalent passive immunization
vaccines for aquaculture.

Methods: IgY antibodies of live Pseudomonas anguilliseptica (L-PA-1gY) or
inactivated P. anguilliseptica (I-PA-1gY) were prepared by immunizing laying
hens. Carassius auratus individuals were passively immunized with the two
types of IgY antibodies and then challenged with P. anguilliseptica and
Aeromonas veronii to detect the immune protection rate. The kidneys were
homogenized and coated on Luria—Bertani (LB) solid medium to assess their
bacterial content. Additionally, a cell phagocytosis assay was conducted to
detect leukocyte phagocytosis. C. auratus serum was obtained to evaluate the
recognition of the two bacteria by enzyme-linked immunosorbent assay (ELISA),
and the expression of antioxidant factors [superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GSH-Px)]. Furthermore, real-time
fluorescence-based quantitative PCR (qRT-PCR) was performed to assess the
expression of inflammatory factors (IL-6, IL-8, TNF-c, and IL-1B) in the kidney
and spleen. Moreover, histopathological analysis was used to assess the integrity
of visceral tissue structure, and immunofluorescence analysis was employed to
assess the expression of apoptosis factor (p53) and DNA damage factor (yH2A.X)
in the kidney.

Results: The results indicated that the IgY antibodies of L-PA-IgY or I-PA-IgY
exhibited passive immune protection against P. anguilliseptica and A. veronii. The
sera of C. auratus passively immunized with L-PA-IgY or I-PA-1gY could interact
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with the two bacteria. Additionally, in C. auratus, the two IgY antibodies enhanced
the phagocytic activity of leukocytes, reduced bacterial content in the kidneys,
and diminished the expression of inflammatory and antioxidant factors.
Furthermore, the structures of the kidney, spleen, and intestinal tissues were
intact, and the expression of p53 and YH2A.X decreased in the kidney.

Conclusion: L-PA-IgY and I-PA-IgY can resist multiple bacterial infections and
have immunoprotective effects with no significant differences. Moreover, the
inactivated P. anguilliseptica immunization in laying hens is in line with animal
welfare standards, and [-PA-IgY can serve as an immunization strategy of a
prophylactic multivalent passive vaccine to resist multiple bacterial infections

in aquaculture.

KEYWORDS

Pseudomonas anguilliseptica, multivalent vaccine, IgY antibody, passive
immunity, aquaculture

1 Introduction

With the increasing concern for high-quality nutrition and food
safety, the consumption of aquatic products has surged significantly
(Zhao et al., 2024; Budhathoki et al., 2022). Bacterial diseases caused
by fish pathogens have resulted in severe losses to the aquaculture
industry. Most of these pathogens are opportunistic bacteria
(Borges et al., 2021); they can remain latent in fish for extended
periods without causing diseases but may rapidly lead to disease
outbreaks or epidemics when the environment changes abruptly,
when it becomes contaminated, or when the fish’s resistance
declines (Ben Hamed et al,, 2018). The main pathogenic bacteria
in aquaculture include Pseudomonas anguilliseptica, Aeromonas
veronii, Aeromonas hydrophila, Vibrio fluvialis, Edwardsiella
tarda, and Vibrio parahaemolyticus (Sadat et al., 2021; Sasikumar
et al,, 2024). P. anguilliseptica is the pathogen responsible for red
spot disease in eels and ayu fish. This bacterium is a Gram-negative,
slender rod with a single polar flagellum, and its motility varies
depending on the culture conditions. It primarily infects Japanese
eels and ayu fish by invading the underlying layers of the fish’s
epidermis and dermis. This process causes the capillaries
distributed in these areas to become congested, leading to
exudative hemorrhage or rupture, thereby forming punctate or
patchy hemorrhages, which are referred to as red spot disease.
The hemorrhagic spots of red spot disease are mainly distributed on
the skin around the lower jaw, abdomen, or anus of the affected fish.
Affected ayu fish often develop ulcers on their body surface
(Mjolnerod et al, 2021; Sanahuja et al, 2019). A. veronii is a
Gram-negative bacterium widely found in water and soil, which
is capable of infecting humans and aquatic animals, causing
symptoms such as skin ulcers or sores, organ hemorrhage, and
severe ascites in aquatic animals (Guo et al., 2023). P. anguilliseptica
and A. veronii can infect aquaculture fish such as eels, goldfish,
tilapia, and sea bass and cause economic losses in the aquaculture
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industry. Additionally, P. anguilliseptica and A. veronii are
conditional pathogens in humans and animals, which are the
etiologic agents of zoonosis.

Due to the slow growth and metabolism rate of P.
anguilliseptica, as well as the presence of structures such as
extracellular capsules, the use of antibiotics and chemical drugs
for prevention or treatment has shown limited efficacy. Instead, they
can lead to various issues such as pathogen resistance, drug residues,
food safety concerns, and environmental pollution (Cantillo Villa
et al,, 2023; Sakulworakan et al., 2021). Research has found that
incorporating 3% garlic extract or 0.5% potassium diformate into
the diet of cultured sea bream could improve their health status and
increase their survival rate when faced with P. anguilliseptica
infection (Fadel et al, 2018). This method can complement
antibiotic treatment for P. anguilliseptica. However, the dosage
and formulation of dietary supplements are difficult to
standardize, making large-scale production unfeasible. Therefore,
an integrated prevention and control technology system based on
vaccine immunization technology is an important means for the
prevention and control of this pathogen. A formalin-inactivated
vaccine for P. anguilliseptica was applied to olive flounder. After
being challenged with P. anguilliseptica, the relative percent survival
(RPS) of vaccinated fish significantly increased, and the expression
of TNFR-1, FasL, IRF7, TLR2, IL-1b, and CD40 genes was
significantly upregulated (Jang et al., 2014). The upregulation of
these genes and the increase in RPS values indicate that
the formalin-inactivated P. anguilliseptica vaccine may play
an important role in immunizing olive flounder against
P. anguilliseptica.

Additionally, A. veronii is a major pathogen in aquaculture. The
treatment of A. veronii includes the use of antibiotics such as
sulfadiazine, sulfamethoxydiazine, enrofloxacin, and quinolones.
Chinese herbal medicines such as Wu Mei, Wu Bei Zi, and Su
Mu also have certain antibacterial effects against A. veronii, but their
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high cost makes them impractical for actual production (Sun et al.,
2024). Vaccination is a fundamental method for preventing and
controlling A. veronii. Crucian carp were immunized with
inactivated A. veronii vaccine and then challenged with A. veronii.
It was found that the inactivated vaccine increased the specific [gM
levels against A. veronii in the fish (Guo et al.,, 2023). Previous
studies have constructed an attenuated vaccine mutant strain of A.
veronii and found that it could enhance the immune ability of
largemouth bass (Micropterus salmoides) to resist A. veronii
infection (Chi et al., 2023).

Although there has been some progress in vaccine research on
the prevention and control of P. anguilliseptica and A. veronii, these
studies are still in the laboratory research stage. More attention is
now being paid to multivalent vaccine research because multivalent
vaccines can protect against multiple bacterial infections, making
them ideal vaccines for the aquaculture industry (Du et al., 2022;
Miryala and Swain, 2025; Peng et al., 2021).

Egg yolk immunoglobulin Y (IgY) is a high-yield, high-quality
polyclonal antibody (Pacheco et al., 2023). The large-scale industrial
rearing of laying hens is cost-effective and economically convenient,
and the process of preparing IgY is relatively simple. Using IgY as a
substitute for antibiotics does not lead to drug residues, making it a
safe and green additive (Pacheco et al., 2023; Wang et al., 2023). It
can also be used as a passive polyvalent vaccine in aquaculture. In
response to the economic losses in the aquaculture industry caused
by Vibrio alginolyticus infection in the high-value shellfish abalone
(Haliotis diversicolor supertexta), in this study, an alginate-
encapsulated anti- Vibrio IgY egg powder feed was developed (Wu
etal., 2011). The experiments confirmed that abalones fed with 5%-
10% anti-Vibrio IgY achieved a survival rate of 65%-70% after
pathogen challenge, significantly higher than the 0% survival rate in
the control group. These results indicate that anti-Vibrio IgY can
effectively trigger passive immunity, providing a practical
prevention and control method for abalone farming. Studies have
shown that specific IgY antibodies can be prepared by immunizing
hens with formaldehyde-inactivated Vibrio cholerae O1. Oral
administration of these antibodies to infected mice significantly
increased the survival rate, which reached 60% at 6 h post-infection
in the 5 mg/mL group (Shoushtari et al., 2023). The experiment

Live or inactivated
P. anguilliseptica

Preparation of
IgY antibodies

FIGURE 1
Experimental process.
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confirmed that IgY could effectively neutralize the pathogen and
reduce mortality. However, research on IgY vaccines against P.
anguilliseptica and A. veronii is still relatively scarce.

The complete proteome and genome sequence of goldfish
(Carassius auratus) is clear, and C. auratus is an edible and
ornamental fish that is relatively easy to raise. In this study, C.
auratus was used as the evaluation fish for the treatment of P.
anguilliseptica and A. veronii (Liu et al., 2024a; Xiao et al., 2025a).
IgY antibodies against live P. anguilliseptica (L-PA-IgY) or
inactivated P. anguilliseptica (I-PA-IgY) were prepared by
immunizing laying hens with live or inactivated P. anguilliseptica.
This is an economical process and allows for the production of large
quantities of IgY antibodies, which were then used for the passive
immunization of C. auratus, followed by challenge with P.
anguilliseptica or A. veronii. By comprehensively comparing the
differences between L-PA-IgY and I-PA-IgY in terms of the
immune protection rate, bacterial count in fish viscera,
antioxidant response, inflammatory response, histopathology of
visceral tissues, and cellular function (Figure 1), we provide
technical support for research on prophylactic multivalent passive
IgY vaccines.

2 Materials and methods
2.1 Bacterial strains and animals

Bacterial strains, including P. anguilliseptica MatS1, A. veronii
ATCC 35622, and Staphylococcus aureus ATCC 6538, were
preserved in the Microbiology Laboratory of Fuyang Normal
University, Anhui Province, China. Twenty-week-old laying hens
were purchased from Chongging Tengxin Biotechnology Co., Ltd.
(Chongging, China). C. auratus (20 = 1.0 g) individuals were
purchased from Fuyang Economic Fish Farming Co., Ltd.
(Fuyang, China). All animal experiments were conducted in
accordance with the “Guide for the Care and Use of Laboratory
Animals” and approved by the Institutional Animal Care and Use
Committee of Fuyang Normal University, China (No. 2024-
04-006).

Passive immune protection

of IgY antibodies Evaluation measures

immune protection rate
A kidney bacterial content
leukocyte phagocytosis
immune recognition
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2.2 Preparation of IgY antibodies

P. anguilliseptica was cultured in 600 mL of Luria-Bertani (LB)
liquid medium at 30°C overnight. Bacterial cells were collected via
centrifugation, and a portion of the cells was dissolved in a 1%
formaldehyde physiological saline solution and inactivated in an 80°
C water bath for 90 min to prepare inactivated bacteria. Then, the
bacteria were spread on LB solid medium and cultured overnight at
30°C. No bacteria grew on the plates, which proved that they were
inactivated. Both live or inactivated P. anguilliseptica [2 x 107
colony-forming unit (CFU)] (200 uL each) and 200 uL of normal
saline as a blank IgY antibody group (control) were intramuscularly
injected into laying hens. Immunization was performed three times,
with an interval of 14 days between each immunization. Eggs were
collected 35 days after immunization and stored at 4°C. After 35
days, the eggs were taken, the yolks separated, and an equal volume
of a phosphate-buffered saline (PBS) solution was added to the yolk
solution. While stirring, 3.5% of powdered PEG6000 was added,
mixed thoroughly, and centrifuged at 10,000 r/min for 20 min to
collect the supernatant. Then, while stirring, 8.5% of powdered
PEG6000 was continuously added to the supernatant, which was
then centrifuged, and the precipitate was collected. The precipitate
was dissolved in 10 mL of the PBS solution, and while stirring, 12%
of powdered PEG6000 was added. After another centrifugation, the
precipitate was dissolved in 2 mL of the PBS solution. The solution
was dialyzed in PBS at 4°C for 36 h. The main component of the
solution was IgY antibodies against live P. anguilliseptica (L-PA-
IgY) or inactivated P. anguilliseptica (I-PA-IgY), and the two IgY
antibodies were prepared (Xiao et al., 2025a). The purified
production of IgY antibodies was detected using the method of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The concentration of IgY antibody was adjusted to 2 pug/uL
using a bicinchoninic acid (BCA) protein analysis kit (Shanghai
Beyotime Biotech Co., Ltd., Shanghai, China).

2.3 1gY antibody titer detection

Enzyme-linked immunosorbent assay (ELISA) was used for IgY
titer detection as described previously (Xiao et al, 2024). P.
anguilliseptica was cultured in LB liquid medium at 30°C to an
ODgqo = 1.0. The bacteria were centrifuged and adjusted to ODggo =
1.0 with normal saline. The bacterial solution was then placed in a
96-well plate with 200 UL per well and coated overnight at 4°C. The
wells were washed three times with the PBS solution. A total of 200
UL of 5% skimmed milk was added to the wells to seal at 37°C for 2
h. Then, L-PA-IgY, I-PA-IgY, and the IgY (without bacterial
immunization) as a negative control (NE-C) were diluted in
multiples with the PBS solution (1:200, 1:400, 1:800, 1:1,600,
1:3,200, and 1:6,400). Each dilution gradient was repeated six
times. The wells were added with 200 UL of the IgY solution.
After incubation at 37°C for 2 h, the wells were washed three times
with the PBS solution. Furthermore, goat anti-IgY secondary
antibody (1:500) (Sanying Biotechnology Co., Ltd., Wuhan,
China) was added to the wells and incubated at 37°C for 1 h.
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After washing with PBS three times, the chromogenic solution was
added to the wells and incubated at 37°C for 15 min. Absorbance at
OD,5, was immediately read using a microplate reader (Bio-Rad,
Hercules, CA, USA).

2.4 Passive immunization with IgY antibody
and bacterial challenge

C. auratus individuals were divided into two groups: challenge
with P. anguilliseptica and A. veronii. Each group included a blank
IgY group as a nature control (NC), an L-PA-IgY group, and an I-
PA-IgY group, with 15 fish in each group. Each fish was
intraperitoneally injected with 20 uL of IgY antibodies (40ug).
According to the preliminary experiment, the median lethal dose
(LD50) of P. anguilliseptica was determined to be 8 x 10° CFU, and
that of A. veronii was 1 x 10° CFU. Two hours after IgY passive
immunization, the fish were intraperitoneally challenged with P.
anguilliseptica (8 x 10® CFU) and A. veronii (1 x 10° CFU). The
mortality of the fish was observed for 14 consecutive days. The RPS
was calculated using the following formula: RPS (%) = (1 —
[mortality rate in the experimental group %/mortality rate in the
control group %]) x 100 (Xiao et al.,, 2024).

2.5 Interaction between C. auratus serum
and bacteria

P. anguilliseptica and A. veronii were cultured in 300 mL of LB
liquid medium at 30°C to an ODgyy = 1.0. The bacteria were
centrifuged and adjusted to ODgop = 1.0 with normal saline. The
bacterial solution was then placed in a 96-well plate, with 200 puL per
well, and coated overnight at 4°C. The wells were washed three
times with a tris-buffered saline with tween-20 (TBST) solution for
10 min each time. A total of 200 uL of 5% skimmed milk was added
to the wells; then, the plate was sealed and incubated at 37°C for 2 h.
Meanwhile, C. auratus was passively immunized with L-PA-IgY, I-
PA-IgY, and blank IgY as a nature control (NC). Additionally, the
fish without IgY immunization or bacterial infection were used as a
negative control (NE-C). After 2 h of passive immunization with
IgY, C. auratus was challenged with P. anguilliseptica or A. veronii.
After 2 days, C. auratus serum was obtained from the tail vein.
Then, gradient dilutions (1:200, 1:400, 1:800, 1:1,600, 1:3,200, and
1:6,400) of C. auratus serum were sequentially added to the wells
and incubated at 37°C for 2h. Three wells were used per dilution,
and the experiment was repeated three times. After washing, rat
anti-fish IgM secondary antibody (1:400) (Sanying Biotechnology
Co., Ltd., Wuhan, China) was added to the wells and incubated at
37°C for lh. After washing with TBST, goat anti-rat tertiary
antibody (1:2,500) (Sanying Biotechnology Co., Ltd., Wuhan,
China) was added to the wells and incubated at 37°C for 1h.
After washing with TBST three times, the chromogenic solution
was added and incubated at 37°C for 15 min to terminate the
reaction. Absorbance at OD,s5, was immediately read using a
microplate reader (Bio-Rad, Hercules, CA, USA) (¥Xiao et al., 2024).
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2.6 Kidney bacterial content

The kidney count was used to evaluate the effect of IgY antibody
on bacterial clearance, as previously described (Xiao et al., 2025b).
Briefly, C. auratus individuals were divided into two groups:
challenge with P. anguilliseptica and A. veronii. Each group
included a blank IgY group as a nature control (NC), an L-PA-
IgY group, and an I-PA-IgY group, with 10 fish in each group.
Additionally, to detect bacterial contamination, the fish without IgY
immunization or bacterial challenge were taken as a negative
control group (NE-C). Each fish was intraperitoneally injected
with 20 pL of IgY antibodies (40ug). After 2 h, the fish were
intraperitoneally challenged with P. anguilliseptica (8 x 10° CFU)
and A. veronii (1 x 10° CFU). Six kidney tissues for each group were
taken from C. auratus under anesthesia on the second day after
being challenged with bacteria. For subsequent testing, 50 mg of
kidney per fish was weighed. After thoroughly grinding, the kidney
tissue was added to 200 UL of the physiological saline solution.
Then, the kidney homogenates were diluted in serial 10-fold
dilutions with the physiological saline solution, and 200 pL of
diluent was spread onto selective culture media for cultivation
overnight at 28°C. The selective culture medium that suppressed
the growth of background flora for P. anguilliseptica was
Pseudomonas CFC Selective Agar HB8689, and the selective
culture medium for A. veronii was Aeromonas Medium Base
(Ryan) Selective Agar HB7023 (Haibo Biotechnology Co., Ltd.,
Qingdao, China). The negative control group (NE-C) was used
fully nutritious culture medium (LB) to detect the contamination
status of bacteria in kidney tissues. Photographs were taken for a
medium plate, and the bacterial colony count was determined. The
dilution ratio of the kidney homogenates was reported as CFU
values exclusively from plates with 30-300 countable colonies.
Furthermore, five colonies were randomly selected from each
selective culture medium for expansion culture, and 16S rDNA
sequencing was performed by Sangon Biotech Co., Ltd. (Shanghai,
China) to identify bacterial species to exclude the growth of
background bacteria.

2.7 Leukocyte phagocytosis analysis

After passive immunization with IgY antibodies and challenge
for 2 days, six blood samples were taken from C. auratus under
anesthesia. S. aureus was transferred to 100 mL of LB liquid
medium and incubated overnight at 37°C with shaking. The
bacterial cells were then collected and dissolved in a 1%
formaldehyde saline solution, followed by inactivation in a water
bath at 80°C for 90 min. After the inactivation, the bacteria were
adjusted to an ODggo = 0.6 with normal saline. A mixture of 200uL
of anticoagulated blood and S. aureus suspension (1 x 10° CFU) was
prepared, incubated in a 25°C water bath for 60 min, and gently
inverted every 10 min to ensure thorough mixing. Blood smears
were then prepared. After methanol fixation, staining was
performed using a rapid Giemsa staining kit (Sangon Biotech Co.,
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Ltd., Shanghai, China), and observation and counting were
conducted under a microscope to calculate the phagocytic
percentage and phagocytic index. The calculation methods
were as follows. Phagocytic percentage (PP): number of cells
involved in phagocytosis among 100 phagocytic cells/100 x 100%.
Phagocytic index (PI): number of bacteria within phagocytic cells/
number of counted cells involved in phagocytosis x 100% (Xiao
et al., 2024).

2.8 Antioxidant factors and ROS analysis

Antioxidant factors and reactive oxygen species (ROS) were
assessed in C. auratus serum as described previously (Xiao et al.,
2025b). Briefly, on the second day of passive immunization with IgY
antibodies and bacterial challenge, six sera in each group were
obtained from the tail vein of C. auratus under anesthesia. The
group passively immunized with blank IgY was used as a nature
control (NC), and the group without IgY or bacteria was used as a
negative control (NE-C). The antioxidant factor levels of catalase
(CAT), glutathione peroxidase (GSH-Px), and superoxide
dismutase (SOD) were assessed in accordance with the
instructions provided in the detection kit (Nanjing Jiancheng
Bioengineering Institute Co., Ltd., Nanjing, China). Additionally,
the ROS of C. auratus serum was detected according to the kit
manufacturer’s instructions (Nanjing Jiancheng Bioengineering
Institute Co., Ltd., Nanjing, China).

2.9 Analysis of mMRNA expression of
inflammatory factors

Real-time fluorescence-based quantitative PCR (qRT-PCR) was
used to evaluate the expression of inflammatory factor mRNA, as
previously described (Xiao et al, 2024). Briefly, C. auratus
individuals were passively immunized with IgY antibodies and
challenged with P. anguilliseptica or A. veronii. The kidneys and
spleens of six C. auratus individuals for each group were collected
under anesthesia on the second day after challenge. The group
passively immunized with blank IgY was used as a nature control
(NC), and the group without IgY or bacteria was used as a negative
control (NE-C). The tissues were thoroughly ground with liquid
nitrogen, and RNA was extracted using an RNA extraction kit
(Sangon Biotech Co., Ltd., Shanghai, China). The RNA was then
converted to cDNA using a reverse transcription kit (Servicebio
Biotechnology Co., Ltd., Wuhan, China). QRT-PCR was performed
using the SYBR® Green Premix kit (Servicebio Biotechnology Co.,
Ltd., Wuhan, China) and synthesized primers (Supplementary
Table S1). The ACt (cycle threshold change) was determined by
comparing the Ct values of the factor genes with those of the
reference gene (gapdh), and then the AACt was determined by
comparing the ACt values of the experimental group with those of
the control group. Subsequently, mRNA expression was analyzed
using the 2~V formula.
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Survival rates of Carassius auratus challenged with pathogenic bacteria. Challenged with Pseudomonas anguilliseptica (A) and Aeromonas veronii (B). NC
represents C. auratus immunized with blank IgY antibody as the nature control. Each group consists of 15 fish. Many fish in the NC group died, and the
mortality of fish in both the experimental group and the NC group stabilized on the fourth day.

2.10 Histopathological analysis

Two days after passive immunization with IgY and bacterial
challenge, C. auratus kidney, spleen, and intestinal tissues were
obtained and immersed in Davidson’s fixative for 18 h and then
transferred to a 10% formaldehyde solution for fixation for more than
24 h. The tissues were then dehydrated in a gradually increasing
concentration gradient of ethanol (80%, 90%, 95%, and 100%),
followed by clearing in xylene. Afterward, the samples were
embedded in paraffin at 65°C to form paraffin blocks. The blocks
were then sectioned into 4-um-thick slices using a microtome, and the
slices were placed on adhesive slides and dried overnight at 37°C. The
slides were sequentially immersed in xylene and a gradient of
decreasing ethanol concentrations (100%, 95%, 80%, and 70%) to
dewax and rehydrate them. After rinsing with tap water, the sections
were stained with hematoxylin and eosin, dehydrated with ethanol, and
cleared with xylene. Finally, the slides were mounted with a neutral
resin. The structural integrity of the glomeruli and renal tubules in the
kidney tissue, along with the cellular compactness of the spleen tissue
and the structural changes in the mucosal layer cells of the intestine of
the six C. auratus individuals for each group, was observed under a
microscope (Leica, Wetzlar, Germany) (Xiao et al., 2025a).

2.11 Immunofluorescence analysis of tissue

The six prepared renal tissue sections for each group were
dewaxed in xylene, hydrated in a decreasing ethanol gradient
(100%, 95%, 80%, and 50%), and washed twice with phosphate
buffered saline with tween-20 (PBST). After permeabilizing the cells
with 1% Triton X-100, the slides were placed in a carbonate buffer
solution (CBS) solution and boiled for 2 min for antigen retrieval.
After natural cooling, the slides were immersed in 3% H,O,, washed
twice with PBST, and circled with an immunohistochemical pen
around the tissue. Then, 10 UL of a blocking solution (5% bovine
serum albumin) was added within the circle and incubated at room
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temperature for 1.5 h, followed by three washes with PBST. p53 or
YH2A.X antibodies (1:200) were added to the tissue section and
incubated at 37°C for 2 h. After PBST washing, a donkey anti-rabbit
(1:250) secondary antibody solution was added to the tissue section,
and the section was incubated at 37°C for 1 h. After PBST washing,
the nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI)
at room temperature for 10 min and washed three times with PBST;
the slides were mounted, and the expression of p53 and YH2A.X was
observed under a fluorescence microscope (Leica, Wetzlar,
Germany) (Xiao et al., 2024).

2.12 Statistical analysis

All the experimental data were expressed as mean + SD, and all
experiments were repeated at least three times. The significant
difference from the respective control in all experiments was
assessed by one-way analysis of variance (ANOVA) using the
software of Statistical Package for the Social Sciences 19.0 (SPSS
19.0). Values of p < 0.05 were considered statistically significant
(Dudley et al., 2004).

3 Results
3.1 Immune protection rate of IgY antibody

According to PEG6000 antibody purification technology, high-
purity L-PA-IgY and I-PA-IgY were obtained (Supplementary
Figure S1). The titer of L-PA-IgY and I-PA-IgY was 1:1,600 via
the ELISA method (Supplementary Figure S2).

C. auratus individuals were passively immunized with L-PA-
IgY or I-PA-IgY and then challenged with P. anguilliseptica and A.
veronii. The results showed that the mortality of the fish stabilized
after 4 days (Figure 2). The RPS values of live or inactivated
bacterial IgY antibodies against P. anguilliseptica were 66.67% (p
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Kidney bacterial count statistics of Carassius auratus. (A) Challenged with Pseudomonas anguilliseptica. (B) Challenged with Aeromonas veronii. (c)
Blank IgY group as a nature control (NC). (d) L-PA-1gY. (e) I-PA-IgY. (f) Negative control (the kidney of fish without IgY immunization or bacterial
attack). Data are presented as the mean + SD (n = 6). One-way ANOVA followed by Tukey's multiple comparison test was used to compare the

differences. Labels a—b indicate statistically different groups (p < 0.05).

< 0.05) and 73.33% (p < 0.05), respectively, and their RPS values
against A. veronii were 75.00% (p < 0.05) and 58.34% (p < 0.05),
respectively. Using SPSS 19.0 for the chi-square test, it was found
that there was no significant difference in RPS values (p > 0.05)
between L-PA-IgY and I-PA-IgY. It is evident that both L-PA-IgY
and I-PA-IgY possess passive immunoprotective effects.

3.2 Detection of the number of bacteria in
C. auratus kidneys

To determine the bacterial count within C. auratus, kidney
tissues from the fish were coated on LB medium on day 2 after
passive immunization with IgY and bacterial challenge. Compared
to those in the control group, the bacterial counts in both L-PA-IgY
and I-PA-IgY groups were reduced (p < 0.05) (Figure 3). This
indicates that L-PA-IgY and I-PA-IgY can reduce the number of
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bacteria in the kidneys, and the difference in effectiveness between
the two IgY antibodies is not significant.

3.3 Detection of phagocytic activity in
blood of C. auratus

To evaluate the phagocytosis of leukocytes, blood from C.
auratus individuals passively immunized with two types of IgY
antibodies and then challenged with bacteria was subjected to a
leukocyte phagocytosis assay. The blood smears are shown in
Supplementary Figure S3. The results showed that the
phagocytic percentage (PP%) and phagocytic index (PI%) of
leukocytes in the IgY groups increased (p < 0.05) (Table 1). This
indicates that both L-PA-IgY and I-PA-IgY can activate leukocyte
phagocytosis, with no significant difference between the two types
of antibodies.
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TABLE 1 The phagocytosis experiment of leukocytes conducted on
pathogenic bacteria in Carassius auratus blood.

Phagocytic
percentage
(PP%)

Phagocytic

Bacteria index (PI%)

Group (IgY)

Control 30.82 + 4.24° 124.84 + 6.32°
Challenge with
Pseudomonas L-PA-IgY 47.50 + 3.80% 146.04 + 8.53%
anguilliseptica
I-PA-IgY 54.20 + 9.66° 145.01 + 3.03%
Control 49.00 + 2.53" 100.53 + 8.68"
Challenge with
Aeromonas L-PA-IgY 65.33 £ 7.15° 165.00 + 35.16"
veronii
I-PA-IgY 53.00 + 2.65 134,56 + 10.12%

Data are presented as the mean + SD (n = 8). One-way ANOVA followed by Tukey’s multiple
comparison test was used to compare the differences. Labels a and b indicate statistically
different groups (p < 0.05).

3.4 Detection of antioxidant factors and
ROS in C. auratus serum

After passive immunization with two IgY antibodies and
pathogen challenge, C. auratus serum was collected for antioxidant
factor detection. In the negative control group (NE-C), antioxidant-
related factors (SOD, CAT, and GSH-Px) were the lowest compared
to those in other groups. Compared with those in the control group
(NC), the levels of most antioxidant-related factors (SOD, CAT, and
GSH-Px) were decreased (p < 0.05) in the L-PA-IgY and I-PA-IgY
groups (Figure 4). Additionally, after passive immunization with the
two IgY antibodies and challenge with P. anguilliseptica, the levels of
ROS in C. auratus serum were also decreased (p < 0.05) in the L-PA-

10.3389/fmars.2025.1655485

IgY and I-PA-IgY groups (Supplementary Table S2). These results
indicate that L-PA-IgY or I-PA-IgY immunization reduced oxidative
pressure due to pathogen suppression in fish, the reduced enzyme
activity likely results from lower ROS generation, and there is no
difference between the two IgY antibodies.

3.5 Detection of mMRNA expression of
inflammatory factors in C. auratus

After passive immunization of C. auratus individuals with L-
PA-IgY or I-PA-IgY and challenge with P. anguilliseptica and A.
veronii, their kidneys and spleens were collected to evaluate the
mRNA expression of inflammation-related factors (IL-6, IL-8,
TNF-0, and IL-1B). In the negative control group (NE-C), the
mRNA expression of inflammatory factors (IL-6, IL-8, TNF-c, and
IL-1B) was the lowest compared to that in other groups. Compared
with that in the control (NC) group, the mRNA expression of IL-6,
IL-8, TNF-0,, and IL-1P in the kidneys and spleens was reduced (p <
0.05) in the L-PA-IgY and I-PA-IgY groups (Figure 5). The results
indicate that L-PA-IgY and I-PA-IgY can reduce the inflammatory
response induced by P. anguilliseptica and A. veronii in C. auratus,
and the effects of the two IgY antibodies are not different.

3.6 In vitro interaction of C. auratus serum
with bacteria

To detect the in vitro interaction between C. auratus serum and
bacteria, the serum of C. auratus passively immunized with IgY and
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FIGURE 4

CAT, SOD, and GSH-Px contents in serum. Challenged with Pseudomonas anguilliseptica (A) and Aeromonas veronii (B). NC represents Carassius
auratus immunized with blank IgY antibody as the nature control. NE-C represents the negative control (fish without IgY immunization or bacterial
attack). Data are presented as the mean + SD (n = 6). One-way ANOVA followed by Tukey's multiple comparison test was used to compare the
differences. Labels a—c indicate statistically different groups (p < 0.05). CAT, catalase; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase.
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The interaction between bacteria and the serum of Carassius auratus immunized with IgY and challenged with Pseudomonas anguilliseptica or
Aeromonas veronii. Challenged with P. anguilliseptica (A) and A. veronii (B). NE-C represents the negative control. NC represents the blank IgY
group. Data are presented as the mean + SD (n = 6). One-way ANOVA followed by Tukey's multiple comparison test was used to compare the

differences.

post-challenge bacteria underwent an ELISA. The results showed
that the serum could bind to P. anguilliseptica and A. veronii in the
L-PA-IgY or I-PA-IgY group. Additionally, the absorbance
decreased with the increase in dilution of C. auratus serum, and
the recognition was assessed at a dilution of 1:6,400 (Figure 6).

3.7 Histopathological observation of C.
auratus viscus

An organ pathological section experiment was conducted to
evaluate the visceral damage in C. auratus after passive
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immunization with IgY antibodies and challenge with pathogenic
bacteria. The results showed that the renal tissue structure in the
control group (NC) was incomplete, with a higher degree of
atrophy and degeneration in the glomeruli and renal tubules;
the cellular density of the splenic tissue was reduced, and the
tissue structure was incomplete; the intestinal tissue structure
was loose, with atrophy and apoptosis observed in some areas
of the mucosal layer. The renal, splenic, and intestinal structures
in the L-PA-IgY, I-PA-IgY, and NE-C groups were more
intact compared to those in the NC group, with no
significant differences between the two types of IgY
antibodies (Figure 7).
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Pathological sections of kidney, spleen, and intestinal tissues of Carassius auratus (n = 6). Challenged with Pseudomonas anguilliseptica (A) and
Aeromonas veronii (B). NE-C represents the negative control. NC represents the blank IgY group.

3.8 Immunofluorescence analysis of C.
auratus kidneys

Immunofluorescence analysis was performed to evaluate the
apoptosis and DNA damage in C. auratus kidney cells. Red
represents p53 and YH2A X, and blue represents DAPI-stained
nuclei. In the negative control group (NE-C), the expression of
p53 and YH2A X was the lowest compared to that in other groups.
Compared to that in the control group (NC), the expression of p53
and YH2A X was reduced in the L-PA-IgY or I-PA-IgY group (p <
0.05) (Figure 8). The results indicate that passive immunization
with L-PA-IgY or I-PA-IgY can reduce apoptosis and DNA damage
in the kidney cells of C. auratus.

4 Discussion

The immune survival rate is a core indicator for evaluating
vaccine efficacy, directly reflecting the vaccine’s ability to elicit
protective immunity in the body (Feng et al., 2018). A high
survival rate indicates that the vaccine can significantly reduce the
risk of fatal infection, providing reliable protection for disease
prevention and control (Peralta et al, 1994; Peng et al, 2018).
The survival rate of Litopenaeus vannamei with acute
hepatopancreatic necrosis disease (AHPND) caused by V.
parahaemolyticus reached 87% when fed with anti-PirA IgY (p <
0.01) (Nakamura et al., 2019). The experiment showed that a dose
of 10 mg/kg of anti-Shigella IgY could reach an 80% survival rate in
mice (p < 0.01) (Felegary et al, 2024). To determine the optimal
time for bacterial challenge after IgY immunization in goldfish, in
preliminary experiments, goldfish individuals were immunized with
IgY (40 ng per fish) and subsequently challenged with P.
anguilliseptica at different time intervals (0.5, 1, 1.5, 2, 2.5, and 3
h). It was found that the immunoprotective effect of IgY was more
pronounced when the bacterial challenge was administered at 2 h
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post-immunization. Furthermore, it was found that the immune
activity of IgY can persist for more than 10 days in fish. In this
study, after passive immunization with L-PA-IgY or I-PA-IgY in C.
auratus and challenge with pathogenic bacteria, it was found that
the two IgY antibodies could provide passive immunoprotective
efficiency against different bacterial species. Therefore, L-PA-IgY
and I-PA-IgY have the potential to be candidates for multivalent
vaccines in fish.

Non-specific immune indicators reflect the overall function of
an animal’s immune system. These indicators can reveal the
regulatory effects of vaccines on the overall immune status of the
organism (Netea et al., 2019). The evaluation criteria include white
blood cell count, detection of immune-active factors, bacterial
techniques in visceral tissues, and in vitro interactions between
antibodies and bacteria (Zhang et al., 2024a). The experiment
prepared specific IgY antibodies based on the outer membrane
proteins (OMPs) of V. parahaemolyticus. In vitro experiments
confirmed that this IgY antibody selectively inhibits the growth of
V. parahaemolyticus. In vivo feeding with IgY significantly reduced
the bacterial load in the muscle of infected shrimp compared to the
non-specific IgY group (Hu et al., 2019). In this study, a specific
antibody against the outer membrane proteins of Pseudomonas
fluorescens was prepared. Through in vitro experiments, they found
that the bacterial count in the kidneys of C. auratus was significantly
lower in the IgY antibody group compared to the control group
(blank IgY group) (p < 0.05) (Liu et al, 2023). In addition, IgY
antibodies against A. hydrophila were prepared. After passively
immunizing blunt snout bream (Megalobrama amblycephala) and
challenging them with the pathogen, they found that IgY antibodies
not only inhibited the proliferation of the pathogen but also
significantly enhanced the host’s immune clearance capability by
activating the phagocytic activity of macrophages (Qin et al., 2018).
Studies have found that IgY targeting Pseudomonas aeruginosa can
opsonize the pathogen and enhance the respiratory burst mediated
by polymorphonuclear neutrophils and subsequent in vitro
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Immunofluorescence analysis of p53 and YH2A.X proteins in the kidney of Carassius auratus. Challenged with Pseudomonas anguilliseptica (A) and
Aeromonas veronii (B). Red represents p53 and YH2A.X, and blue represents DAPI-stained nuclei. NE-C represents the negative control. NC
represents the blank IgY group. Data are presented as the mean + SD (n = 6). One-way ANOVA followed by Tukey's multiple comparison test was

used to compare the differences.

bacterial killing, thereby enhancing innate immunity against P.
aeruginosa in a non-chronic infection cystic fibrosis environment
(Thomsen et al., 2016). A specific IgY antibody against the outer
membrane proteins of A. hydrophila was prepared, and ELISA
experimental results showed that the serum of C. auratus passively
immunized with IgY antibodies and challenged bacteria still
exhibited specific binding with the bacteria at a dilution of
1:3,200 (Liu et al, 2024a). In this experiment, IgY passive
immunization of C. auratus was performed, followed by bacterial
infection challenge, after which kidney bacterial count and cellular
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phagocytosis assays were conducted. The results showed a
significant decrease in the kidney bacterial count of C. auratus (p
< 0.05) and a significant increase in both the phagocytic index and
phagocytic percentage of cells in the blood of C. auratus (p < 0.05).
ELISA results indicated that there was still an interaction between
the serum of C. auratus and the bacterial cells at a dilution of
1:6,400. The above results demonstrate that L-PA-IgY and I-PA-IgY
can significantly enhance the innate immune response of C.
auratus, thereby improving its defense capability against
exogenous pathogen invasion.
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Antioxidant enzymes are key enzymes in organisms that
scavenge free radicals and maintain the redox balance, and their
activity changes are closely related to the health, diseases, and
environmental adaptation of the organism (Zhong et al.,, 2022).
Antioxidant factors include SOD, CAT, GSH-Px, and
malondialdehyde (MDA) (Jomova et al, 2024). Inflammatory
factors are key mediators in the immune system that regulate
inflammatory responses, and they can be classified into pro- and
anti-inflammatory factors based on their functions. Pro-
inflammatory factors include IL-6, IL-8, IL-1f, and TNF-o., while
anti-inflammatory factors include IL-10, TGF-, and IL-1Ra (Kim
et al.,, 2022; Chen et al., 2024). The balance between the two is a
critical point in disease prevention and treatment. The results
showed that the expression levels of SOD, CAT, and GSH-Px
were significantly decreased (p < 0.05), and the expression levels
of pro-inflammatory cytokines IL-6, IL-8, IL-1f3, and TNF-o. were
also significantly decreased (p < 0.05) in the kidney and spleen of C.
auratus immunized with live and inactivated V. fluvialis IgY
antibodies (Liu et al, 2024b). The specific IgY antibody was
prepared and passively fed to tilapia (Oreochromis niloticus) for
10 consecutive days, followed by a challenge with Streptococcus
agalactiae. The results showed that the specific IgY antibody could
reduce the apoptosis of intestinal epithelial cells and decrease
caspase activity in tilapia; meanwhile, the MDA content was
reduced. Additionally, the specific IgY antibody also
downregulated the expression levels of IL-8 and TNF-o genes
and upregulated the expression levels of IL-10 and TGF- (Zhang
et al., 2024b). Adding different concentrations of Bacillus
licheniformis (BL) to broiler feed resulted in a significant increase
in serum IL-10 levels in the BL-supplemented group, while IL-1f,
TNF-a, and IL-2 levels decreased (Qin et al., 2024). Additionally,
BL supplementation significantly enhanced the total antioxidant
capacity in the serum. In this study, after passive immunization
with IgY antibodies and bacterial challenge, the levels of most
antioxidant-related factors (SOD, CAT, and GSH-Px)and ROS in
the serum of C. auratus were significantly reduced (p < 0.05). This
indicates that reduced SOD, CAT, and GSH-Px levels are more
straightforwardly explained by decreased demand for these
enzymes due to lower ROS (possibly from reduced pathogen
load), maintaining stable oxidative reactions. In addition, the
expression levels of pro-inflammatory factors in C. auratus
kidney and spleen tissues were detected, and the mRNA
expression of IL-1B, TNF-o, IL-6, and IL-8 was significantly
decreased (p < 0.05), indicating that the pathogen’s ability to
attack C. auratus was weakened, further confirming the anti-
inflammatory effect of IgY antibodies. Therefore, L-PA-IgY and I-
PA-IgY have antioxidant and anti-inflammatory effects in fish.

Histopathological section experiments revealed changes in
tissue morphology and structure to identify the location and
extent of the damage (Jiang et al, 2023). Immunofluorescence
experiments utilized specific antibodies to label target proteins,
precisely locating the expression distribution and abundance of
signaling molecules in tissues, revealing DNA damage and cell
apoptosis (Tan et al, 2020). Highly purified IgY antibodies of
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nervous necrosis virus (NNV) or non-specific IgY were added to
the feed of mandarin fish, followed by artificial infection with NNV.
Histopathological analysis revealed vacuolar lesions in the brain
tissue of mandarin fish in the non-specific IgY group, while only
slight vacuolation was observed in the brain tissue of the NNV IgY
group (Liang et al., 2024). After intraperitoneal injection of the
outer membrane vesicles (OMVs) of Porphyromonas gingivalis into
adult zebrafish, coagulation, edema, and sponge-like proliferation
were observed in the brain tissue of zebrafish (Adewoyin et al,
2024). Furthermore, proteins p53 and YH2A.X are often used as
indicators of cell apoptosis and DNA damage, respectively. The p53
protein signaling pathway can regulate multiple downstream target
genes to participate in apoptosis, autophagy, DNA repair, and cell
cycle arrest. The p53 activates pro-apoptotic genes such as Bcl-2-
associated X protein (Bax) and cysteine-dependent aspartate-
specific protease-3 (Caspase-3), inducing the cell apoptosis
pathway (Moshrefi et al., 2017). Additionally, p53 binds to DNA
replication protein A (RPA), halting the DNA replication process,
which results in cell cycle arrest at the G1 phase, thereby inducing
apoptosis (Dutta et al., 1993). YH2A X is a histone variant, and the
phosphorylation of histone H2A.X into YH2A.X is a crucial early
event in the DNA damage response, marking DNA damage sites
and initiating repair processes (Xu et al., 2024). After injecting the
aging inducer into mice, the levels of YH2A.X, p53, and p2l
significantly increased in their bodies (Kumar et al., 2024).
Experiments had shown that fatty acid amide hydrolase has a
protective effect on mice with kidney injury, and the results
showed that the expression levels of p53 and p21 were reduced in
the kidney tissues of the mice (Chen et al., 2025). Protein, DNA, and
IgY vaccines for the outer membrane protein VF14355 of V.
fluvialis were prepared and used to passively immunize C.
auratus, which were subsequently challenged with V. fluvialis and
A. hydrophila. The results showed that apoptosis factor p53 and
DNA damage factor YH2A.X were significantly reduced (p < 0.05)
in the kidney tissues (Xiao et al., 2025b). Histopathological
experiments revealed that the organ structures remained intact. In
this study, passive immunization with L-PA-IgY and I-PA-IgY can
maintain the integrity of visceral tissues and decrease the expression
of p53 and YH2A.X to resist bacterial challenge in fish. These
findings indicate that L-PA-IgY and I-PA-IgY not only protect
the morphological integrity of the organs but also effectively reduce
the apoptosis and DNA damage caused by pathogenic bacteria.
Additionally, in this study, the live or inactivated P.
anguilliseptica IgY antibody had passive cross-protection abilities
against A. veronii infection in fish. Nevertheless, the underlying
mechanisms remain underexplored. Liu et al. [24] found that the
IgY of outer membrane proteins (PF1380 and ExbB) of P.
fluorescens has a passive cross-protection ability against A.
hydrophila in goldfish, and they showed that the two proteins
may exist as cross-antigens or conserved epitopes corresponding
to the proteins of A. hydrophila. Additionally, some research found
that live or inactivated V. fluvialis had passive cross-protection
abilities against A. hydrophila infection in fish. There may be
structurally similar epitopes between V. fluvialis and A.
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hydrophila to generate passive cross-protection abilities against A.
hydrophila in fish [23,28]. Thus, it is possible that cross-antigens or
similar epitopes exist between P. anguilliseptica and A. veronii in
this research.

5 Conclusion

PA-IgY and I-PA-IgY antibodies were prepared. Prophylactic
passive immune protection assessment was achieved by
immunizing C. auratus with the two IgY antibodies and
subsequently challenging the fish with pathogenic bacteria. The
two IgY antibodies exhibited passive immune protection against
pathogenic bacterial infection. Additionally, there is a mutual
recognition interaction between C. auratus serum and bacteria,
the phagocytic activity of leukocytes was enhanced, and the
bacterial load in the kidneys was reduced. Furthermore, the
expression of inflammatory and antioxidant factors decreased,
and the tissue structures of the kidney, spleen, and intestine
remained intact. The apoptosis and DNA damage in renal cells
were also reduced. These results indicate that L-PA-IgY and I-PA-
IgY demonstrate passive immunoprotective effects against multiple
bacterial infections, with no significant differences between the two.
Moreover, inactivated bacteria immunity in laying hens is in line
with animal welfare standards, and I-PA-IgY is suitable for use as a
multivalent prophylactic passive immunization vaccine against
multiple bacterial infections in fish.
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