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Asbract

Ctenopharyngodon idella (C. idella), a freshwater species of significant ecological and economic
value, plays a vital role in aquaculture and aquatic ecosystem management. However, bacterial
pathogens such as Aeromonas veronii (A. veronii) represent a major threat to fish survival,
biodiversity, and sustainable aquaculture production. The current research assessed the protective
potential of a monovalent oral vaccine formulated against A. veronii in grass carp (C. idella).
Experimental feeds were formulated by two delivery methods: spraying and incorporation with
either fish oil or mineral oil, included as adjuvants (10%). Healthy fingerlings (20 = 5 g) were
randomly assigned to five dietary groups: spray vaccine + mineral oil (SV-MO), incorporated
vaccine + mineral oil (IV-MO), spray vaccine + fish oil (SV-FO), incorporated vaccine + fish oil
(IV-FO), and unvaccinated control (C). The feeding trial lasted 60 days. After 56 days of dietary
vaccination, vaccinated fish demonstrated markedly (p < 0.05) improved growth, antioxidant
capacity, serum biochemical profiles (including total protein, albumin, and globulin) and
immunological responses (lysozyme activity and antibody agglutination) relative to the control
group. The dietary group IV-FO achieved the highest growth performance (12.7 + 0.15% g) and
exhibited superior immune responses relative to other treatments. Challenge with live A. veronii
demonstrated that IV-FO provided the greatest protection (87%), with only 13% mortality and a
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relative percent survival (RPS) of 85%. Protection rates were comparatively lower in SV-FO (67%,
RPS 62%), SV-MO (67%, RPS 62%), and IV-MO (54%, RPS 70%), while the control group
displayed minimal protection (14%) with 86% mortality. The findings indicate that oral delivery
of vaccines, particularly via incorporation with fish oil, provides an effective strategy to enhance
fish resilience against bacterial infection. Fish oil acted as an immunomodulatory adjuvant that
strengthened antibody production, balanced oxidative stress, and improved mucosal defense,
whereas mineral oil mainly stabilized the antigen and prolonged its immune-stimulating effect.
These differences explain the superior vaccine performance observed in the incorporated fish-oil
formulation (IV-FO). By improving fish health and reducing disease-induced mortality, this
approach supports sustainable aquaculture practices while contributing to biodiversity
conservation in freshwater ecosystems.
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Introduction

Grass carp (C. idella) is the most extensively produced freshwater fish species globally,
representing nearly 16% of total freshwater aquaculture output. It serves as a key economic
species, particularly in China and several other Asian countries, where it is intensively farmed.
However, with the rapid expansion of the grass carp industry, outbreaks of motile Aeromonas
septicemia (MAS) caused by Aeromonas spp. have become increasingly problematic (50-90
percent mortalities in uncontrolled conditions) in recent years (Rasmussen-Ivey et al., 2016).
Fish diseases caused by bacterial infections are among the most critical challenges in aquaculture,
leading to considerable economic losses through high rates of mortality and morbidity. Intensive
fish farming practices, characterized by high stocking densities, facilitate the transmission and
proliferation of pathogenic bacteria, thereby triggering large-scale outbreaks (Rohani et al., 2022).
Among these pathogens, motile species of the genus Aeromomnas are the most commonly
encountered, producing acute and chronic infections associated with severe mortalities and
economic impacts in numerous cold- and warm-water fish species (Paul et al., 2015; Ullah et al.,
2023). The Gram-negative, rod-shaped bacterium A4. veronii is often isolated from aquaculture
species. (Singh et al., 2012). It is responsible for bacterial hemorrhagic septicemia (BHS), motile
Aeromonas septicemia (MAS), and epizootic ulcerative syndrome (EUS) in freshwater species.
Typical clinical manifestations include ulcerative skin lesions, abdominal distension,
exophthalmia, hemorrhagic septicemia, and fin rot (Rahman et al., 2004; Cui et al., 2007).
Traditionally, antibiotics have been widely applied to control bacterial diseases in aquaculture

(Assane et al., 2019). However, the rapid emergence of antimicrobial resistance is undermining
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their effectiveness (Amal & Zamri-Saad, 2011; Monir et al., 2020). The accumulation of antibiotic
residues and the spread of resistant bacteria through trophic pathways threaten public health and
ecological safety (Watts et al., 2017). Consequently, vaccination has emerged as an eco-friendly
and effective strategy for mitigating bacterial diseases in aquaculture (Assefa & Abunna, 2018).
Based on preparation strategies, aquaculture vaccines can be grouped into live attenuated,
inactivated, subunit, and nucleic acid vaccines (Wang et al., 2020). Among these, inactivated
vaccines are particularly valued due to their safety, strong immunogenicity, and ability to induce
protective responses (Farias et al., 2020). Despite these benefits, effective inactivated vaccines
against many bacterial fish pathogens remain scarce, and the development of stable vaccines for
non-culturable pathogens continues to present significant challenges. Only a few studies in recent
years have investigated inactivated vaccines against A. veronii, underscoring the need for further
exploration and evaluation of their protective efficacy (Matsuura et al., 2019).

Vaccines in aquaculture are commonly delivered through injection, immersion, or oral routes.
While injection and immersion methods can be effective, they are impractical for large-scale
farming due to high costs and labor demands (Ismail et al., 2016). Oral vaccination, particularly
through feed-based formulations, offers a more feasible alternative as it is cost-effective, less
labor-intensive, and capable of eliciting both mucosal and systemic immunity (Firdaus-Nawi et
al., 2014; Han et al., 2018). The inclusion of adjuvants is critical for enhancing the immunogenicity
of oral vaccines. Adjuvants act by potentiating immune responses and improving antigen
recognition (Aucouturier et al., 2001). Fish oil, in particular, has been shown to modulate immune
function by improving survival under inflammatory conditions and reducing acute and chronic
inflammatory responses. Its application in clinical and experimental contexts suggests beneficial
roles in managing inflammation and enhancing immune outcomes (Calder, 1998).

The present study aimed to develop a cost-effective oral vaccine against A. veronii for carp species,
as this pathogen is a major cause of mortality and financial losses in aquaculture. In many
developing countries, injectable vaccines face practical barriers such as limited technical expertise
and high labor costs. Therefore, this research focused on designing an efficient feed-based vaccine,
incorporating suitable adjuvants, to provide a practical and sustainable solution for disease
prevention in carp aquaculture.

Material and methods

Ethical approval
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This study was approved by the Institutional Ethics Committee of the University of Veterinary and
Animal Sciences (UVAS), Lahore, Pakistan (Approval No. dr/486; dated 15 November 2023).
Bacterial recovery

The bacterial strain used for vaccine preparation, A. veronii (AV-201022), was initially isolated
from diseased carps. was derived from a previously characterized A. veronii strain (AV-201022),
originally isolated from naturally infected carps. The strain is deposited in the NCBI GenBank
(accession no. NR-118947.1) and preserved at UVAS, Lahore (Mubeen et al., 2025a). The isolate’s
identity was reconfirmed through conventional morphological, physiological, and biochemical
profiling (Bowman et al., 2005; Mahmood et al., 2024). For molecular confirmation, the 16S rRNA
gene was amplified using the universal primer pair 27F (5'-AGAGTTTGATCATGGCTCAG-3')
and 1492R (5'-GGTTACCTTGTTACGACTT-3") (Manzoor et al., 2023). Sequence analysis
indicated 98.43—100% homology with 4. veronii reference sequences (Queipo-Ortuiio et al., 2008;
Sughra et al., 2021).

Vaccine Formulation

For vaccine preparation, frozen bacterial stocks were streaked with 100 pL on tryptic soy agar
(TSA; Sigma-Aldrich®, Switzerland) and incubated at 30 °C for 24 h. A single colony was then
inoculated into 5 mL of tryptic soy broth (TSB; Sigma-Aldrich®, Switzerland) and cultured for an
additional 24 h at 30 °C (Legario et al., 2020). This primary inoculum was transferred to two 500
mL TSB flasks and incubated for 24 h at 30 °C with orbital shaking at 150 rpm. Bacterial cells
were harvested at 5000 rpm, washed with sterile 0.9% (w/v) saline and adjusted to 3.3 x 10°
CFU/mL corresponding to ODgoo = 0.67 (Argayosa et al., 2024). Inactivation was performed with
1% (v/v) formalin, followed by repeated washing to ensure removal of residual formalin. Sterility
was confirmed by in vitro culture tests (Sughra et al., 2021). Fish oil (Nutrifactor Laboratories Pvt.
Ltd., Pakistan) and mineral oil (Montanide ISA 201 VG, Thermo Fisher Scientific, Waltham, MA,
USA) were used as adjuvants, each added at a concentration of 10% (Mubeen et al., 2025b).
Vaccine-formulated feed

A commercial powdered feed containing 30% crude protein (Hi-Tech Feeds Mill Pvt. Ltd., Lahore,
Pakistan) served as the basal diet. The inactivated bacterial suspension was mixed into the feed at
a ratio of 1 L/kg, providing an estimated concentration of 10° cells/g (Monir et al., 2020). The
prepared mixture was then pelletized using a mini-pelleting machine (GEMCO Model ZLSP150).

Experimental fish and design
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Two hundred clinically healthy grass carp (C. idella; 20 = 5 g) were obtained from the UVAS Fish
Farm, Ravi Campus, Pattoki. Fish were acclimatized for 15 days on a commercial diet before the
experiment. After acclimation, fish were randomly distributed into five groups with two replicates
each: (i) spray vaccine + mineral oil (SV-MO), (ii) incorporated vaccine + mineral oil (IV-MO),
ii1) spray vaccine + fish oil (SV-FO), iv) incorporated vaccine + fish oil (IV-FO) and v)
unvaccinated control (C). Fish were fed their assigned diets at 3% of body weight, twice daily, for
a period of 2 months (Table 1 & Fig. 1).

Table 1. Experimental treatment groups of spray- and incorporation-based vaccine feeds

Treatment 1 Treatment 2 Treatment 3 Treatment 4 Treatment 5

Control Spray vaccine + Incorporated Spray vaccine + Incorporated
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Figure 1. Schematic representation of experimental design for oral immunization of grass carp against A.
Veronii.

Feed quality tests
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Before starting the trial, the experimental diets were subjected to proximate composition analysis
for both feed and fish according to AOAC (2016). Palatability was examined following Dong et
al. (2016), while diet safety was assessed as outlined by Abu-Nor et al. (2020). Additionally, the
water stability of the prepared pellets was evaluated by Obaldo et al. (2002).
Growth performance
Growth indices including net weight gain (NWG), specific growth rate (SGR), and feed conversion
ratio (FCR) were recorded at the end of the trial as described by Salas-Leiton et al. (2010).
Serum sampling
Blood was collected from ten randomly selected fish per treatment group, with two fish processed
simultaneously. Blood samples were centrifuged at 6000 rpm for 20 min and the collected serum
were preserved at —20 °C until subsequent analyses (Kaur et al., 2020).
Biochemical analysis

Serum biochemical indicators including total protein, albumin, and globulin were measured. Total
protein levels were determined using the Biuret method (Reinhold, 1953), while albumin was
quantified through the bromocresol green dye-binding method (Doumas et al., 1971), with
absorbance recorded at 630 nm using a spectrophotometer. Globulin concentration was obtained
by subtracting albumin values from total protein.
Determination of antioxidant activity
The activities of key antioxidant enzymes glutathione peroxidase (GPx), catalase (CAT), and
superoxide dismutase (SOD) were determined following standard methods (Wendel, 1981; Aebi,
1984; Sun et al., 1988).
Immunological parameters
Immunological parameters were analyzed such as agglutination antibody titer test following the
protocol of Swain et al. (2007) and serum lysozyme activity test followed by Ruckenstein & Zeng
(1997).
Challenge test
To assess protective efficacy, fifteen fish from each group were intraperitoneally injected with 0.1
mL of 4. veronii suspension (3.3 x 10° CFU/mL), following Argayosa et al. (2024). Mortality was
monitored for 14 days post-challenge, and relative percent survival (RPS) was calculated using the
formula proposed by Amend (1981):

RPS =1 — [(vaccinated fish mortality %age) + (control fish mortality%age)] x 100
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Statistical analysis

Values are presented as mean = SD. Normal distribution of data was assessed using the Shapiro—
Wilk test, and variance equality was checked via Levene’s test. Non-parametric statistics were
applied using the Kruskal-Wallis test. A one-way ANOVA based on a completely randomized
design (CRD) was applied to identify treatment effects, followed by Duncan’s Multiple Range
Test (DMRT) for multiple comparisons where applicable. All statistical procedures were carried
out in SPSS version 20.0, considering p < 0.05 as statistically significant (Duncan, 1955).
Results

Vaccinated feed quality

Feed quality assessment revealed that stability values were significantly higher (p < 0.05) in all
vaccinated groups compared with the control. Palatability, measured through ingestion ratio, was
also markedly improved in vaccinated groups, with the incorporated vaccine containing fish oil
(IV-FO) showing the highest acceptance among fish. Following one week of feeding,
microbiological examination of fish organs (gills, intestine, and mouth) was performed by
swabbing and culturing on TSA plates. No bacterial growth was observed in any sample after 24
h incubation at 30 °C (Table 2).

Table 2. Water stability and feed palatability of control and vaccinated diets

Parameters Treatment diets

C SV-MO IV-MO SV-FO IV-FO
Stability (%) 72.0+1.41°¢ 73.1£0.07¢ 75.2+0.64° 76.0£0.71°  82.0+2.122
Palatability 0.45+0.02°¢ 0.48+0.014 0.54+0.02°¢ 0.63+0.02° 0.84+0.01°

Control (C); spray vaccine + mineral oil (SV-MO), incorporated vaccine + mineral oil (IV-MO),
spray vaccine + fish oil (SV-FO), incorporated vaccine + fish oil (IV-FO). Results are shown as
mean values £ SD, with n = 2 fish per group. One-way ANOVA was applied to determine
statistical differences, and significance was accepted at p < 0.05. Groups with different superscript

letters differ significantly.

Proximate analysis of feed

Feed proximate results revealed that crude protein was significantly evaluated (p < 0.05) in group
IV-FO in comparison to the sprayed vaccinated and the control diet. Additionally, the crude fat
content exhibited an increased level in the vaccinated diets than the control diet (Table 3).

Table 3. Proximate compositions of treatment diets
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Parameters Treatment diets

C SV-MO IV-MO SV-FO IV-FO
Crude protein (%) 30.2+0.21°¢  32.2+0.21° 32.840.15*  31.60+0.84° 33.30+0.49°
Crude lipid (%) 4.20+0.28°  5.7+0.01° 5.6£0.01°  6.00£0.28*  5.25+0.77°
Moisture (%) 8.1+0.02% 8.3+0.02% 8.2+0.02% 8.4+0.01% 8.5+£0.01°
Ash (%) 10.1+0.14%  12.2+0.02° 12.1+0.01°¢ 12.840.13%  13.4+0.01?

Control (C); spray vaccine + mineral oil (SV-MO), incorporated vaccine + mineral oil (IV-MO), spray
vaccine + fish oil (SV-FO), incorporated vaccine + fish oil (IV-FO). Results are shown as mean values +
SD, with n = 2 fish per group. One-way ANOVA was applied to determine statistical differences, and
significance was accepted at p < 0.05. Groups with different superscript letters differ significantly.

Proximate compositions of experimental fish

Proximate compositions of the experimental fish indicated significant variation in crude protein
content between vaccinated and control groups. All vaccinated groups showed elevated crude
protein levels compared with the control, with the IV-FO group exhibiting the highest value (25.5
+ 2.80%, p < 0.05). The dietary treatments ranked in descending order for crude protein content
as follows: IV-FO (25.5 £ 2.80) > SV-FO (24.1 £ 1.05) > IV-MO (22.0 £ 0.62) > SV-MO (20.5 +
2.40) > Control (16.8 + 0.45) (Table 4).

Table 4. Proximate compositions of experimental fish

Parameters Experimental fish groups

C SV-MO IV-MO SV-FO IV-FO
Crude protein (%) 16.8£0.45° 20.5+2.40* 22.0+0.62%° 24.1£1.05® 25.5+2.80°
Crude lipid (%) 2.1+£0.70® 2.5+0.35% 1.5+£0.78° 2.6+0.82® 28+0.16
Moisture (%) 12£0.04*  1.3+0.06° 1.1£0.10>0 12+0.09 1.2+0.06°
Ash (%) 76.8+0.70° 762 +0.72° 789 +0.50® 77.4+0.52> 79.8 + 0.45%

Control (C); spray vaccine + mineral oil (SV-MO), incorporated vaccine + mineral oil (IV-MO), spray
vaccine + fish oil (SV-FO), incorporated vaccine + fish oil (IV-FO). Results are shown as mean values +
SD, with n = 2 fish per group. One-way ANOVA was applied to determine statistical differences, and
significance was accepted at p < 0.05. Groups with different superscript letters differ significantly.

Growth performance

The growth performance of fish fed with vaccinated feed was significantly better growth
performance. The SGR significantly (p < 0.05) elevated during the 2-month trial in the vaccinated
group [V-FO, which also showed the lowest FCR (1.16) (Table 5).
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Table 5. Growth performance of vaccinated and control diets.

Parameters Treatment diets

C SV-MO IV-MO SV-FO IV-FO
NWG (g) 4.6+0.14° 7.5+0.07¢ 9.7+0.05¢ 10.4+0.21° 12.7+0.15%
SGR (%) 0.42+0.01°  0.64+0.01¢ 0.79+0.01¢ 0.83+0.02° 1.45+0.06*
FCR 1.04+0.012 1.17+0.02° 1.16+0.02° 1.16+0.04° 1.12+0.01°

Control (C); spray vaccine + mineral oil (SV-MO), incorporated vaccine + mineral oil (IV-MO), spray
vaccine + fish oil (SV-FO), incorporated vaccine + fish oil (IV-FO). Net weight gain (NWG); Specific
growth rate (SGR); Feed conversion ratio (FCR). Results are shown as mean values + SD, with n = 2 fish
per group. One-way ANOVA was applied to determine statistical differences, and significance was

accepted at p < 0.05. Groups with different superscript letters differ significantly.

Biochemical analysis

A serum total protein, albumin, and globulin test was performed on day 14" 28" 42" and 56™.

All treatment groups showed higher levels of total protein than the control (Fig. 2). The IV-FO

group had a significantly (P < 0.05) greater total protein value than the SV-FO group at day 56.

The control group recorded the lowest value. Similarly, the treatment groups' albumin and globulin

contents were considerably (P < 0.05) greater than the control.
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Figure 2. Graphical representation of biochemical analysis of C. idella. Results are shown as mean values
+ SD, with n =2 fish per group. Statistical differences were assessed by one-way ANOVA and differences
between groups were considered significant when denoted by distinct superscript letters (p < 0.05).
Antioxidant enzyme activity

Antioxidant activity (SOD, GR, GPx, GST, CAT) was performed on days 14", 28", 42" and 56™.
All treatment groups showed higher levels of SOD, GR, GPx, GST, and CAT compared to the
control (Fig. 3). The group IV-FO had a significantly (P < 0.05) greater SOD, GR, GPx, GST, and
CAT level than the SV-FO group at day 56. The control group recorded the lowest value of SOD,
GR, GPx, GST, and CAT.
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Figure 3. Graphical representation of antioxidant activity of C. idella. Results are shown as mean values +
SD, with n =2 fish per group. Statistical differences were assessed using one-way ANOVA, and differences
between groups were considered significant when denoted by distinct superscript letters (p < 0.05).
Agglutination antibody titer test

An antibody titer test conducted on day 141, 28 42 and 56 revealed a progressive increase in
mean antibody titer values over time. Vaccination diets exhibited significantly higher (p < 0.05)
than to the control diet. Notably, the IV-FO group demonstrated the highest mean agglutination
antibody titer value of 0.71 in C. idella, surpassing other vaccinated diets (Fig. 4).
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Figure 4. Graphical representation of the agglutination mean antibody titer of C. idella. Values
are presented as mean + SD, with n = 2 fish per group. Statistical differences were assessed using
one-way ANOVA, and differences between groups were considered significant when denoted by
distinct superscript letters (p < 0.05).

Serum lysozyme activity

A lysozyme activity test was performed on days 14" 28" 42™ and 56™. The mean lysozyme
activity values exhibited a gradual increase from 14™ to 56'" days. Lysozyme activity was notably
higher (p < 0.05) in fish receiving vaccinated diets than in the control group. The incorporated
vaccination diet differed significantly from the spray vaccination diet. When comparing diet IV-

FO to the control, C. idella exhibited the highest mean lysozyme activity values (5760) within this
group (Fig. 5).
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Figure 5. Graphical representation of the lysozyme activity of C. idella. Values are presented as mean =+
SD, with n = 2 fish per group. Statistical differences were evaluated using one-way ANOVA, and
differences between groups were considered significant when denoted by distinct superscript letters (p <
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Relative percentage survival rate

Fish were challenged with live A. veronii at 56 days post-vaccination and monitored for two weeks
to record clinical signs such as dropsy, mortality, and other disease manifestations. On the 14th
day post-challenge, the incorporated fish-oil vaccine group (IV-FO) exhibited the lowest mortality
(13%), followed by SV-MO and SV-FO (33% each), and IV-MO (46%), and the control group
recorded the highest mortality rate (86%) (Table 6).

Days

Table 6. Relative percentage survival rate of C. idella

chb

i

uC

m SV-MO

®[V-MO
SV-FO
IV-FO

Treatments Protection Mortality RPS
Total fish No. of dead

(%) (%) (%)
C 15 13 14 86 ---
SV-MO 15 5 67 33 62
IV-MO 15 9 54 46 70
SV-FO 15 5 67 33 62
IV-FO 15 2 87 13 85

Control (C); spray vaccine + mineral oil (SV-MO), incorporated vaccine + mineral oil (IV-MO), spray
vaccine + fish oil (SV-FO), incorporated vaccine + fish oil (IV-FO); Relative percentage survival rate

(RPS).
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Table 7. Comparative summary of growth, biochemical, immune, and survival responses of grass carp fed

oral vaccines prepared with different adjuvants.

Parameter Control SV-MO IV-MO SV-FO IV-FO
Feed Stability (%) 720+1.41° 73.1+0.07¢ 752+0.64° 76.0+£0.71°  82.0+2.12°
Feed Palatabilit

ced Palatability (8 45\ 00 0480019 0542002  0.63+£002°  0.84+0.01°
feed/fish)

Protein in F

(C;‘;de roteininFeed J) 0L 0o1c 3224021 3284015  31.6+084° 333+ 0.49°

0
(C(;)‘de Proteinin Fish - o 0450 20.522.40% 2204062 24.1+1.05°  25.5=2.80°

0
Net weight gain (g) 4.6+£0.14°  7.5+0.07¢ 9.740.05° 10.4+021°  12.7+0.15°
SGR (%) 0.4240.01°  0.64+0.01¢  0.7940.01°  0.83+£0.02®  1.45+0.06"
FCR 1.04+0.012 1.17+0.02°0 1.16+0.02° 1.16+0.04° 1.12+0.01°
iim)m total protein (g 3¢ (2a 42403 45+0.2b 49+0.1° 5.4+03°
Agglutination d b

; : 035+ 0.2°  0.51+0.3 0.57+ 0.1¢ 0.62+ 0.2 071 0.2°

antibody titer
ilfgfyme vy (U 31804 145 42102100 4930+ 190° 5110+ 165> 5760 + 220°
RPS (%) _ 62 70 62 85

The table summarizes the principal results across all treatment groups: growth, serum
biochemistry, immune activity, and post-challenge survival to allow direct comparison of vaccine
efficacy among adjuvant types and delivery methods.

Discussion

The increasing prevalence of antibiotic resistance highlights the urgency of identifying effective
alternatives for the prevention of Aeromonas infections, particularly those caused by hypervirulent
strains. Alternative strategies under investigation include probiotics, phytochemicals,
bacteriophages, and vaccination. A wide array of vaccines has been designed for protection against
motile Aeromonas septicemia (MAS), encompassing attenuated (Pridgeon et al., 2013),
recombinant protein (Peepim et al., 2016), formalin-inactivated (Sukenda et al., 2017) and DNA
vaccines (Thirumalaikumar et al., 2021). These immunization strategies are fundamental to
enhancing host immune responses and reducing the impact of bacterial diseases (Abu-Elala et al.,

2019). In the present research work, an oral inactivated vaccine targeting A. veronii in
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Ctenopharyngodon idella was developed and administered at ~10° CFU/mL with fish oil
incorporated as an adjuvant. The immunoprotective efficacy of the vaccine was subsequently
assessed through challenge with live 4. veronii.

Feed-based vaccine formulations must possess both high stability and palatability to ensure
efficacy. Adequate feed intake is essential for maintaining growth performance and efficient
antigen delivery, whereas reduced palatability may compromise both nutrition and vaccine uptake
(Gencer, 2025). The bivalent vaccine pellets tested in this study demonstrated significantly greater
palatability (P<0.05) compared to commercial tilapia feed, with no negative impact from palm oil
inclusion, which has also been shown to enhance immune responses (Dong et al., 2016). In the
current investigation, the monovalent vaccine exhibited higher palatability relative to the control,
indicating its potential to improve ingestion and vaccine delivery.

Water stability of feed pellets is another critical parameter for aquaculture feed quality. Rapid
disintegration may result in nutrient leaching, water quality deterioration, and reduced antigen
delivery (Obaldo et al., 2002). The vaccine pellets in this study showed significantly greater
stability (P<0.05) compared with the control feed, highlighting their suitability for maintaining
pellet integrity and reducing environmental impacts (Table 2).

Proximate analysis revealed no significant differences in protein, lipid, carbohydrate, or ash
contents between vaccinated and control feeds, although moisture content was slightly higher in
vaccine pellets due to additional water used during the incorporation process (Table 3).
Nevertheless, moisture levels remained within acceptable limits (Mohamad et al., 2021). Crude
protein and lipid contents differences were observed, but ash and moisture content did not differ
significantly.

The proximate composition analysis revealed significant differences in nutrient content between
vaccinated and control groups, with the most notable improvement observed in crude protein
levels. Fish receiving the incorporated fish-oil vaccine diet (IV-FO) exhibited the highest protein
content, indicating that dietary vaccination not only enhanced immune performance but also
promoted better nutrient assimilation (Mubeen et al., 2025b). Similar findings have been reported
in carp and tilapia, where feed-based vaccines and functional diets improved protein deposition
and nutrient utilization (Reyes et al., 2017; Monir et al., 2020;). Lipid levels also varied among the
treatment groups, with higher lipid content in the IV-FO diet suggesting that fish oil acted as both
an adjuvant and an additional energy source, supporting growth and immunity (Calder, 2017). Ash
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content remained statistically comparable across groups, aligning with earlier studies that reported
minimal vaccine-related influence on mineral deposition (Kumar et al., 2007). Moisture levels
were slightly elevated in vaccinated feeds, likely due to the incorporation process, but remained
within acceptable ranges for aquafeeds, consistent with observations by Mohamad et al. (2021).
Overall, the proximate composition results confirm that oral vaccination, particularly with fish oil
as an adjuvant, did not compromise the feed nutrient profile and, in fact, enhanced protein and
lipid retention, thereby supporting both growth and immune responses in C. idella (Table 4).
Growth performance did not differ significantly (P > 0.05) between fish receiving vaccinated diets
and those in the control group, indicating that vaccination did not compromise growth (Table 5).
Similar results have been reported in Nile tilapia (Kahiesh-Esfandiari et al., 2019; Mamun et al.,
2020). Some other researches have suggested possible growth reduction due to the metabolic costs
of immune activation (Fraser et al., 2014), other reports support neutral or even positive growth
effects following oral vaccination (Reyes et al., 2017). The incorporation of fish oil as an adjuvant
may have supported the enhanced growth observed in vaccinated fish relative to controls.

Serum biochemistry further supported enhanced immune status. Vaccinated fish exhibited
significantly higher levels of TP, globulin and albumin compared with controls (Fig. 2). These
proteins play essential roles in non-specific defense, osmotic regulation, and immune protection
(Kumar et al., 2007; Asadi et al., 2012). The observed increases suggest improved non-specific
immune responses and enhanced serum bactericidal activity (Citarasu et al., 2006; Magsood et al.,
2009; Poline et al., 2023).

Antioxidant enzyme activities (SOD, CAT, and GPx) were also significantly elevated in
vaccinated groups, reflecting improved oxidative stress regulation (Fig. 3). Similar trends have
been documented in other fish species following vaccination against bacterial pathogens
(Tkachenko et al., 2014; Jomova et al., 2023; Nasr-Eldahan et al., 2024). The highest antioxidant
activities were recorded in the IV-FO group, underscoring the immunomodulatory role of fish oil.
Humoral immune parameters confirmed the immunogenicity of the oral vaccine. Antibody titers
were significantly elevated (P<0.05) in the group (IV-FO) (Fig. 4), demonstrating effective
antigen-specific antibody production against 4. veronii (Monir et al., 2020). Lysozyme activity, a
key component of the innate immune response, was also enhanced significantly (P<0.05) in all
vaccinated fish against both Streptococcus iniae and A. veronii when compared with unvaccinated

groups, consistent with earlier findings (Magnadéttir, 2006; Nayak et al., 2004). In C. idella,
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lysozyme activity remained elevated from day 14 to day 56 post-vaccination, particularly in groups
receiving fish oil adjuvants (Fig. 5).

Challenge experiments confirmed the protective efficacy of the vaccine. Survival rates following
A. veronii challenge were 0% in the control, 62% in SV-MO, 70% in IV-MO, 62% in SV-FO, and
85% in IV-FO (Table 6). These results demonstrate superior protection conferred by oral feed-
based vaccination, particularly when fish oil was used as an adjuvant. Protection rates exceeding
70% are generally considered effective (Chettri et al., 2015), aligning with prior reports on
Aeromonas vaccination (Kalita et al., 2018; Anantasuk et al., 2024).

Environmental factors such as temperature, dissolved oxygen levels, and feed stability influenced
the overall vaccine response observed in this study. Fluctuations in temperature can alter fish
metabolism and immune efficiency, while variations in oxygen concentration can impose
physiological stress that may interfere with antigen uptake or immune stimulation. Likewise, feed
stability directly affects the persistence and bioavailability of the vaccine antigen, potentially
impacting the degree of protection achieved. Therefore, future research should include continuous
monitoring of environmental parameters during vaccination trials to better understand their
relationship with immune and growth responses, thereby improving the reliability and
reproducibility of results.

For on-farm use, the preparation and storage of vaccine-coated feed require careful attention to
maintain antigen quality. Farmers are advised to prepare small quantities of vaccine-coated feed
daily and keep it refrigerated or stored in shaded, cool places to minimize antigen degradation.
Consistent feeding over several weeks before the onset of the disease season can help build
stronger immunity in fish populations. Previous research has demonstrated that feed-based oral
vaccines can maintain their stability and protective efficacy under varied storage conditions in
Oreochromis sp. (Mohd Ali et al., 2024), and that encapsulated antigens remain active despite
temperature and pH fluctuations in salmonids infected with Piscirickettsia salmonis (Sotomayor-
Gerding et al., 2022). These findings support the practical use of oral vaccines as a reliable disease
prevention strategy in aquaculture.

Conclusion

The results of this study confirm that oral feed-based vaccination is a practical and sustainable
method for protecting fish against A. veronii infections. The vaccine improved growth,

biochemical balance, antioxidant activity, immune response, and survival without negative effects
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on fish health. The use of fish oil as an adjuvant further enhanced the immune response,
demonstrating its potential as an affordable and easily applicable approach for farm-level disease
control. These findings indicate that oral vaccination can be effectively adapted and scaled for
freshwater aquaculture systems, reducing reliance on antibiotics and supporting environmentally
sound production practices. Future research should aim to refine vaccine dosage, delivery methods,
and feeding frequency to improve consistency and immune protection across different aquaculture
environments and fish species. Long-term studies assessing immune-memory duration, feed
stability, and cost-effectiveness is recommended to ensure practical application in commercial
systems. The study’s findings can also guide the development of evidence-based policies that
encourage the use of oral vaccines within national aquaculture health frameworks. Such policies
would promote sustainable production, minimize antibiotic dependence, and support biodiversity
conservation through responsible aquaculture expansion.
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