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ABSTRACT
Vibriosis, caused by Vibrio spp., poses a significant challenge in marine aquaculture, leading to severe economic losses. Vaccina-

tion has emerged as a safer and more effective alternative to antibiotics for disease control, with oral vaccination offering

advantages such as ease of administration and scalability for large-scale aquaculture operations. This study evaluated the efficacy

of an oral inactivated Vibrio harveyi vaccine in a field environment with cage-cultured Asian seabass (Lates calcarifer) at Pulau

Ketam, Klang, Selangor, Malaysia. Fish were divided into two groups: (1) a vaccinated group fed a commercial diet supplemented

with formalin-killed V. harveyi (108 CFU/mL) and palm oil as an adjuvant and (2) a placebo control group fed a commercial diet

supplemented with phosphate-buffered saline (PBS) and palm oil adjuvant. The vaccine was administered orally at weeks 0, 2, and

6 for three consecutive days at a dosage of 4% of the fish’s body weight. Immune-related gene expression, including dendritic cells

(DCs), complement factor 3 (C3), chemokine ligand 4 (CCL4), tumor necrosis factor-α (TNF-α), and immunoglobulin-T (IgT), was

significantly upregulated (p<0:05) in vaccinated fish compared to controls, with peak expression observed following booster

doses. At week 10, a laboratory challenge trial with V. harveyi (1× 108 CFU/mL) demonstrated an 80% relative percentage survival

(RPS) in the vaccinated group, whereas the unvaccinated group exhibited 100% mortality. In addition, vaccinated fish displayed

reduced clinical signs following infection. These findings highlight the potential of oral inactivated V. harveyi vaccines to induce

robust immune responses and confer effective protection against vibriosis in Asian seabass. This approach provides a practical and

scalable solution for disease management in marine aquaculture, improving health outcomes and productivity for fish farmers.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | Introduction

Vibriosis is a severe bacterial disease in marine aquaculture
caused by various Vibrio species, leading to significant economic
losses worldwide. Vibrio spp. are ubiquitous in marine environ-
ments, making vibriosis particularly challenging due to its rapid
onset, high mortality rates, and broad host range [1]. The disease
primarily affects both captive and wild marine fish [2], posing a
major threat to the aquaculture industry [3, 4]. Clinically, vibrio-
sis is characterized by necrotizing enteritis, anal hemorrhaging,
and abdominal distension with opaque fluid accumulation [5].
Infection typically occurs when fish are exposed to water contain-
ing high concentrations of Vibrio spp., with disease progression
occurring within a day [6]. Transmission is predominantly hori-
zontal, as bacteria are shed from infected fish, often through open
wounds [7]. Vibrio spp. enter the host via the skin, gills, or gas-
trointestinal tract, with skin penetration being the most common
route [8]. Damage to the mucosal layer increases susceptibility,
as mucus and epidermal barriers serve as key defenses against
infection [8].

Vaccination is the most cost-effective and reliable method for
enhancing host immunity, providing long-term protection against
specific diseases, including vibriosis [9, 10]. Oral vaccination is
particularly suitable for aquaculture due to its stress-free admin-
istration, scalability, and applicability to fish of all sizes. It also
reduces labor costs and enables booster doses during the culture
period [11]. However, the efficacy of inactivated feed-based vac-
cines against bacterial infections is often inconsistent, necessitat-
ing the use of adjuvants to elicit a sufficient immune response [12,
13]. Oral vaccination has been widely explored in aquaculture,
with numerous prototypes reported in previous studies; however,
no consistently effective commercial oral vaccines are currently
available for most fish species.

Environmental fluctuations can influence vaccine performance,
and farmed fish may experience higher stress levels, altered
growth parameters, and exposure to additional pathogens com-
pared to laboratory settings [14]. Therefore, factors such as vac-
cination protocols, fish immunobiology, vaccine timing, and
environmental conditions must be carefully considered in field
trials [15, 16]. Optimizing vaccine formulations with appropriate
antigenic components, supported by field data, is crucial for
ensuring both efficacy and practical application in farming con-
ditions [17, 18].

Our laboratory previously developed and assessed an oral inacti-
vated V. harveyi vaccine, which demonstrated efficacy in stimu-
lating immune responses, providing protection against vibriosis,
and enhancing growth performance in cage-cultured Asian sea-
bass (Lates calcarifer) [19]. Additionally, this vaccine has been
shown to be effective in preventing V. harveyi infection and to
offer cross-protection against V. alginolyticus and V. parahaemo-
lyticus in laboratory studies [20].

Despite these promising results, there is limited information on
immune gene profiling in field-based evaluations of vaccinated
fish. To address this gap, our current study aims to investigate
immediate changes in gene expression following vaccination,
focusing on key immune-related genes critical to post-vaccina-
tion immune responses. Furthermore, studies that concurrently

validate protective efficacy in both field and laboratory settings
using pathogenic Vibrio challenges remain scarce. Thus, the pres-
ent study bridges these gaps by integrating field vaccination with
subsequent laboratory challenges using pathogenic V. harveyi,
thereby providing dual validation of vaccine efficacy. This com-
bined framework enables a thorough evaluation of the protective
efficacy of the oral inactivated V. harveyi vaccine, thereby advanc-
ing the development of effective oral vaccines for aquaculture.

2 | Materials and Methods

2.1 | Bacterial Strain and Growth Conditions

Vibrio harveyi strain VH1 used in this study was sourced from
tiger grouper (Epinephelus fuscoguttus) infected with vibriosis in
deepwater cages in Langkawi, Malaysia. The strain elicited
strong antigenic responses to its homologous outer membrane
protein (OMP) antigens and cross-reacted with heterologous
OMP antigens from V. parahaemolyticus strain VPK1, V. algino-
lyticus strain VA2, and Photobacterium damselae strain PDS1,
specifically at a molecular weight of 32 kDa during cross-reaction
assays [21]. V. harveyi strain VH1 was recovered from glycerol
stock maintained in the laboratory culture collection and cul-
tured on selective thiosulfate-citrate-bile-salts-sucrose (TCBS)
agar (Oxoid, Hampshire, England) at 30°C for 24h. The colonies
obtained were subjected to DNA extraction, and species identifica-
tion was performed by polymerase chain reaction (PCR) amplifica-
tion with 16S rRNA primers. The PCR products were sequenced by
Apical Scientific Sdn. Bhd. (Selangor, Malaysia). The resulting
sequences were analyzed using the BLASTn program (http://blast.
ncbi.nlm.nih.gov) and showed 98% similarity to V. harveyi, with the
closest match corresponding to the GenBank accession number
LC189353.1.

2.2 | Preparation of the Feed-Based Vaccine

A commercial marine fish feed pellet (Star Feed, Star Feed Mills,
Malaysia) containing 43% protein was ground into a fine powder
using a blender. V. harveyi strain VH1 was cultured in TSB broth
with 1.5% NaCl and incubated at 30°C and 150 rpm for 24 h. The
formalin-killed cells (FKCs) of V. harveyi strain VH1 were pre-
pared as described by Mohamad et al. [20]. Briefly, after incuba-
tion, the bacterial concentration was determined using the
spread plate method [22] and adjusted to 108 CFU/mL. A 10%
buffered formalin was added to the bacterial suspension at a final
concentration of 0.5%, followed by incubation at 4°C for 12 h.
Complete inactivation was confirmed by streaking the treated
suspension onto tryptic soy agar (TSA) supplemented with
1.5%NaCl and incubating at 30°C overnight to verify the absence
of bacterial growth. The formalin-treated bacterial suspension
was centrifuged at 6000× g for 15min, and the pellet was washed
three times with sterile phosphate-buffered saline (PBS). Palm oil
was added as an adjuvant to a final concentration of 10%. The
FKCs vaccine was thoroughly mixed with the palm oil-adju-
vanted fish feed powder using an industrial mixer (Golden
Bull-B10-A Universal Mixers, Malaysia). The unvaccinated con-
trol group received fish feed mixed with PBS and 10% palm oil.
The vaccine-laden feed was then pelleted using an automatic
mini-pelleting machine (Golden Avill, Guangdong, China) to
obtain pellets measuring 1× 0.5 cm. The pellets were dried at
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30°C for 12 h in a hot air oven (Memmert, Schwabach, Germany)
and stored at 4°C until further use.

2.3 | Study Site and Experimental Design

Field vaccination and evaluation were conducted at a commercial
floating marine cage facility operated by KS Aquaculture Farm,
located in Pulau Ketam, Klang, Selangor, Malaysia. A total of 4815
Asian seabass (Lates calcarifer), with an average weight of 182Æ
31 g, were sourced from a local hatchery in Terengganu, Malaysia,
and used in this study. To assess the fish’s health status prior to the
experiment, 15 fishwere randomly selected and dissected to exam-
ine the kidney tissue for bacterial infection. Kidney samples were
aseptically streaked onto TSA (Oxoid, Hampshire, UK) and incu-
bated at 30°C for 24h. No bacterial growth was observed, indicat-
ing that all examined fish were free from detectable bacterial
infections and were in good health. Figure 1 shows the feeding
schedule and a brief description of the experimental procedure.

At the start of the trial, the fish were divided into two groups,
each with two floating cages. To enhance vaccine uptake, fish
were fasted for at least 12 h prior to each vaccination event
throughout the vaccination period. Group 1 received the oral
inactivated V. harveyi vaccine, while Group 2 was fed the control
(PBS) feed. Fish were fed at a rate of 4% body weight for three
consecutive days at weeks 0, 2, and 6 with the respective vaccine
feeds. On nonvaccination days, regular commercial feed pellets
(Star Feed, Klang, Malaysia) at a rate of 4% body weight were
provided to all fish until the end of the 10-week trial. Head
kidney samples were collected from six fish per group at 2-
week intervals to analyze immune-related gene expression. At

week 10, 20 fish from each group were transferred from the
cage-cultured farm to the laboratory for experimental challenge
with the pathogenic V. harveyi strain VH1. An additional 10 fish
from the control group were set as unchallenged controls. Sur-
vival rates and abnormal features post-challenge were recorded.

Throughout the trial, water quality parameters, including pH,
temperature, salinity, dissolved oxygen, and ammonia–nitrogen,
weremeasured using a spectrophotometer (HACHCompany, CO,
USA) and a YSI Pro Plus (Yellow Spring Instrument, OH, USA).
All measured parameters across experimental cages remained
within the acceptable limits defined by the Malaysia Marine
Water Quality Criteria and Standard (MMWQS) Class 2 (https://
www.doe.gov.my/), with recorded values of pH 8.00Æ 0.15, tem-
perature 30.45Æ 0.62°C, salinity 30.12Æ 1.33 ppt, dissolved oxy-
gen 5.71Æ 0.39mg/L, and ammonia–nitrogen 0.03Æ 0.02mg/L.

2.4 | RNA Extraction, cDNA Synthesis, and
Quantitative Real-Time PCR (RT-qPCR) Analysis

Head kidney samples from three fish per cage (six samples per
group) were collected every 2 weeks until the completion of the
vaccination phase (week 10). Total RNA was extracted from the
samples using the TRIzol Reagent (Invitrogen, Thermo Fisher Sci-
entific, Carlsbad, CA, USA) according to the manufacturer’s
instructions. RNA purity was assessed by measuring the absor-
bance at 260/280 nm using a Genova Nano (Jenway, Staffordshire,
UK). Single-stranded cDNAwas synthesized from 1 µg of total RNA
using a reverse transcription kit (QIAGEN, Hilden, Germany). RT-
qPCR was performed using Rotor-Gene RT-qPCR (QIAGEN, Hil-
den, Germany) with the SYBR Green RT-qPCRmixture, according

Group 1 = Oral inactivated
                    V. harveyi vaccine
Group 2 = Nonvaccinated
                    control (PBS)

Vaccination, feeding, and sampling timeline

Week 0 2 4 6 8 10

Key: 3 days vaccination

Laboratory challenge trial

1 × PBS

La
bo

ra
to

ry
Fi

el
d

Vaccinated Nonvaccinated Nonvaccinated
(unchallenged)

12 days
observation

under
laboratory
condition

Vibrio
re-isolated

from selected
organs,

confirmed
with PCR

Intraperitoneal injection with:
108 CFU/mL of V. harveyi strain VH1

Fish from commercial
hatchery (N = 4815)

Health screening (n = 15)

Group 2
(n = 1200/cage)
2 replications/group

Group 1
(n = 1200/cage)

2 replications/group

FIGURE 1 | Vaccination and challenge trial design. Fish were cultured and vaccinated under field conditions, followed by a laboratory-based

bacterial challenge conducted at week 10 post-vaccination.
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to themanufacturer’s guidelines. Each sample was run in triplicate.
Table 1 lists the primers used in the qPCR experiments for each
gene. The selection of the immune-related genes was based on
findings from our previous vaccination studies [25, 28, 29]. These
genes are commonly used as markers to evaluate immunomodula-
tory responses in fish immunology and vaccine efficacy studies.
PCR efficiencies ranged from 95% to 105%, with an annealing tem-
perature of 59°C. The threshold cycle (2−ΔΔCt) method was used to
calculate the relative gene expression, with β-actin as the house-
keeping gene [25].

2.5 | Challenge Trial With V. harveyi

To assess vaccine efficacy, a bacterial challenge was performed
on day 70 (week 10) post-vaccination. Twenty fish from each
group (vaccinated and unvaccinated) were transferred to 500 L
fiberglass tanks (10 fish per group, in duplicate, for challenged
groups and five fish per group, in duplicate, for nonchallenged
controls). Fish from the challenged groups were intraperitoneally
injected with 0.5mLof live bacterial suspension containing
108 CFU/mL of V. harveyi strain VH1, following a previously
reported challenge dose based on LD50 [30], while the unchal-
lenged control groups were intraperitoneally injected with
0.5mLof 1x PBS. Clinical signs, abnormalities, and mortality
were recorded daily after the challenge.

2.6 | Relative Percentage Survival (RPS)

The cumulative percent mortality (CPM) and RPS were calcu-
lated as follows [31]:

Cumulative percentmortality ðCPMÞ
¼The number of fishmortality

The total number of fish
× 100;

Relative percentage survival ðRPSÞ
¼ 1 −

AverageCPM in the vaccinated group
AverageCPM in the control group

� �
× 100:

2.7 | Bacterial Isolation and Identification From
Dead Fish During Challenge Trials

The livers, kidneys, spleens, and brains of each dead fish from the
bacterial challenge groups were aseptically collected for bacterial
isolation. The tissues were streaked onto TSA plates (Oxoid,
Hampshire, UK) with 1.5% NaCl and incubated at 30°C for
24 h. Bacterial colonies were identified by PCR with 16S rRNA
primers (Table 2).

2.8 | PCR for Detection of Bacterial Isolates

DNA was extracted from pure bacterial colonies using the
DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) follow-
ing the manufacturer’s protocol. Colonies from the dead fish’s
kidney, spleen, brain, and liver were cultured on TSA plates at
30°C for 24 h. DNA was extracted and PCR was performed using
16S rRNA primers to identify the bacterial species (Table 2). PCR
reactions were performed using REDiant 2× PCR Master Mix
(FirstBase, Kuala Lumpur, Malaysia) in a final volume of 25 µL,
containing 2× PCR master mix, 1 µMof each primer, and 100 ng
of template DNA. The amplification conditions were as follows:
initial denaturation at 95°C for 5 s, followed by 33 cycles of 95°C

TABLE 1 | Primers used for gene expression analysis in Asian seabass by real-time PCR (RT-qPCR).

Target
gene Sequence (5′–3′)

Product size
(bp) Accession no. Note Reference

DC F: AACAGCACACGCTCACTCAC
R: CGATCATGTGAGCCTTGAGA

153 KM386621.1 Initiate an adaptive immune
response

Bunnoy et al. [23]

C3-F F: GCAATCCTCCACAACTACAG
R: ACTCTGACCTCCTGACGATAC

93 XM_018679796.2 Innate defense against
common pathogens

Mohd-Shaharuddin
et al. [24]

CCL4 F: TCCTCGTCTCACTCTGTCTGT
R: GACCTGCCACTGTCTTCAGC

301 AM490064.1 Chemokine attracts innate
immune cells

Chin et al. [25]

TNF-α F: CTGCTTCACGCTCCATAAGA
R: CTGGTCCTGGTCATCTCTCC

150 AY427649.1 Pro-inflammatory cytokine
gene

Hoseinifar et al. [26]

IgT F:
GCTGTCAAGGTGGCCCCAAAAG

R:
CAACATTCATGCGAGTTACCCTT

GGC

110 XM_018703635.2 Generate B lymphocytes Piazzon et al. [27]

β-actin F: TACCACCGGTATCGTCATGGA
R: CCACGCTCTGTCAGGATCTTC

126 XM_018667666.2 Reference gene Chin et al. [25]

TABLE 2 | Primers used in PCR amplification of 16S rRNA.

Primers Primer Sequence (5′–3′) Temperature (°C) Expected size (bp) Reference

16S rRNA_F
16S rRNA_R

GGTTACCTTGTTACGACTT
AGAGTTTGATCCTGGCTCAG

54.0 1541 Yin et al. [32]
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for 1min, 54°C for 2min 15 s, 72°C for 1min 15 s, and a final
extension at 72°C for 10 s. PCR products were sequenced using
Sanger sequencing (First Base Laboratories, Kuala Lumpur,
Malaysia).

2.9 | Statistical Analysis

Data are presented as the meanÆ standard deviation (SD) based
on at least three replicate measurements. The number of repli-
cates (n) is indicated in the corresponding figure and table cap-
tions. Data were assessed for normality using the Shapiro–Wilk
test and for homogeneity of variance using the Levene’s test.
Treatment effects were evaluated using an independent sample
t-test to determine significant differences between the vacci-
nated and control groups using SPSS version 22.0 (SPSS Inc.,
Chicago, IL, USA). Statistical significance was set at p <0:05.
Survival analysis was performed using the Kaplan–Meier
method, and survival curves were compared using the log-
rank test in GraphPad Prism (GraphPad Software, Inc., San
Diego, CA, USA).

2.10 | Ethics Statement

All procedures involving Asian seabass (Lates calcarifer) in this
study were approved by the Institutional Animal Care and Use
Committee (IACUC) at Universiti Putra Malaysia, in compliance
with the guidelines of the Department of Biosafety, Ministry of
Natural Resources and Environment, Malaysia (Approval Num-
ber: UPM/IACUC/AUP-R078/2019). Fish were anesthetized with
MS-222 (Sigma-Aldrich, Missouri, USA) at a concentration of
100mg/L prior to sample collection and bacterial challenge pro-
cedures. After the experiment, all remaining fish were euthanized
using an overdose ofMS-222 (400mg/L) for aminimumof 10min.
Following euthanasia, the fish were immersed in 25% sodium

hypochlorite for 30min and disposed of as clinical waste in accor-
dance with the safety protocols.

3 | Results

3.1 | Clinical Signs and Gross Lesions Post-
Challenge

In the bacterial challenge with virulent V. harveyi via intraperitoneal
injection, all fish in the control group died within 8 days post-chal-
lenge. Post-mortem examinations revealed congestion in the liver,
spleen, intestine, and stomach, along with gall bladder enlargement
and hemorrhaging. The intestines were swollen and contained yel-
low fluid, indicative of gastroenteritis (Figure 2). Moribund fish dis-
played lethargy, swimming near the water’s surface, and exhibiting
abnormal swimming behavior.

3.2 | Mortality Pattern During Experimental
Infection

Mortalities in the control group began on day 1 post-infection
(dpi), while the vaccinated group showed mortalities primarily
on days 6 and 7 dpi. At 6 dpi, 40% of the total number of fish in
the control group had died. By 7 dpi, the control group reached
100% mortality, whereas the vaccinated group reached only
20% mortality at the end of the challenge period (12 dpi;
Figure 3).

3.3 | Protective Efficacy of the Vaccinated Feed
Against V. harveyi

The RPS is summarized in Table 3. Fish vaccinated with the
monovalent V. harveyi feed vaccine exhibited an RPS of 80% after
the challenge with virulent V. harveyi, compared to 0% in the
control group.

(A) (B)

(C) (D)

FIGURE 2 | Common clinical signs in the control group experimentally challenged with Vibrio harveyi. The fish exhibited (A) major scale loss,

(B) eye opacity and loss of scale (red arrow), (C) swelling of the abdomen due to fluid accumulation (red circle), and (D) congested internal organs and

hemorrhage with swollen intestine containing yellow fluid (gastroenteritis) (red circle).
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3.4 | Bacterial Isolation and PCR Detection in
Recently Deceased Fish

Bacteria were re-isolated from the brain, kidney, liver, and spleen
of moribund and recently deceased fish to confirm the causative
pathogen. The recovered isolates were presumptively identified
as V. harveyi based on their characteristic colony morphology on
TCBS agar. Molecular confirmation was subsequently performed

through PCR amplification targeting the 16S rRNA gene. The
amplified PCR products were successfully sequenced, and bacte-
rial identity was verified through nucleotide sequence compari-
son using the BLAST algorithm in the NCBI database. To further
validate the identification and determine the genetic relationship
among the isolates and reference strains, phylogenetic analysis
was conducted based on the obtained 16S rRNA gene sequences
(Figure 4). The results confirmed that the re-isolated bacteria
clustered closely with reference V. harveyi strains, supporting
the diagnosis of vibriosis in the infected fish.

3.5 | Immune Gene Expression in the Head Kidney
of Asian Seabass

Following the 10-week vaccination trial, the expression levels
of five immune-related genes (dendritic cells [DCs], chemo-
kine ligand 4 [CCL4], complement factor 3 [C3], tumor necro-
sis factor-α [TNF-α], and immunoglobulin-T [IgT]) in the head
kidney were measured using RT-qPCR. All genes exhibited
significantly higher expression (p<0:05) in the vaccinated
groups compared to the control group (Figure 5). After the
initial vaccination at week 0, DCs expression in the vaccinated
group was significantly higher (p<0:05) than in the control
group as early as week 2. This elevated expression persisted
and was significantly higher (p<0:05) at week 4 following the
first booster dose at week 2. After the second booster at week 6,
DCs expression in the vaccinated group continued to increase
significantly (p<0:05) from week 6 to week 8 before declining

100

50

Pe
rc

en
t o

f s
ur

vi
va

l (
%

)
0

0 5
Day(s) post-infection

10

Control

Nonchallenged control
Vaccinated

FIGURE 3 | Average percent survival of vaccinated groups compared

to the nonvaccinated (control) group at 12 days post-infection with path-

ogenic Vibrio harveyi. Statistical analysis of cumulative survival between

both vaccinated groups and the control was performed using a

Kaplan–Meier curve with the log-rank test (p<0:0001). Data are pre-

sented as meanÆ SD (n= 20).

TABLE 3 | Protective efficacy of the feed-based vaccines against Vibrio harveyi in Asian seabass (Lates calcarifer) until days 12 post-challenge.

Fish group Challenge dose (CFU/mL) Dead/total Mortality (%) RPS (%)

Vaccinated 1× 108 4/20 20 80Æ 0.0∗

Control (PBS) 1× 108 20/20 100 0Æ 0.0

Note: Asterisk ( ∗) represents statistically significant differences between groups (p<0:05). Data are expressed as mean Æ SD (n= 20).

Control liver

Control brain

Control kidney

Vaccinated brain

Vaccinated kidney

Vaccinated liver

Control spleen

99

71

74

77

39

72

Vibrio harveyi strain VH1

0.01

PQ897267.1 Aeromonas hydrophila strain OM19

FIGURE 4 | Phylogenetic analysis of Vibrio harveyi isolates recovered from different organs of infected fish based on 16S rRNA gene sequences. The

phylogenetic tree was constructed using the neighbor-Joining method to compare V. harveyi strain VH1 and isolates obtained from infected Lates

calcarifer, with Aeromonas hydrophila strain OM19 as the outgroup. Bootstrap values, based on 1000 replicates, are shown next to the branches and

indicate the percentage of replicate trees in which the associated taxa clustered together. Evolutionary distances were calculated using the maximum

composite likelihood method and are expressed as the number of base substitutions per site. Phylogenetic analyses were performed using MEGA version

12.0 [33]. No bacterial growth was detected in the spleen of the vaccinated fish.
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at week 10, though it remained significantly higher (p<0:05)
than in the control group (Figure 5A).

Similarly, CCL4 expression in the vaccinated group was signifi-
cantly higher (p<0:05) than in the control group from week 2
post-vaccination onward. Following the first booster at week 2,
CCL4 expression remained elevated in the vaccinated group at
week 4, though the difference was not statistically significant
(p>0:05). After the second booster at week 6, CCL4 expression
significantly increased (p<0:05) in the vaccinated group from
week 6 to week 8 but declined significantly (p<0:05) by week
10, remaining significantly higher (p<0:05) than in the control
group (Figure 5B). For C3, expression was significantly higher
(p<0:05) in the vaccinated group at week 2 compared to the
control group. Following the first booster at week 2, the expres-
sion of C3 remained significantly higher (p<0:05) in the vacci-
nated group at week 4. At week 6, while expression was higher in

the vaccinated group, the difference was not statistically signifi-
cant (p>0:05). Following the second booster administered at
week 6, C3 expression in the vaccinated group was significantly
higher (p<0:05) than that in the control group at week 8. How-
ever, by week 10, no significant difference (p>0:05) in C3 expres-
sion was observed between the vaccinated and control groups
(Figure 5C).

TNF-α expression in the head kidney of the vaccinated groups
was significantly higher (p<0:05) compared to the control group
and began to increase as early as week 2. Expression remained
higher (p<0:05) than in the control group after the first booster
at week 2, but slightly decreased by week 3. After the second
booster at week 6, TNF-α expression in the vaccinated group
increased significantly (p<0:05) compared to the control group
at weeks 6 and 8. At week 10, TNF-α expression in the vaccinated
group remained higher than in the control group, though the
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difference was not statistically significant (p>0:05) (Figure 5D).
Before vaccination, there was no significant difference (p>0:05)
in IgT expression between the groups. However, after vaccina-
tion, IgT expression in the vaccinated group was significantly
higher (p<0:05) than in the control group as early as week 2.
Expression remained significantly higher (p<0:05) in the vacci-
nated group following the first booster at week 2, then declined at
week 4, though it remained elevated compared to the control
group. Following the second booster at week 6, IgT expression
in the vaccinated group increased significantly (p<0:05) at weeks
6 and 8. By week 10, IgT expression remained higher in the
vaccinated group, but no significant difference was observed
between the groups (p>0:05) (Figure 5E).

4 | Discussion

Oral vaccination has been widely explored in aquaculture, with
numerous prototypes being reported in previous studies. How-
ever, no consistently effective commercial oral vaccines are cur-
rently available for most fish species. Although the Chilean
salmon industry briefly marketed one or two oral vaccines,
they were discontinued due to their limited efficacy under field
conditions [34]. In the present study, field trials of an oral vac-
cine demonstrated high efficacy against V. harveyi strain VH1.
The unvaccinated control group exhibited 0% survival following
the challenge with the pathogenic strain, whereas the vacci-
nated group achieved 80% survival. Most control fish died
within 1 day of the challenge before clinical symptoms could
manifest. The moribund fish exhibited lethargy and abnormal
swimming behavior, consistent with previous reports of vibrio-
sis by Ransangan et al. [35], Mohd-Aris et al. [30], and Chin
et al. [25]. Chettri et al. [36] and Ismail et al. [37] suggested that
a RPS between 70% and 80% should be achieved by a successful
vaccination, which aligns with the results of this research,
where the RPS of vaccinated fish post-challenge was 80%. Inter-
estingly, our previous studies using smaller fish during primary
vaccination (15–30 g) reported a comparable RPS of approxi-
mately 80% [20, 38]. These findings suggest that the vaccine is
capable of providing comparable protective efficacy in both
juvenile and grower-stage fish.

The high survival observed in the vaccinated group indicated that
the oral inactivated V. harveyi fish vaccine provided sustained
protection against V. harveyi, in contrast to 100% mortality in
the unvaccinated control group. Therefore, the oral fish vaccine
appears to provide an effective and reliable defense againstV. har-
veyi infection, as suggested by these findings.

Numerous effective monovalent vaccines against vibriosis have
been developed with different bacterial compositions and delivery
methods. A study by Nguyen et al. [39] reported lower efficacy
than this study, with 59.9% survival after challenge withV. harveyi
in orange-spotted grouper (Epinephelus coioides) following post-
injection vaccination with an inactivated V. harveyi vaccine.
Meanwhile, another study by Liu et al. [40] with a recombinant
V. harveyi vaccine reported a similar (80%) efficacy in orange-
spotted grouper post-infection with V. harveyi. Not all vaccines
provide sufficient protection for the host. For instance, research
by Chakraborty et al. [41] on a commercial vaccine called vibro-
gen-2, which contained inactivated cultures of V. anguillarum

serotypes O1 and O2 and V. ordalii, revealed that the vaccine
conferred only 8% RPS in the vaccinated group. The authors sug-
gested that factors such as temperature, fish species, and vaccine
preparation must be considered, as they appear to influence vac-
cine efficacy against pathogenic infections.

Beyond the limited efficacy of previous oral vaccines under field
conditions, several other major obstacles hinder the development
of effective oral fish vaccines. These include an incomplete under-
standing of fish immunology, the high cost of vaccine delivery,
and the physiological stress experienced by fish, which compli-
cates the interpretation of immune responses to vaccination [42].
Therefore, gene expression changes were examined in the present
study to better understand the consequences of fish immuniza-
tion, with particular emphasis on events that occurred immedi-
ately after vaccination [39]. Several gene groups that are probably
responsible for stimulating immunological responses after vacci-
nation were examined in this study. The present research showed
that the inactivated V. harveyi feed-based fish vaccine in Asian
seabass caused significant alterations in immune-related gene
expression. The findings were consistent with other studies on
fish vaccinations, including one by Sun et al. [43], which revealed
that immunization with VhhP2 increased the expression of many
genes linked to the immune system. Following vaccination, most
observed genes showed increased expression levels fromweek 2 to
week 10. Specifically, DC expression was significantly elevated
from week 2 onward, peaking at week 8 after the second booster
dose. This study corroborated the findings of Nguyen et al. [39],
who observed increased DC expression in orange-spotted group-
ers following antigen introduction. The higher expression of DCs
in the vaccinated group might be due to their role in initiating
adaptive immune responses by sensing foreign antigens and inter-
acting with lymphocytes [44].

Comparable to a study by Chin et al. [5] on the effectiveness of
bath immunization against vibriosis in Asian seabass using a live-
attenuated V. harveyi, the present investigation demonstrated ele-
vated expression of CCL4 genes in post-vaccinated fish compared
to the control. CCL4 genes encode a chemotactic cytokine that
controls immune cell migration in tissues (2020a). It contributes
to innate immunity by binding to its cognate receptor, typically
CCR5, which is expressed on the surface of target immune cells
[45]. This interaction facilitates the recruitment and activation of
various immune cell types, including macrophages and natural
killer (NK) cells. Moreover, CCL4 coordinates cross-talk between
innate and adaptive immune responses, particularly by promoting
interactions between T cells and DCs [45].

In addition, the C3 gene, another gene responsible for innate
immunity, was also increased post-vaccination with the oral vac-
cine. These findings are comparable to those of Bao et al. [46], who
found that turbots (Scophthalmus maximus L.) that received com-
bined live V. anguillarum and Edwardsiella piscicida vaccinations
had significantly elevated C3 gene expression. A component of
the complement system, the C3 gene is essential for phagocyto-
sis promotion, activating inflammatory responses against patho-
gens, and regulating differentiation and maturation of B- and
T-lymphocytes and DCs [47].

The classic pro-inflammatory cytokine gene, TNF-α regulates the
equilibrium between humoral and cellular immune responses
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and is produced by activated immune cells in response to various
external antigens [48]. They are brought on by T-lymphocytes
and mononuclear phagocytes, which are components of the
innate and adaptive immune systems, respectively [49]. The cur-
rent study found that the vaccinated group showed increased
TNF-α expression in head kidney samples, suggesting that the
oral inactivated V. harveyi vaccine may stimulate phagocyte and
macrophage activity upon antigen introduction [50].

Moreover, the IgT gene produced by B cells in response to anti-
gen stimulation [51] was significantly upregulated in the vacci-
nated group. Previous findings suggest that IgT may be involved
in the immune response of Asian seabass (Lates calcarifer)
against bacterial infections [52]. In the present study, high levels
of IgT gene expression were observed in the head kidney of orally
vaccinated fish, consistent with the findings of Thu Lan et al.
[53], who reported elevated IgT expression in the head kidney
following immersion vaccination. Notably, in the present study,
IgT mRNA levels increased significantly before booster vaccina-
tions at weeks 2 and 6 and again at week 8, indicating a potential
role for IgT in protective immunity against vibriosis. Previous
studies have shown that IgT is predominantly associated with
mucosal immune responses in fish, particularly in the skin, gills,
and gastrointestinal tract [54]. However, the role of IgT in muco-
sal immunity in Asian seabass post-oral vaccination with the
vaccine from this study remains to be fully elucidated. Further
research is needed to investigate IgT expression in mucosal tis-
sues, such as the skin and gut, to clarify its involvement in
immune responses induced by oral vaccination. These findings
are further supported by our previous study, which demonstrated
that specific IgM antibody levels in both serum and mucus of
field-vaccinated L. calcarifer were significantly higher than those
in the unvaccinated control group [19]. Elevated antibody
responses were detected as early as week 2 post-primary vaccina-
tion and reached peak levels at week 8, indicating sustained
humoral immune activation following vaccination with the
feed-based vaccine.

Overall, the present vaccination strategy demonstrates strong
potential for application in commercial aquaculture systems,
as supported by both field vaccination and laboratory challenge
outcomes. Oral vaccination can be readily implemented across
production stages, from hatcheries to grow-out farms. This
approach is practical and farmer-friendly and does not require
additional vaccination infrastructure, specialized equipment, or
highly trained personnel. In addition, oral immunization via
vaccine incorporation into feed is particularly suitable for rou-
tine use during the grow-out phase in cage or earthen pond
systems [55]. Feed-based vaccination offers several advantages
over alternative delivery methods, including reduced handling
stress, lower labor requirements, and scalability for both small-
and large-scale farming operations. By providing a more acces-
sible and operationally simple approach, this strategy may
enhance disease control in aquaculture production systems.
This is particularly relevant for low-income settings, where
constraints in vaccine access, delivery logistics, and technical
capacity often limit the adoption of conventional vaccination
methods; oral vaccination therefore offers a practical means to
overcome these barriers.

5 | Conclusion

This study highlights the potential of an oral inactivatedV. harveyi
vaccine in Asian seabass (Lates calcarifer) by examining immune-
related gene expression and protective efficacy. The vaccine sig-
nificantly enhanced the expression of key immune genes, includ-
ing DCs, CCL4, C3, TNF-α, and IgT, fromweek 2 to week 10, with
peak expressionmostly observed after booster doses. These results
indicate that the vaccine effectively stimulates both innate and
adaptive immunity. Post-challenge trials with virulent V. harveyi
showed an 80% RPS in vaccinated fish compared to 0% in unvac-
cinated controls, demonstrating robust protection. Further
research should evaluate the vaccine’s long-term immune mem-
ory, cross-protection against other pathogens, and performance
under practical aquaculture conditions. Additionally, future stud-
ies should address the vaccine’s economic viability and scalability
for commercial applications.
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