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Abstract

Vibriosis caused by Vibrio alginolyticus is a major bacterial disease in Asian seabass (Lates
calcarifer) farming and leads to significant economic losses. The overuse of antibiotics has
contributed to antimicrobial resistance, so there is a need for an effective prevention and
control method, such as a vaccine against V. alginolyticus. In this study, we developed
and evaluated formulations of a recombinant glyceraldehyde-3-phosphate dehydrogenase
(rGAPDH) subunit vaccine against V. alginolyticus in Asian seabass. The GAPDH gene
of V. alginolyticus was expressed in ClearColi BL21(DE3) Escherichia coli cells, and the
37 kDa rGAPDH protein was purified. Fish in the V1–V4 groups were intraperitoneally
immunized with purified 37 kDa rGAPDH protein formulations comprising 5 µg rGAPDH
without Algel (V1), 5 µg rGAPDH with Algel (V2), 10 µg rGAPDH without Algel (V3), and
10 µg rGAPDH with Algel (V4). Vaccinated fish exhibited significantly enhanced immune
responses compared to the control group. The 10 µg adjuvanted formulation induced the
highest serum agglutination titer at 14 days post-vaccination (DPV), which was sustained
through 21 DPV, together with the greatest serum lysozyme and bactericidal activities.
Expression analysis of complement factor H, cystatin B, HSP70, and HSP90α revealed tissue-
specific and temporal transcriptional changes following vaccination, with distinct response
patterns across vaccine formulations. Following challenge with V. alginolyticus, the V4 group
achieved 100% relative percent survival (RPS), whereas V1, V2, and V3 groups provided
RPS values of 39.47%, 63.16%, and 63.16%, respectively. These findings demonstrate that the
10 µg rGAPDH formulation containing aluminum hydroxide conferred complete protection
following experimental challenge with V. alginolyticus under the conditions tested. The
developed 37 kDa rGAPDH vaccine could serve as a promising and effective vaccine
candidate for preventing vibriosis in Asian seabass farming.

Keywords: vibriosis; recombinant GAPDH vaccine; aquaculture

1. Introduction
Asian seabass (Lates calcarifer, Bloch 1790) is a commercially important marine finfish

extensively cultured in Southeast Asia, South Asia, and Australia [1]. Asian seabass is the
flagship candidate species for open-sea cage culture in India. Asian seabass mariculture
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is a key pillar of the Government of India’s Blue Economy. Open cage mariculture is a
common method in the farming of fish, which involves the use of net cages placed in
coastal, inshore, or offshore waters so that there is a constant exchange of water between
the farming area and the surrounding environment. This system allows for the efficient
use of marine resources and is now being used more and more for the production of
marine finfish, such as Asian seabass. The fish kept in open cages, however, are constantly
exposed to variations in the environment and to naturally occurring microorganisms,
which may raise the risk of infectious diseases and, as a result, demand effective health
management and preventive actions [2,3]. Bacterial diseases are a major constraint on the
productivity and profitability of Asian seabass aquaculture. Among them, vibriosis caused
by Vibrio alginolyticus is one of the most economically damaging infections. Infected fish
show ulcerative skin lesions, exophthalmia, hemorrhagic septicemia, and high mortality
rates. This bacterial infection causes substantial economic losses for marine fish farmers
and the aquaculture industry [1,4,5]. Historically, vibriosis management in intensive
aquaculture operations has depended heavily on broad-spectrum antibiotic treatment [6].
However, the use of antibiotics has generated multiple concerns such as dissemination of
antibiotic-resistant bacteria, environmental contamination of aquatic ecosystems, and the
accumulation of antibiotic residues in fish tissues, all of which present a threat to consumers
and public health [7]. The rapid global spread of multidrug-resistant Vibrio strains has been
documented from aquaculture environments. Given this, there is an urgent need to look
into safer alternatives [8].

Vaccination is one of the most sustainable and biosafe methods for the management of
infectious diseases in aquaculture [9]. Of the different vaccine technologies that have been
developed, recombinant subunit vaccines have drawn a great deal of attention because
of their good safety record and the high specificity of the immune response they trigger.
Unlike other types, recombinant vaccines do not revert to a virulent form and are suitable
for use with modern adjuvant systems [10]. On the other hand, inactivated whole-cell
bacterins remain the main method used in commercial fish vaccination, although their
performance varies by host species and between production batches, and they include
extraneous microbial components that may contribute to reactogenicity [11]. Recent studies
have shown that recombinant aquaculture vaccines with immunostimulatory compounds
work better than those without them. They lead to higher antibody levels and better
survival rates after exposure to pathogens [12].

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a highly conserved, multi-
functional glycolytic enzyme that also functions as an extracellular moonlighting protein
involved in host cell adhesion, plasminogen binding, and host immune modulation [13].
Over the past two decades, GAPDH has been extensively validated as a cross-protective
candidate antigen against multiple teleost bacterial infections. Following the demonstra-
tion by Liu et al. [14] of GAPDH-mediated protection in Japanese flounder (Paralichthys
olivaceus) against Edwardsiella tarda, numerous investigations have confirmed its protective
value against other aquatic pathogens, including Vibrio harveyi in large yellow croaker
(Pseudosciaena crocea) [15] and grouper (Epinephelus coioides) [16], E. ictaluri in tilapia [17],
and V. alginolyticus in model organisms such as zebrafish (Danio rerio) [18]. Although these
studies clearly show that GAPDH serves as an effective immunogenic target in teleosts,
the effectiveness of subunit vaccines in aquaculture still depends greatly on the specific
immune response of the host, the proper dosage of the antigen, and the use of adjuvant
delivery systems tailored to the species [10,11]. To date, there has been no systematic
attempt to optimize the formulation and test a recombinant GAPDH subunit vaccine
against V. alginolyticus in Asian seabass, a species of great economic importance in ma-
rine cage farming. For this reason, rather than concentrating on the discovery of new
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antigens, the present study was undertaken to optimize the vaccine formulation and to
evaluate the species-specific protective efficacy of a recombinant GAPDH (rGAPDH) vac-
cine against V. alginolyticus in Asian seabass. More specifically, the aims of the study were to
(i) produce and purify the full-length rGAPDH protein from a virulent strain of V. alginolyti-
cus; (ii) optimize the vaccine formulations at two antigen concentrations (5 µg and 10 µg)
with or without the use of aluminum hydroxide as an adjuvant; (iii) examine the protective
efficacy and survival rates after challenging the fish experimentally with V. alginolyticus.
Additionally, four immune-related genes were selected to provide complementary infor-
mation on distinct components of the host response to vaccination. Complement factor
H (CFH) was examined as a regulator of complement activation and innate antibacterial
defence; cystatin B was selected because of its involvement in cysteine protease regula-
tion, antigen processing, and immune-cell function; HSP70 and HSP90α were selected as
molecular chaperones associated with cellular stress responses, antigen processing, and
immune signalling.

2. Materials and Methods
2.1. Asian Seabass

Pathogen-free healthy Asian seabass (weight 15 ± 3 gm and length 10 ± 2 cm) were
obtained from Rajiv Gandhi Centre for Aquaculture Seabass Hatchery, Nagapattinam,
Tamil Nadu, India. Upon arrival at the laboratory, fish were disinfected with potassium
permanganate to prevent disease transmission. After that, fish were distributed into
1000 L recirculating aerated tanks and acclimatized for four weeks at 28 ± 3 ◦C. Fish were
maintained with continuous aeration, with pH recorded at 7.4 ± 0.52, salinity at 33 ± 0.5‰,
and dissolved oxygen at 6.6 ± 0.3 mg/L. Throughout the duration of the experiment, the
fish were fed 5% of body weight with a commercial fish diet (Growel Nutrila Pvt Ltd.,
Andhra Pradesh, India). During the acclimatization period, the fish were maintained in
sodium hypochlorite-treated filtered seawater, with regular water exchange and routine
cleaning and disinfection of the tanks. Fish were regularly monitored for their swimming
behaviour, feeding activity, external appearance, and any signs of disease and abnormality.
In addition, fish were sampled at the end of acclimatization and examined externally
and internally for gross lesions and infectious agents. Wet mounts of gill and skin were
screened by light microscopy for ectoparasites, and the internal organs (liver, kidney, and
spleen) were screened for bacterial and viral pathogens. Tissue homogenates were plated
on thiosulfate citrate bile salts sucrose (TCBS) agar and tryptone soy agar supplemented
with 2% NaCl and incubated at 30 ◦C for 48 h. Nucleic acids were extracted and assayed
by PCR for V. alginolyticus and V. harveyi and by RT-PCR for betanodavirus. All fish were
negative for the presence of pathogens. A description of the experimental design and
vaccine development process is presented in a flowchart (Figure 1).

2.2. Bacterial Strain and Culture Conditions

A pathogenic strain of V. alginolyticus CMFRI-JF260912, previously isolated and pre-
served in our laboratory at ICAR-CMFRI, Kochi, India, was used in this study. The strain
was cultivated in tryptone soy broth (HiMedia, Thane, India) supplemented with 2% NaCl
overnight at 30 ◦C with gentle agitation (150 rpm). Bacterial cells were determined by
optical density measurement at 600 nm and validated by standard plate count on TCBS.
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Figure 1. Schematic representation of experiment design and development of rGAPDH vaccine of
Vibrio alginolyticus. Figure 1 is an original schematic illustration created and designed entirely by
the authors using Microsoft PowerPoint and vector graphics software, with conceptual and layout
assistance from Gemini Pro 3.1.

2.3. Determination of Lethal Dosage

A preliminary dose–response challenge was conducted to determine the median lethal
dosage (LD50) of V. alginolyticus CMFRI-JF260912 in healthy Asian seabass. A dose range
of 103 to 108 colony-forming units (CFUs) was prepared to determine the dose required
to cause 50% mortality in fish. Fish were distributed into glass tanks containing 250 L
of filtered, aerated seawater (10 fish per tank) in duplicate. Following light anesthesia
with MS-222, fish were inoculated by intraperitoneal injection with 0.1 mL of serial tenfold
bacterial dilutions ranging from 103–108 CFU/fish. Control fish were injected with 0.1 mL
of sterile phosphate-buffered saline (PBS) + Algel. Fish were monitored twice daily for
7 days post-injection, and daily cumulative mortalities were documented. Dead fish were
immediately necropsied to confirm V. alginolyticus infection and subjected to bacteriological
examination. The LD50 value was calculated using the method of Reed and Muench [19].

2.4. Construction of Recombinant GAPDH

Genomic DNA was isolated from overnight cultures of V. alginolyticus CMFRI-JF260912
by phenol/chloroform extraction, followed by precipitation with isopropanol. For the
recombinant expression of V. alginolyticus GAPDH, the complete GAPDH-encoding open
reading frame (1002 bp) was amplified from genomic DNA using specifically designed
primers (Table 1). PCR reaction was performed in a final volume of 25 µL, which contained
2 µL of DNA (2 ng /µl), 0.4 µM of each primer, 1X PCR master mix, and nuclease-free
water. PCR consisted of an initial denaturation at 95 ◦C for 5 min, followed by 35 cycles
of denaturation at 95 ◦C for 30 s, annealing at 59 ◦C for 30 s, and elongation at 72 ◦C for
60 s. A final elongation step was performed at 72 ◦C for 7 min. PCR amplicons of GAPDH
were run on 1% agarose gels and purified using the QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany). Purified products were ligated into the pJET1.2 blunt-end cloning vector
(Thermo Fisher Scientific, Waltham, MA, USA) and transformed into chemically competent
E. coli Top10 cells. Positive clones were screened by colony PCR using GAPDH cloning
primers and confirmed by sequencing.
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Table 1. Primers used for cloning and expression of the GAPDH gene of V. alginolyticus.

Gene Sequence (5′–3′) Product Size
(bp)

Annealing Temp
(◦C) Target

GAPDH
(cloning)

F: 5′ ATGGCAATTAAAGTCGGAATTAACGG 3′

R: 5′ TTATGCCAAACCGACTTTGCG 3′ 1002 59
Amplification of the

GAPDH gene for
cloning

GAPDH
(Expression;
NdeI/XhoI)

F: 5′TTATATACATATGGCAATTAAAGTCGAATT 3′

R:5′ATATTTACTCGAGTGCCAAACCGACTTGCGTACT 3′ 1022 59

Amplification of
GAPDH gene for

recombinant
expression

For directional subcloning into the expression vector, a second primer pair was de-
signed to incorporate NdeI and XhoI restriction sites at the 5′ ends of the forward and
reverse primers, respectively (Table 1). PCR reactions and conditions were performed as
described above. The resulting amplicon was digested with NdeI and XhoI (New England
Biolabs, Ipswich, MA, USA), purified using the MinElute PCR Purification Kit (Qiagen,
Hilden, Germany), and ligated into a pET22b(+) expression vector (Novagen, Madison, WI,
USA) (Figure 2). The resulting construct (pET22b-VibAlg.GAPDH) was transformed into
ClearColi BL21 (DE3) competent cells, and transformants were selected on Luria–Bertani
(LB) agar plates supplemented with 50 µg/mL ampicillin.

Figure 2. Schematic representation of GAPDH gene amplification and cloning into pET22b(+).
(A) Native Vibrio alginolyticus GAPDH ORF showing primer-binding sites and the 1002 bp amplicon.
(B) Expression PCR using primers incorporating NdeI and XhoI restriction sites to generate a 1022 bp
product. (C) Directional cloning of GAPDH into pET22b(+) for recombinant protein expression with
a His6 tag.

2.5. Recombinant Protein Expression and Purification of GAPDH

ClearColi BL21(DE3) E. coli cells, an engineered low-endotoxin E. coli expression
strain, harbouring pET22b-VibAlg.GAPDH were grown at 37 ◦C in LB broth (50 µg/mL
ampicillin) with shaking at 200 rpm until the culture optical density at 600 nm (OD600)
reached approximately 0.6. Protein expression was induced by adding 0.5 mM isopropyl-
β-D-thiogalactopyranoside (IPTG) for 4 h at 37 ◦C. Cells were collected by centrifugation
at 8000 rpm for 5 min. Total cell protein fractions (induced and uninduced) were prepared
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in Laemmli sample buffer and resolved on 12% glycine SDS-PAGE. Gels were stained with
Coomassie Brilliant Blue R-250 for 30 min and destained overnight.

rGAPDH protein was purified by Ni-NTA affinity chromatography (GE Healthcare,
Chicago, IL, USA) under denaturing conditions. Briefly, the cell pellet obtained after IPTG
induction was resuspended in denaturing lysis buffer (100 mM NaH2PO4, 10 mM Tris-HCl,
8 M urea, pH 8.0) and disrupted by sonication on ice (30 s on/30 s off cycles for 15 min).
The lysate was cleared by centrifugation at 12,000 rpm for 30 min at 4 ◦C, and the resulting
supernatant containing solubilized inclusion bodies was incubated with Ni-NTA agarose
resin equilibrated with lysis buffer. The resin was washed thoroughly with denaturing wash
buffer (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 6.3) to remove non-specifically
bound host proteins. Bound rGAPDH was eluted using denaturing elution buffer (100 mM
NaH2PO4, 10 mM Tris-HCl, 8 M urea, 250 mM imidazole, pH 4.5).

To refold the purified denatured protein into its native conformation and remove the
chaotropic agent, the eluate was subjected to stepwise dialysis at 4 ◦C against refolding
buffer (PBS, pH 7.4, 5% glycerol, 1 mM reduced glutathione and 0.2 mM oxidized glu-
tathione) containing sequentially decreasing concentrations of urea (6 M, 4 M, 2 M, 1 M,
0.5 M, and 0 M urea), with each dialysis step performed for 6 h with continuous gentle
stirring. The refolded protein solution was subsequently concentrated using Centricon
ultrafiltration centrifugal filter units (10 kDa molecular weight cutoff; Millipore) and de-
salted into sterile PBS (pH 7.4) using a HiPrep 26/10 desalting FPLC column (Bio-Rad,
Hercules, CA, USA). Protein concentration was determined by the Lowry method [20],
and purity was verified by 12% SDS-PAGE. Densitometry was analyzed using ImageJ
software 1.54, and the percentage of the target 37 kDa peak area relative to total density
was calculated. Because the expression host, ClearColiBL21 (DE3), is a low-endotoxin E.
coli strain, a separate endotoxin-removal step was not required for the purified rGAPDH.

2.6. rGAPDH Vaccine Preparation

Purified 37 kDa rGAPDH was emulsified with aluminum hydroxide (Algel; Sigma-
Aldrich, Burlington, MA, USA) as an adjuvant. Briefly, a 2% aluminum hydroxide stock
(20 mg per mL) was prepared in ultra-pure molecular biology-grade water using contin-
uous magnetic stirring to prevent powder clumping and stored at 4 ◦C. The aluminum
hydroxide stock solution was vortexed immediately before use to re-suspend the settled
colloidal particles. Four vaccine formulations and an adjuvanted control were prepared
under aseptic conditions (Table 2). For all adjuvanted preparations (V2, V4, and the PBS
+ Algel control group), the stock 2% aluminum hydroxide solution was mixed with the
respective protein solutions or sterile PBS in a 1:1 (v/v) ratio to achieve an identical final
Algel concentration of 1% (10 mg/mL). The unadjuvanted formulations (V1 and V3) were
prepared in sterile PBS without adjuvant. The Algel–protein mixture was incubated at
4 ◦C overnight with slow, continuous agitation to achieve maximum electrostatic binding
efficiency. To test for sterility, 100 µL of each formulation was spread onto non-selective
nutrient agar plates and then incubated at 37 ◦C for 24 to 48 h; since no microbial growth
was seen, the preparations were confirmed to be sterile. The pH values of the formulations
were between 7.2 and 7.5. The emulsified rGAPDH-prepared vaccines looked like uniform,
milky-white suspensions with no visible clumping. The emulsified vaccine formulations
were incubated at 4 ◦C until use.
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Table 2. Vaccine formulations prepared for immunization of Asian seabass. All groups (V1–V4 and
PBS + Algel control) received an identical administration volume of 200 µL per fish, containing the
respective vaccine formulation or PBS + Algel control preparation.

Group Formulation Protein Dose (µg) Adjuvant Volume (µL)

V1 rGAPDH 5 None 200

V2 rGAPDH 5 Algel 200

V3 rGAPDH 10 None 200

V4 rGAPDH 10 Algel 200

Control Sterile PBS 0 Algel 200

2.7. Fish Vaccination

Asian seabass were randomly allocated into five experimental groups (V1–V4 and PBS
+ Algel Control). Each group was maintained in three separate replicate tanks with 27 fish
per tank (81 fish per group). Prior to immunization, fish were anesthetized using tricaine
methanesulfonate (MS-222; Sigma-Aldrich, Burlington, MA, USA). Fish in groups V1–V4
were immunized by intraperitoneal injection with 200 µL of their respective rGAPDH
formulations (Table 2) using a sterile 23-gauge syringe, while fish in the PBS + Algel control
group were injected with an identical volume (200 µL) of sterile PBS containing 1% Algel
adjuvant. Fish were observed daily for behavioural changes, mortality, and clinical signs
of disease. Blood and tissue samples (spleen and head kidney) were collected from nine
fish per group (3 fish per tank from 3 tanks) at 7, 14, and 21 days post-vaccination (DPV).
Following sampling across the three time points, the remaining 54 fish per group (18 fish
per replicate tank) were subsequently used for the pathogenic challenge.

For serum-based immunological assays (agglutination, bactericidal activity, and
lysozyme activity), blood from the three fish within each tank was pooled, processed,
and analyzed at each sampling time point. A statistical power analysis performed using
G*Power 3.1 indicated an estimated power of approximately 50%, assuming a large ef-
fect size (Cohen’s f = 0.40), a significance level of α = 0.05, and five experimental groups.
Although the estimated statistical power was below the conventionally recommended
threshold of 80%, the sample size of nine fish per group was retained, as it provided
biological replication and sufficient observations to perform the planned ANOVA, while
considering experimental feasibility and ethical principles aimed at minimizing animal use.

2.8. Agglutinating Antibody Titer

Serum agglutinating antibody titers were determined according to the method of
Roberson [21] with minor modifications. Briefly, 50 µL of two-fold diluted serum from
all the groups, including the control, were transferred into U-bottom 96-well microtiter
plates. To each well, an equal volume (50 µL) of V. alginolyticus bacterial suspension
(1 × 105 CFU/mL) was added. The plates were incubated at 25 ◦C for 2 h, then stored at
4 ◦C overnight, and positive agglutination was defined by visible precipitation.

2.9. Serum Bactericidal Activity

The serum bactericidal activity assay was performed according to the method de-
scribed by Vasudeva Rao et al. [22], with minor modifications. An overnight culture of
V. alginolyticus was harvested, washed, and resuspended in PBS, and the bacterial suspen-
sion was adjusted to an optical density of 1.0 at 600 nm (OD600). Briefly, 2 µL of the bacterial
suspension was mixed with 20 µL of serum collected from fish belonging to the different
experimental groups, including the PBS + Algel-injected control group. The mixtures were
incubated in 96-well microtiter plates at 25 ◦C for 1 h. Following incubation, viable bacteria
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were enumerated by plating onto TCBS agar and incubating at 30 ◦C for 18 h. Serum
bactericidal activity was expressed as bacterial survival percentage (BSP), calculated from
viable colony counts recovered following serum exposure relative to the mean bacterial
count obtained with serum from PBS + Algel-injected control fish at the corresponding
sampling time point, using the following equation:

BSP (%) = [CFU recovered following incubation with test serum/Mean CFU recovered following incubation
with serum from PBS + Algel-injected control fish] × 100.

Bacterial survival percentages were determined at 7, 14, and 21 days DPV. Lower BSP
values indicated greater bactericidal activity relative to serum from the PBS-Algel-injected
control group.

2.10. Serum Lysozyme Activity

Serum lysozyme activity was determined using the turbidimetric method with
lyophilized Micrococcus lysodeikticus (Sigma-Aldrich, Burlington, MA, USA), following
the procedure described by Ellis [23], with minor modifications. Briefly, 20 µL of fish serum
was added in duplicate to U-bottom microtiter plates, followed by 180 µL of a 0.02% (w/v)
suspension of M. lysodeikticus prepared in 66 mM potassium phosphate buffer (pH 6.24).
Absorbance at 450 nm was measured immediately after mixing (T0) and after 30 min of
incubation at 25 ◦C (T30). One unit (U) of lysozyme activity was operationally defined
as a decrease in absorbance of 0.001 per minute under the specified assay conditions.
Lysozyme activity was calculated from the blank-corrected decrease in absorbance using
the following equation:

Lysozyme activity (U/mL) = [(A0 − A30) × D]/(0.001 × 30 × 0.020)

where A0 and A30 represent the blank-corrected absorbance values at 0 and 30 min, respec-
tively; D represents the serum dilution factor (D = 1 for undiluted serum); 30 represents
the incubation period (min); and 0.020 represents the serum volume (mL). Results were
expressed as U/mL of serum.

2.11. Pathogenic Challenge

At 21 DPV, Asian seabass across all experimental groups (V1–V4 and PBS + Algel
control, n = 54 fish per group) were distributed across triplicate tanks (18 fish per tank). The
calculated median lethal dose (LD50) of V. alginolyticus CMFRI-JF260912 in Asian seabass
was 1.12 × 104 CFU/fish (log10 LD50 = 4.05; Table S1). Fish were anesthetized with MS-222
and experimentally challenged by intraperitoneal (i.p.) injection of 0.1 mL of virulent V.
alginolyticus CMFRI-JF260912 suspension adjusted to 1 × 105 CFU/fish. Challenged fish
were monitored twice daily over a 30-day post-challenge observation period for feed intake,
behavioural abnormalities, clinical signs of vibriosis, and mortality. Humane endpoints
were strictly enforced: fish exhibiting clinical moribund criteria, such as persistent loss
of equilibrium, spiralling swimming behaviour, lethargy, or severe skin ulcerations, were
humanely euthanized by immersion in an overdose of MS-222 and tallied as challenge
mortalities. Relative percent survival (RPS) was calculated as RPS = [1 − (% mortality
in vaccinated group/% mortality in PBS + Algel control group)] × 100. At necropsy,
bacteria were re-isolated from the heart blood and kidney on TCBS agar, and identity was
confirmed by PCR. Survival distributions were analyzed using the Kaplan–Meier method
and compared using the log-rank (Mantel–Cox) test.
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2.12. Quantitative RT-PCR

Total RNA was extracted from spleen and head kidney (n = 9 biological replicates
per tissue per time point per group) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions, including DNase I treatment (New England
Biolabs, Hitchin, UK). RNA concentration and purity were assessed using a NanoDrop
spectrophotometer (Thermo Scientific, Waltham, MA, USA). cDNA was synthesized from
total RNA (1 µg) using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The
designed primer sequences, annealing temperatures, and amplicon sizes of tested genes are
given in Table 3. Each of the 20 µL qPCR reactions included 10 µL of 2x iQ™ SYBR® Green
Supermix 2X (Bio-Rad, Hercules, CA, USA), 2 µL of diluted cDNA (1:20), 0.4 µM of each
primer, and nuclease-free water. Reactions were performed on a LightCycler 96 (Roche,
Basel, Switzerland), using the following thermal profile: initial denaturation at 95 ◦C for
5 min, followed by 40 cycles of denaturation at 95 ◦C for 30 s, annealing at 61–70 ◦C for 15
s, and elongation at 72 ◦C for 30 s. A melting-point curve analysis was carried out from 61
to 95 ◦C with an increment of 0.5 ◦C per 10 s to verify amplicon specificity. Each sample
was amplified in biological and technical triplicates. qRT-PCR data of each gene were
normalized to the reference gene, EF1α [24], and relative gene expression was calculated
using the 2−∆∆CT method [25]. To achieve symmetrical representation of both upregulated
and downregulated genes, data were converted to log2 fold change (log2 FC = −∆∆CT) for
graphical presentation and statistical comparisons.

Table 3. Primers used for RT-qPCR analysis of immune-related gene expression in Asian seabass.

Accession Number Gene Sequence (5′–3′) Product Size (bp) Temp (◦C)

PZ727114 Complement Factor
H

F: 5′ CTGTATCAGAGGAAGACGACAT 3′

R: 5′ TGGCAAGAAGGCAGGTTCAT 3′ 84 64

PZ727115 Cystatin B F: 5′ GAGGTATGTGTGGGGGTCCT 3′

R: 5′ CTTTTTGCTCTGCATGGGGC 3′ 93 69

PZ727116 HSP70 F: 5′ TACCTCGGCCAAAAGGTGTC 3′

R: 5′ TCTTTAGTCGCCTGTCGCTG 3′ 80 68

PZ723671 HSP90α F: 5′ ATGACCCACAGACGCACTCC 3′

R: 5′CATGTCCTCAGTGGGAGCAGA 3′ 113 70

GQ507427 Elongation Factor
1-alpha (reference)

F: 5′AAATTGGCGGTATTGGAAC 3′

R: 5′GGGAGCAAAGGTGACGAC 3′ 83 61

2.13. Statistical Analysis

The experimental design evaluated two primary explanatory factors: treatment for-
mulation (five groups: V1, V2, V3, V4, and PBS + Algel Control) and time (observa-
tion/sampling periods: 7, 14, and 21 DPV). The experimental design was not formu-
lated as a multiple conventional full-factorial experiment encompassing all treatment
groups, time points, immunological parameters, and gene expression targets simultane-
ously. Instead, each immunological parameter and each gene expression target in the
head kidney and spleen was analyzed independently with treatment and time specified as
explanatory factors.

For each outcome variable, a two-way analysis of variance (ANOVA) was performed
to evaluate the main effects of Treatment and Time and their Treatment × Time interaction.
Wherever significant main effects were detected, marginal means were compared using
Tukey’s honestly significant difference (HSD) test. Treatment × Time interaction means
were compared using pairwise least-squares-mean t-tests implemented in SAS. These
comparisons were not adjusted for multiple testing and were therefore interpreted as
exploratory. Marginal means were compared using Tukey’s HSD test, where appropriate.
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Statistical significance was set at p < 0.05. Statistical significance was set at p < 0.05. All
statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA) and IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, USA). Uniform
environmental conditions were maintained across replicate tanks. Tank-level samples were
treated as independent experimental units to avoid pseudoreplication. However, tank
effects were not separately estimated in the statistical model.

3. Results
3.1. Recombinant Expression and Purification of rGAPDH

The GAPDH-encoding open reading frame (1002 bp) was successfully amplified from
V. alginolyticus (Figure 3A). Sequencing confirmed the identity and integrity of the insert in
pJET1.2-GAPDH. SDS-PAGE analysis revealed a prominent protein band of approximately
37 kDa in the induced whole-cell lysate, which was absent in uninduced controls. This
matched the expected size of the predicted molecular weight of the VibAlg.GAPDH-His
fusion protein (Figure 3B). The recombinant protein was predominantly present in the
insoluble fractions, and the purified rGAPDH was obtained with a purity of 92.4 ± 1.8% as
determined by densitometric analysis of SDS-PAGE elution profiles (Figure 3B, Lanes 6–7).
The final yield of purified rGAPDH was approximately 110 mg per litre of culture.

Figure 3. PCR and SDS-PAGE analysis. (A): A Gel image shows the GAPDH gene of Vibrio alginolyti-
cus. Lane 1: amplified GAPDH gene, 1002 bp, and Lane 2: DNA ladder); (B): SDS-PAGE gel image
shows IPTG-induced expression of GAPDH protein. Lane 1: Protein ladder, Lane 2: uninduced total
cell protein, Lane 3: induced total cell protein, Lane 4: insoluble fraction, Lane 5: soluble fraction;
Lanes 6 and 7: purified 37 kDa rGAPDH protein.

3.2. Protective Efficacy of rGAPDH

Protective efficacy was evaluated following an intraperitoneal challenge with 1 × 105

CFU/fish of virulent V. alginolyticus at 21 DPV, where measurable protection was defined
as a significant reduction in cumulative mortality and quantified by RPS over a 30-day
observation period. Following intraperitoneal challenge with V. alginolyticus, the non-
vaccinated PBS + Algel control cohort exhibited a cumulative mortality of 70.37% over
the 30-day monitoring window (Figure 4). Group V4 (10 µg rGAPDH + Algel) exhibited
no observed mortality during the 30-day experimental challenge period, corresponding
to 100% RPS compared with the PBS + Algel control group. Groups V2 (5 µg rGAPDH
+ Algel) and V3 (10 µg rGAPDH alone) each experienced 25.93% cumulative mortality,
corresponding to identical RPS values of 63.16%. Group V1 (5 µg rGAPDH alone) exhibited
42.59% cumulative mortality, resulting in an RPS of 39.47% (Table S2).
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Figure 4. Kaplan–Meier curve showing the percent survival of Asian seabass challenged with Vibrio
alginolyticus at 21 days post-vaccination and monitored for 30 days post-challenge. The vaccinated
group and the non-vaccinated PBS + Algel control group received an intraperitoneal injection of
V. alginolyticus (1 × 105 CFU/fish). Statistical annotations indicate pairwise comparisons against the
PBS + Algel control cohort: ** p < 0.01, *** p < 0.001. Survival in group V4 was significantly higher
than in all other vaccinated cohorts (p < 0.01).

3.3. Serum Agglutination Titers

Specific humoral responses were measured by a whole-cell agglutination assay in
which two-fold serum dilutions were reacted against a suspension of V. alginolyticus CMFRI-
JF260912 (1 x 105 CFU/mL); titres are expressed as log2 of the reciprocal of the highest
dilution showing visible agglutination (Section 2.8). Serum agglutination titers were signifi-
cantly increased in all vaccinated fish groups (V1–V4) against V. alginolyticus (Figure 5). At
7 DPV, all vaccinated groups showed moderate antibody responses against V. alginolyticus.
At 14 DPV, the V4 group (10 µg rGAPDH with Algel) had the highest antibody titer (5 ± 1),
followed by V3, V2, and V1 groups. At 21 DPV, the V4 group sustained its peak response
(5 ± 2), while the V3 group remained stable (4 ± 2). In contrast, the V2 group showed a
moderate decline (3 ± 1), and the V1 group declined to 2 ± 0.

3.4. Serum Bactericidal Activity

Serum-associated bactericidal activity was evaluated by incubating serum with
V. alginolyticus and enumerating surviving bacteria on TCBS agar. Results were expressed
as BSP, with lower values indicating greater serum bactericidal activity (Figure 6). Two-way
ANOVA identified significant effects of vaccine formulation (F4,30 = 905.29, p < 0.0001),
sampling day (F2,30 = 207.07, p < 0.0001), and their interaction (F8,30 = 101.77, p < 0.0001). At
7 DPV, all vaccinated groups exhibited significantly lower BSP than the PBS + Algel control
(100.00 ± 5.36%; p < 0.05). The greatest reduction in bacterial survival was observed in V2
(19.82 ± 1.39%), followed by V4 (33.36 ± 4.16%), V3 (65.11 ± 4.39%), and V1 (88.28 ± 2.38%).
All four vaccinated groups differed significantly from one another (p < 0.05), indicating
distinct early serum bactericidal responses among the formulations. At 14 DPV, all vac-
cinated groups continued to exhibit significantly lower BSP than the PBS + Algel control
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(100.00 ± 1.54%; p < 0.05). The lowest BSP was recorded in V4 (13.92 ± 1.42%), followed by
V3 (17.06 ± 3.30%), V1 (21.21 ± 1.16%), and V2 (29.37 ± 3.77%). V4 exhibited significantly
lower BSP than V1 and V2 (p < 0.05), but did not differ significantly from V3 (p > 0.05).
Similarly, V1 and V3 were not significantly different from each other, whereas V2 exhibited
significantly higher BSP than the other vaccinated groups. At 21 DPV, all vaccinated groups
exhibited significantly lower BSP than the PBS + Algel control (100.00 ± 8.08%; p < 0.05).
V4 had the lowest BSP (8.31 ± 0.72%), followed by V3 (14.78 ± 1.01%), V2 (20.37 ± 1.96%),
and V1 (82.15 ± 0.61%). V4 differed significantly from V1 and V2, but not from V3 (V3
versus V4: p = 0.0531). V2 and V3 also did not differ significantly (p = 0.0541).

Figure 5. Serum agglutination antibody titres in Asian seabass following vaccination with recom-
binant GAPDH of Vibrio alginolyticus. Serum samples were collected at 7, 14, and 21 days post-
vaccination, and antibody titres were determined by the serum agglutination assay. Data are pre-
sented as mean ± SD of three independent pooled serum samples from each tank per group at each
time point (n = 9). Differences among treatment groups and sampling days were analyzed using
two-way ANOVA followed by Tukey’s HSD multiple-comparison test. Distinct lowercase letters
above the bars indicate statistically significant differences among experimental treatment groups
within each sampling day (p < 0.05).

3.5. Serum Lysozyme Activity

Serum lysozyme activity was quantified turbidimetrically against Micrococcus lysodeik-
ticus and expressed as kinetic units (U/mL) based on the rate of decrease in absorbance at
450 nm. Serum lysozyme activity showed significant effects of treatment, sampling day
and their interaction (Figure 7). Based on the observations, treatment group, sampling
day and the group × day interaction were all significant (two-way ANOVA, p < 0.0001
for each effect). At 7 DPV, mean activity ranged from 78.6 U/mL in PBS + Algel controls
to 417.1 U/mL in V4. At 14 DPV, activity ranged from 167.8 U/mL in PBS + Algel controls
to 898.8 U/mL in V4. At 21 DPV, activity ranged from 124.7 U/mL in PBS + Algel controls
to 1077.4 U/mL in V4. The PBS + Algel control group did not show noticeable change
throughout the experimental period.
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Figure 6. Serum bactericidal activity against Vibrio alginolyticus in Asian seabass at 7, 14, and
21 days post-vaccination, expressed as bacterial survival percentage (BSP). Data are presented as the
mean ± SD of three independent pooled serum samples from each tank per group at each time point
(n = 9). BSP was calculated relative to the corresponding PBS + Algel control mean (100% per day);
lower BSP indicates greater serum bactericidal activity. Different lowercase letters indicate significant
differences among treatments within the same sampling day (p < 0.05).

Figure 7. Serum lysozyme activity in Asian seabass at 7, 14, and 21 days post-vaccination. Data
are presented as mean ± SD of three independent pooled serum samples from each tank per group
at each time point (n = 9). Lysozyme activity was determined turbidimetrically from the decrease
in absorbance at 450 nm over 30 min and expressed as kinetic units (U/mL). Statistical differences
were assessed using two-way ANOVA followed by Tukey’s HSD multiple-comparison test. Different
lowercase letters above the bars indicate significant differences among treatment groups within the
same sampling day (p < 0.05).
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3.6. Gene Expression Profiling
3.6.1. Complement Factor H

Transcript abundance of the four target genes was measured by RT-qPCR in spleen
and head kidney at 7, 14 and 21 DPV, normalized to EF1a and expressed as log2 fold
change relative to the time-matched PBS + Algel control group (Section 2.12). In the spleen,
CFH expression was numerically highest in the V4 group at 21 DPV, reaching a relative
expression level of 1.34 ± 0.10 log2 fold change. The expression of CFH was upregulated in
V1 and V2 groups at 7 and 14 DPV but downregulated at 21 DPV. In contrast, the V3 group
exhibited downregulation at 7 DPV with upregulation at 14 and 21 DPV that was maximal
at 14 DPV (Figure 8A). In the head kidney, the V3 group showed peak CFH upregulation
at 7 DPV, with expression again elevated at 21 DPV, while the V4 group demonstrated a
steady progressive increase from 7 to 21 DPV. Groups V1 and V2 showed downregulation
of CFH at 21 DPV and 14 DPV, respectively, in the head kidney (Figure 9A).

Figure 8. Relative mRNA expression of target immune genes in Asian seabass spleen at 7, 14, and
21 days post-vaccination. Complement factor H (A), Cystatin B (B), HSP70 (C), and HSP90α (D).
Data are expressed as relative expression (log2 fold change, mean ± SD, n = 9 biological replicates
per group per time point) normalized to EF1α and relative to the time-matched PBS + Algel control.
Asterisks denote statistically significant differences compared to the PBS + Algel control cohort
(* p < 0.05, ** p < 0.01).
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Figure 9. Relative mRNA expression of target immune genes in Asian seabass head kidneys at 7, 14,
and 21 days post-vaccination. Complement factor H (A), Cystatin B (B), HSP70 (C), and HSP90α (D).
Data are expressed as relative expression (log2 fold change, mean ± SD, n = 9 biological replicates
per group per time point) normalized to EF1α and relative to the time-matched PBS + Algel control.
Asterisks denote statistically significant differences compared to the PBS + Algel control cohort
(** p < 0.01).

3.6.2. Cystatin B

Cystatin B transcript levels were determined in the same tissue panel and expressed on
a log2 fold-change scale. Cystatin B expression in the head kidney peaked markedly in the
V3 group at 7 DPV and remained elevated relative to other groups throughout the 21-day
observation period (Figure 9B). In the V4 group, cystatin B was slightly downregulated in
the spleen at 7 DPV (Figure 8B), followed by marked upregulation at 14 and 21 DPV in
both the head kidney and spleen (Figures 8B and 9B). Conversely, downregulation was
observed in the V1 group in the head kidney at 21 DPV and in the spleen of the V1, V2,
and V3 groups at different sampling time points (Figure 8B).
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3.6.3. HSP70 and HSP90α

The expression profiles of the two heat shock protein genes, HSP70 and HSP90α, were
evaluated in parallel in the spleen and head kidney. At 7 DPV, HSP70 expression was
significantly downregulated in the spleen of the V3 and V4 groups (Figure 8C), whereas
significant upregulation was observed in the head kidney of both groups at the same time
point (Figure 9C). By 21 DPV, HSP70 expression was significantly elevated in both the V3
and V4 groups in the spleen (Figure 8C) and head kidney (Figure 9C). A similar temporal
expression pattern was observed for HSP90α, with elevated transcript levels at 21 DPV in
both tissues in the V3 and V4 groups (Figures 8D and 9D).

4. Discussion
This study describes the development of a rGAPDH subunit vaccine of V. alginolyticus

for Asian seabass. The adjuvanted high-dose formulation (10 µg) conferred complete
protection against experimental V. alginolyticus infection. To our knowledge, this protection
level is among the highest reported for recombinant Vibrio vaccines evaluated in teleost fish.
The higher relative percent survival observed in the adjuvanted formulations compared
with their corresponding unadjuvanted formulations suggests a beneficial association
between aluminum hydroxide inclusion and protective efficacy. Group V4 (10 µg rGAPDH
formulated with Algel) obtained 100% RPS, while the unadjuvanted group V3 (10 µg
rGAPDH alone) achieved only 63.16% RPS. At the lower protein dose a similar dose–
response relationship was observed in the V2 group (5 µg rGAPDH with Algel) and V1
group (5 µg rGAPDH alone), yielding 63.16% and 39.47% RPS. This is in agreement with
the well-known role of aluminum hydroxide as a depot-forming adjuvant that extends the
availability of antigen at the injection site and enhances humoral immune responses in
teleost fish [11,26,27].

The level of protection observed is consistent with earlier studies that demonstrated
immunogenic and cross-protective properties of GAPDH. Li et al. [18] reported that re-
combinant GAPDH induced protective immunity in zebrafish against V. alginolyticus, with
RPS values over 60%. Similarly, Cao et al. [28] also observed RPS of 66% after vaccinating
large yellow croaker (Larimichthys crocea) with a bacterial ghost vaccine against V. alginolyti-
cus. Zhang et al. [29] reported that live-attenuated ∆cpxA and ∆cpxR vaccine candidates
conferred over 70% RPS against V. alginolyticus infection in pearl gentian grouper, demon-
strating the protective potential of attenuated vaccine strategies in marine fish. In our
study, 100% RPS was obtained against V. alginolyticus in Asian seabass vaccinated with
rGAPDH–Algel. This represents a high level of protection compared to previously reported
vaccines against V. alginolyticus. However, direct comparisons between our developed
rGAPDH–Algel vaccine and other available vaccines are difficult due to variations in fish
species, adjuvants, and immunization protocols. A summary of representative studies to
facilitate comparison is presented in Supplementary Table S3 [30–33].

The importance of adjuvant formulation is further supported by Dar et al. [34], who
tested a VHSV vaccine adjuvanted with squalene–aluminum hydroxide in olive flounder
(Paralichthys olivaceus). This vaccine gave high levels of protection, as shown by RPS values
from 71.4% to 100% in the fish that were vaccinated intraperitoneally, indicating protective
efficacy under the conditions tested of this adjuvant formulation against the pathogen.
In the present study, the formulation (10 µg rGAPDH with Algel) conferred 100% RPS
in Asian seabass against V. alginolyticus. This finding demonstrates that the developed
vaccine resulted in 100% RPS under the experimental challenge conditions against vibriosis
under the experimental challenge conditions evaluated in this trial. The fact that aluminum
hydroxide adjuvant may be associated with improved protective efficacy of subunit vaccine
against Vibrio species in fish is in line with the findings of Nguyen et al. [35], who found
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significantly higher specific IgM levels and improved survival rate in grouper that had been
vaccinated with recombinant outer membrane proteins of V. harveyi adjuvanted with Algel.
The V4 group achieved 100% RPS under the experimental challenge conditions against V.
alginolyticus, which is comparable to that of the most advanced vibriosis subunit vaccines
described in the recent literature [11,36].

The serum agglutination titer of Asian seabass, which was used to evaluate the
humoral immune response, showed that all vaccinated groups induced robust antibody
levels. The V4 group reached the highest agglutination titer (5 log2) at 14 DPV and
sustained it at 21 DPV. Interestingly, the V1 and V2 groups had peaked at 14 DPV before
titers declined, which may be associated with a possible adjuvant-associated antigen
retention effect provided by the Algel adjuvant in the V4 for sustained agglutinating
antibody responses. In studies involving recombinant V. harveyi vaccines in grouper [16],
sustained antibody titers were observed for up to 8 weeks post-vaccination when PLG
microparticle encapsulation was used. This suggests that formulation strategy is a major
factor in determining immune persistence. Further study is required to compare Algel and
polymer-based delivery systems for rGAPDH in Asian seabass.

Protection against bacterial pathogens is mediated by coordinated humoral and in-
nate immune mechanisms. Functional assays demonstrated that vaccination enhanced
both antibody response and serum bactericidal activity. Because whole-serum bactericidal
assays measure the combined bactericidal action of complement activation, natural and
specific antibodies, and other circulating soluble innate factors, this assay reflects collective
serum antibacterial clearance rather than functionally differentiating antibody-mediated
neutralization from complement-mediated lysis. Serum bactericidal activity varied accord-
ing to vaccine formulation and sampling time, with V2 exhibiting the greatest activity at
7 DPV and V4 at 14 and 21 DPV. The differences were statistically significant and aligned
with the bactericidal trends seen in similar studies involving recombinant subunit vac-
cines [27,30,35]. Lysozyme, a major component of non-specific innate immunity, has been
shown to be increased in vaccinated fish and contributes to bacterial lysis and facilitates sub-
sequent phagocytosis [37]. In the case of transient, non-specific immune responses, which
generally fall off within 2 to 3 weeks after exposure to unadjuvanted soluble antigens (as
observed in group V1), the observed changes in lysozyme activity and later HSP70/HSP90α
expression in groups V2 and V4 may be associated with formulation-dependent antigen
persistence caused by the aluminum hydroxide adjuvant and the greater amount of anti-
gen. Aluminum hydroxide may influence antigen availability and immune responses,
thus allowing for continuous antigen presentation and the subsequent stimulation of the
circulating innate effectors over the entire 21-day immunization period.

The marked upregulation of CFH in the head kidney and spleen of the high-dose
cohorts, particularly the sustained induction observed in the V4 group through 21 DPV
suggests a possible association with complement regulation in Asian seabass. CFH is
the primary soluble regulatory cofactor of the alternative complement cascade, acting to
accelerate the disassembly of alternative C3-convertase and promoting Factor I-mediated
cleavage of C3b [38,39]. While activation of the alternative complement pathway is essential
for the rapid deposition of opsonins and assembly of lytic membrane attack complexes
on Vibrio cell surfaces, unconstrained complement activation can trigger destructive host
tissue damage and systemic immunopathology [38,40]. The sustained transcriptional
induction of CFH in group V4 at 21 DPV occurred alongside changes in serum bactericidal
activity. This activity reached its peak killing capacity in this cohort (BSP 8.31 ± 0.72%).
This association is consistent with vaccine-related changes in immune responses and the
observed 100% relative percent survival under the experimental challenge conditions.
However, CFH transcript abundance does not directly demonstrate complement activation,
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tissue protection, or complement-mediated bacterial clearance, as these mechanisms were
not specifically evaluated in the present study.

Cystatin B, which is an inhibitor of cysteine proteases and plays a role in antigen
processing and immune cell function, reached its highest level of expression in the head
kidney of the V3 group at 7 DPV and remained elevated until 21 DPV. Persistent cystatin
B expression may indicate prolonged regulation of antigen processing and immune cell
activation, potentially supporting the development of protective adaptive immunity. This
agrees with earlier reports which showed that cystatin B is induced during both bacterial
and viral infections and plays a role in the innate immune responses of fish [41–43]. The
transient downregulation of cystatin B in the spleen at 7 DPV, followed by sustained
upregulation at 14 and 21 DPV in the V4 group, suggests a temporally regulated response
involving intracellular cysteine protease control. Given the role of lysosomal cysteine
proteases in protein turnover and antigen processing, this expression pattern may reflect
dynamic modulation of intracellular proteolytic pathways in teleost immune tissues rather
than persistent, generalized immune activation.

Heat shock proteins (HSPs) function as molecular chaperones and are involved in anti-
gen processing and presentation, lymphocyte activation, and innate immune signalling [44].
In the present study, HSP70 and HSP90α were upregulated at 21 DPV in both the spleen
and head kidney of the V3 and V4 groups, suggesting the involvement of molecular
chaperone-associated pathways during the later stages of the vaccine-induced immune
response. The similar expression patterns of HSP70 and HSP90α may indicate coordinated
regulation of these stress-response genes following vaccination. Consistent with these ob-
servations, Huang et al. [45] identified HSP90AA1.2 as a central hub gene in protein–protein
interaction networks associated with vaccine-induced immune responses in largemouth
bass (Micropterus salmoides) following immunization with an inactivated viral hemorrhagic
septicemia virus vaccine. These findings suggest that HSP90-associated pathways may
contribute to immune regulation following vaccination. Furthermore, the elevated expres-
sion of HSP70 and HSP90α in the vaccine groups exhibiting greater protective efficacy is
consistent with previous observations linking heat-shock proteins to immune responses
in fish [31,44–46]. Overall, the observed changes in serum immunological parameters
and immune-related gene expression suggest that rGAPDH vaccination was associated
with multiple components of the host immune response. Further functional investigations
are required to establish the specific contributions of these proteins to vaccine-induced
protection against V. alginolyticus.

Although the present study provides an effective vaccine development formulation
against V. alginolyticus, it has certain limitations. The immune responses were examined
up to 21 DPV, and the duration of long-term protection remains unknown. The challenge
experiment used a single V. alginolyticus strain, and cross-protection against other Vibrio
species or strains was not evaluated. No apparent adverse clinical signs or abnormal
behaviour were observed in vaccinated fish during the study; however, longer-term safety
remains to be evaluated. Previous human immunological studies have raised concerns
regarding potential autoimmune cross-reactivity associated with conserved GAPDH epi-
topes [47]. Nevertheless, these findings cannot be directly extrapolated to teleost fish, and
further studies are required to evaluate the long-term safety and potential cross-reactivity
of the rGAPDH vaccine.

Additionally, in the present study, the intraperitoneal route was used to deliver a
defined dose of rGAPDH and evaluate its protective efficacy in Asian seabass against
V. alginolyticus. In practical terms, IP vaccination would be feasible during the hatchery
or nursery phase, or immediately before transfer of the fish to sea cages. However, the
practical application of IP vaccination in open-sea Asian seabass cage culture might present
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some challenges, such as individual fish handling and carrying out the injection. Therefore,
field-scale trials under commercial cage-farming conditions are necessary to assess vaccine
efficacy and duration of protection under variable environmental conditions, as well as
handling-associated stress, operational feasibility, and cost-effectiveness.

5. Conclusions
This study demonstrates, for the first time, that a 37 kDa rGAPDH subunit vaccine

formulated with 10 µg of antigen and aluminum hydroxide adjuvant achieved 100% RPS
in Asian seabass challenged with V. alginolyticus under the experimental conditions. Vacci-
nation elicited substantial immune responses, as evidenced by serum agglutination titers,
bactericidal activity, and lysozyme activity. Moreover, the tissue-specific and temporal
modulation of complement factor H, cystatin B, HSP70, and HSP90α gene expression in
vaccinated fish provides molecular evidence of alterations in immune-related pathways
following rGAPDH vaccination, particularly in the V4 group. These findings suggest that
vaccination may influence multiple immune-related processes, including complement reg-
ulation, protease inhibition, cellular stress responses, and immune signalling. Collectively,
the results support the potential of rGAPDH as a protective vaccine antigen against V.
alginolyticus in Asian seabass. The higher RPS observed in the adjuvanted formulations
further suggests that aluminum hydroxide may enhance vaccine efficacy under the ex-
perimental conditions evaluated. Further studies are warranted to assess the duration of
protective immunity, potential cross-protection against different Vibrio species and strains,
and the efficacy of the rGAPDH subunit vaccine under commercial aquaculture conditions.
Overall, this study provides a foundation for the further development of a recombinant
subunit vaccine against V. alginolyticus, with the potential to improve fish health, support
sustainable marine aquaculture, and reduce reliance on antibiotics for disease management.
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