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Abstract 

Bacterial septicaemia caused by Aeromonas hydrophila is an important constraint for 
giant gourami (Osphronemus goramy) culture in Southeast Asia. Inactivated whole-
cell (bacterin) vaccines are widely used against bacterial diseases in aquaculture, but 
comparative data on monovalent versus polyvalent A. hydrophila vaccines, with and 
without oil-based adjuvant, remain scarce for this species. This study evaluated the 
safety, immunological responses, and protective efficacy of three formalin-killed cell 
(FKC) vaccines prepared from gourami-derived A. hydrophila isolates: a monovalent 
FKC (P2), a non-adjuvanted polyvalent FKC (P3), and an oil-adjuvanted polyvalent 
FKC (P4), using PBS (P1) as a control. Sub-adult giant gourami were vaccinated 
intraperitoneally and monitored for 42 days. Serum agglutinating antibody titres, 
nitroblue tetrazolium (NBT)-reducing activity, and splenic il-1β and ifn-γ mRNA 
expression were measured at multiple time points. At 21 days post-vaccination, a separate 
cohort was challenged intraperitoneally with virulent A. hydrophila Ah-S1, and survival 
was recorded for 14 days; relative percent survival (RPS) was calculated at day 14. All 
FKC formulations were clinically well tolerated, with only transient post-vaccination 
inappetence and no gross injection-site pathology. Vaccination induced clear, treatment- 
and time-dependent increases in agglutinating antibody titres, NBT-reducing activity, 
and splenic il-1β and ifn-γ transcription, with the strongest and most sustained responses 
in P4, intermediate responses in P3 and P2, and minimal changes in P1. Following 
homologous challenge, day-14 survival was 8.3% in P1, 61.7% in P2, 75.0% in P3, and 
83.3% in P4, with corresponding RPS values of 58.2%, 72.7%, and 81.8%, respectively. 
Under these experimental conditions, the oil-adjuvanted polyvalent FKC (P4) produced 
the greatest enhancement of immune responses and protection against intraperitoneal 
A. hydrophila challenge in giant gourami. These findings support this formulation as a 
candidate for further vaccine development in O. goramy and highlight the need for dose 
optimisation, safety assessment, heterologous challenge, and field-validation studies 
before recommendations for large-scale use in aquaculture.
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1. Introduction 
The bacterial haemorrhagic septicaemia and 

motile Aeromonas septicaemia (MAS) caused pre-
dominantly by Aeromonas hydrophila remain major 
constraints to warm-water freshwater aquaculture, 
causing substantial mortality, growth loss, and eco-
nomic damage in Asia and worldwide (Assefa and 
Abunna, 2018; Fernández-Bravo and Figueras, 2020; 
Marinho-Neto et al., 2019). Field reports from South 
and Southeast Asia indicate that intensive culture of 
cyprinids and other warm-water species is frequent-
ly complicated by A. hydrophila-associated septicae-
mia and dropsy, even under managed husbandry and 
water-quality conditions (Dash et al., 2008; Iqbal, 
2016; Podeti and Benarjee, 2017; Sen and Mandal, 
2018). In Indonesia and neighbouring countries, ex-
pansion of freshwater aquaculture and increasing re-
liance on high-density systems have magnified the 
impact of bacterial diseases on livelihoods and food 
security (Assefa and Abunna, 2018; Lusiastuti et al., 
2020; Shamsuzzaman et al., 2017). Giant gourami 
(Osphronemus goramy) is a culturally and econom-
ically important species in this region, yet recurrent 
MAS outbreaks and co-infections with other bacte-
rial pathogens continue to limit production and often 
trigger non-selective antimicrobial use (Decostere et 
al., 2004; Gauthier and Rhodes, 2009; Rahmaningsih 
and Yanuhar, 2014; Rozi et al., 2018a, 2018b, 2024). 
These patterns highlight the need for vaccination strat-
egies tailored to this host and production context.

Vaccination is a cornerstone of bacterial dis-
ease control in finfish and has transformed the man-
agement of major infections in salmonids and other 
high-value species (Adams, 2019; Gudding and van 
Muiswinkel, 2013; Hastein et al., 2005; Toranzo et 
al., 2009). Most licensed fish vaccines are inactivated 
bacterins, frequently formulated with oil-based adju-
vants to increase potency and duration of protection 
(Adams, 2019; Ma et al., 2019; Wang et al., 2020). 
Effective vaccines must match pathogen biology and 
production systems, combining appropriate antigens, 
adjuvants, and delivery routes to achieve robust yet 
acceptable safety and performance (Dalmo et al., 
2016; Ma et al., 2019; Tafalla et al., 2013; Toranzo 
et al., 2009). Oil-adjuvanted water-in-oil and oil-in-
water emulsions can enhance antibody titres and long-
term protection against Gram-negative bacteria such 
as Vibrio spp. and Flavobacterium psychrophilum, but 
some formulations also induce adhesions, pigmenta-
tion changes, and growth penalties, underscoring the 
need to optimise adjuvant type and dose (Fredriksen et 
al., 2013; Hoare et al., 2017; Li et al., 2020; Gravnin-
gen et al., 2008; Jaafar et al., 2015; Li et al., 2020; 
Midtlyng et al., 1996; Rømer Villumsen et al., 2015).

For A. hydrophila specifically, diverse vaccine 
platforms have been evaluated. Conventional whole-
cell approaches using formalin-killed cells (FKC) or 
heat-killed preparations can provide partial to high 
levels of protection in carp, tilapia, and other species, 
particularly when delivered parenterally with suitable 
adjuvants (Chandran et al., 2002; Dehghani et al., 
2012; Prasad and Areechon, 2010; Shome and Shome, 
1999, 2005; Swain et al., 2007). More recent studies 
have examined LPS, outer membrane proteins, bacte-
rial ghosts, biofilm-derived antigens, bivalent or mul-
tivalent formulations, and oral or feed-based vaccines, 
with generally encouraging improvements in survival 
and serological responses (Alishahi et al., 2019; Jiang 
et al., 2016; Liu et al., 2011; Monir et al., 2020; Than-
gaviji et al., 2012; Yan et al., 2018). Systematic re-
views confirm that both conventional and biotechno-
logical approaches can generate protective immunity 
against A. hydrophila, but also emphasise substantial 
heterogeneity in antigen choice, vaccine platform, ad-
juvant use, and outcome measures, which complicates 
direct comparison and rational optimisation (Ma et al., 
2019; Mzula et al., 2019; Wang et al., 2020).

In Indonesia, and in O. goramy in particu-
lar, mono- and bivalent FKC vaccines targeting A. 
hydrophila and Mycobacterium fortuitum, as well as 
feed-based and immersion regimens, have been tested 
and shown to improve survival, haematological pro-
files, and antibody titres under experimental and semi-
field conditions (Firdaus-Nawi et al., 2013; Ismail et 
al., 2016; Purwaningsih et al., 2015; Sugiani et al., 
2012). Other studies have characterised the pathology 
and epidemiology of mycobacteriosis and A. hydroph-
ila-associated disease in gourami, reinforcing the need 
for integrated health-management strategies that com-
bine biosecurity, nutrition, and vaccination (Decoste-
re et al., 2004; Lusiastuti et al., 2020; Rahmaningsih 
and Yanuhar, 2014). However, most available data in 
gourami relate to monovalent or simple bivalents for-
mulations and focus on survival and basic serology, 
with relatively limited attention to polyvalent A. hy-
drophila vaccines based on multiple local strains and 
to longitudinal immunological profiling of how such 
formulations confer protection (Monir et al., 2020; 
Purwaningsih et al., 2015; Sugiani et al., 2013). At 
the same time, although advanced subunit, recombi-
nant, and multiepitope vaccines are being explored, 
information on simple, scalable polyvalent FKC for-
mulations that can be realistically adopted by small- 
and medium-scale farmers in low- and middle-income 
settings remains relatively limited and scattered (Ma 
et al., 2019; Mzula et al., 2019; Wang et al., 2020). 
The comparative immunology of adjuvanted versus 
non-adjuvanted polyvalent bacterins in this context is 
also not well resolved: many studies report survival 
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and endpoint antibody titres but only rarely integrate 
longitudinal measurements of humoral, innate, and 
cytokine responses to describe the overall immune 
trajectory after vaccination (Adams, 2019; Fredriksen 
et al., 2013; Hoare et al., 2017; Mutoloki et al., 2015; 
Tafalla et al., 2013).

Within this framework, the present study was 
designed to compare monovalent and polyvalent FKC 
vaccines, with and without an oil-based adjuvant, in 
O. goramy using a standardised experimental design 
and linear mixed-effects modelling to account for tank 
effects and temporal structure. We implemented a sin-
gle-dose vaccination trial that combined head-to-head 
formulation testing with longitudinal profiling of hu-
moral, innate, and cytokine endpoints, namely serum 
agglutinating antibody titres, NBT-reducing activi-
ty, and splenic il-1β and ifn-γ transcription, to char-
acterise how distinct bacterin regimens collectively 
shape the immune landscape in a warm-water cul-
tured species. In addition to immunological profiling, 
we quantified protective efficacy in an intraperitoneal 
challenge model with a virulent A. hydrophila isolate 
by estimating survival trajectories, hazard ratios, and 
relative percent survival (RPS). To our knowledge, 
systematic head-to-head data on monovalent versus 
polyvalent FKC regimens with and without oil ad-
juvantation, integrating longitudinal immunological 
readouts and homologous challenge, remain scarce 
for O. goramy and A. hydrophila. Rather than provid-
ing a full mechanistic dissection, our intention was to 
obtain an internally consistent, tank-level description 
of how these straightforward FKC regimens shape a 
limited set of immune readouts and survival in this 
host–pathogen combination, complementing existing 
survival-focused and more technologically complex 
vaccine studies (Adams, 2019; Ma et al., 2019; Mzula 
et al., 2019). Any practical implications for vaccine 
selection and timing of protection windows are there-
fore hypothesis-generating and contingent on further 
optimisation and field validation.

Operationally, we focused on five questions: 
(i) how PBS control, monovalent FKC, non-adjuvant-
ed polyvalent FKC and adjuvanted polyvalent FKC 
regimens differ in humoral responses, as measured 
by serum agglutinating antibody titres; (ii) how these 
regimens modulate innate effector function, quanti-
fied by NBT-reducing activity over a 42-day period; 
(iii) how they influence pro-inflammatory and Th1-
like cytokine responses, focusing on splenic il-1β and 
ifn-γ transcription; (iv) how mixed-effects models in-
tegrating these immunological endpoints can identi-
fy the formulation that provides the most robust and 
sustained multi-layered immune profile against A. hy-

drophila; and (v) to what extent each regimen con-
fers protection in an intraperitoneal challenge model 
with a virulent A. hydrophila strain, expressed through 
survival analysis and RPS. We hypothesised a priori 
that, under these specific experimental conditions, the 
oil-adjuvanted polyvalent FKC would elicit stronger 
and more sustained activation of the selected humoral, 
innate, and cytokine markers, and higher post-chal-
lenge survival, than the non-adjuvanted polyvalent 
and monovalent FKC regimens. Any suggestion that 
this formulation should be prioritised for subsequent, 
field-oriented validation in gourami aquaculture is 
therefore provisional and explicitly conditioned on 
confirmation in larger, independent studies.

2. Materials and Methods
2.1 Materials 

2.1.1 The materials

	 All culture media, biochemical reagents, and 
buffers were of analytical grade. Tryptic soy broth 
(TSB) and tryptic soy agar (TSA) were obtained from 
a single supplier and prepared according to the manu-
facturer’s instructions. Commercial kits for RNA ex-
traction and cDNA synthesis were used according to 
the protocols described in Section 2.2.17. Primers for 
il-1β, ifn-γ, and the reference gene were synthesised 
by a commercial provider based on previously pub-
lished sequences.

2.1.2 The equipment

Bacterial culture, vaccine preparation and 
challenge procedures were performed in a Class II 
biosafety cabinet in a dedicated aquatic microbiology 
facility. Incubators and shaking incubators were main-
tained at 28–30 °C for A. hydrophila growth. Optical 
density was measured with a benchtop spectropho-
tometer, and bacterial loads were verified by serial di-
lution and plating on TSA. RT-qPCR assays were per-
formed on a real-time PCR thermocycler with 96-well 
format, using optical plates and sealing films recom-
mended by the manufacturer. Detailed model numbers 
and suppliers for key instruments are provided in the 
Supplementary Methods to facilitate replication.

2.1.3 Ethical approval

All experimental procedures involving fish 
were conducted in accordance with national and in-
stitutional guidelines for the care and use of animals 
in research and were approved by the Animal Ethics 
Committee of Brawijaya University, Indonesia, under 
approval number 170-Kep-UB-2024. Every effort was 
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made to minimise stress, suffering, and the number of 
animals used.

2.2 Methods

2.2.1 Bacterial strains and origin

	 Three A. hydrophila isolates, designated Ah-
S1, Ah-S2, and Ah-S3, were obtained from an existing 
laboratory collection and not from new field sampling. 
These isolates were originally recovered from motile 
Aeromonas septicaemia (MAS) outbreaks in giant 
gourami (O. goramy) farms in East Java and have 
been reported in our previous work on A. hydrophila 
disease in this host, including their isolation, patho-
genicity assessment, and molecular characterisation 
of representative virulent strains (Rozi et al., 2018a, 
2018b, 2024). In the present study, no additional dis-
eased fish were collected from farms; all experimental 
procedures used cryopreserved stocks of these previ-
ously characterised isolates.

2.2.2 Phenotypic and molecular characterisation (ref-
erence to previous work)

The phenotypic and molecular characterisa-
tion of the A. hydrophila isolates used in this study 
has been reported in detail in our earlier publications 
(Rozi et al., 2018a, 2018b, 2024). Briefly, isolates from 
MAS-affected giant gourami were grown on standard 
bacteriological media (TSA, blood agar, MacConkey, 
and Rimler–Shotts agar), where they showed β-hae-
molytic colonies on blood agar, pink colonies without 
medium discolouration on MacConkey agar, and yel-
lowish-green colonies on Rimler–Shotts agar. Gram 
staining confirmed Gram-negative rods, and identity 
was supported by a conventional biochemical panel 
including oxidase and catalase activity; oxidative/
fermentative (OF) test; fermentation of glucose, su-
crose, lactose, mannitol and maltose; esculin hydroly-
sis; Voges–Proskauer and methyl-red reactions; indole 
and H₂S production; lysine, ornithine and arginine 
decarboxylation; citrate utilisation; and growth/fer-
mentation on sorbitol, inositol and rhamnose, yielding 
a profile consistent with A. hydrophila according to 
Bergey’s Manual. 

In those studies, molecular identification and 
phylogenetic analysis based on the gyrB gene were 
performed by extracting genomic DNA from TSB-
grown pure cultures (G-Spin Genomic DNA Ex-
traction Kit, Intron Biotechnology), amplifying gyrB 
in 20 µL reactions containing 6.5 µL nuclease-free 
water, 12.5 µL GoTaq/I-Taq master mix, 2 µL of each 
primer (forward 5′-TCCGGCGGTCTGCACGC-
GT-3′, reverse 5′-TTGTCCGGGTTGTACTCGTC-3′; 

10 pmol) and 2 µL template DNA, with an initial de-
naturation at 95°C for 5 min, followed by 35 cycles 
of 95°C for 30 s, 66°C for 30 s and 72°C for 1 min, 
and a final extension at 72°C for 10 min. Amplicons 
(558 bp) were resolved on 1.5% agarose gels in TBE 
buffer with FlourVue™ stain at 100 V for 15 min, and 
positive products were purified (Centricon®100) and 
sequenced using BigDye Terminator v3.1 chemistry 
on an ABI PRISM 310 Genetic Analyzer (PT Gene-
tika Science, Indonesia). Resulting gyrB sequences 
were trimmed, aligned with ClustalW in MEGA12, 
and used to construct neighbour-joining phylogenetic 
trees under the Kimura 2-parameter model with 1,000 
bootstrap replicates; pairwise genetic distances among 
isolates were calculated in MEGA12 as nucleotide dif-
ferences per site and summarised in a distance matrix. 
In the present experiment, the same previously charac-
terised isolates (Ah-S1, Ah-S2, and Ah-S3) were used 
as vaccine seed strains and as the homologous chal-
lenge strain (Ah-S1), without repeating the full pheno-
typic and molecular characterisation protocol.

2.2.3 Revival and maintenance of working cultures

Cryopreserved stocks of A. hydrophila iso-
lates Ah-S1, Ah-S2, and Ah-S3 were maintained at 
−80 °C in tryptic soy broth (TSB) supplemented with 
10% (v/v) glycerol. For the present study, cryovials 
were thawed once at room temperature, and a loopful 
of each suspension was streaked onto tryptic soy agar 
(TSA) and incubated at 28–30 °C for 24–48 h. Single 
colonies with typical Aeromonas morphology were 
then subcultured on fresh TSA plates to obtain pure, 
actively growing working cultures. These working 
cultures were stored on TSA slants at 4 °C for short-
term use and were periodically reinitiated from the 
original cryostocks to minimise passage number and 
reduce the risk of phenotypic drift.

2.2.4 Experimental fish and husbandry

Sub-adult giant gourami (Osphronemus go-
ramy) were obtained from a commercial hatchery in 
East Java with no recent history of bacterial disease 
outbreaks according to farm health records. On arriv-
al at the laboratory, fish were carefully inspected and 
only clinically normal individuals, without visible ex-
ternal lesions or abnormal behaviour, were included 
in the experiment. At the start of the trial, a random 
subsample of fish was weighed and measured to doc-
ument body weight and total length; these data were 
used to confirm that size distributions were compara-
ble across treatment groups.

Fish were acclimated for 14 days in indoor 
fiberglass tanks supplied with aerated, dechlorinated 
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freshwater under a semi-recirculating system. During 
acclimation and throughout the experiment, fish were 
held at a density of 10 fish per 80 L tank, with continu-
ous aeration and a natural or near-natural photoperiod 
(approximately 12 h light : 12 h dark). Water tempera-
ture, dissolved oxygen, pH, and total ammonia nitro-
gen (TAN) were monitored regularly and maintained 
within ranges suitable for warm-water gourami cul-
ture (approximately 27–29 °C, dissolved oxygen > 5 
mg L⁻¹, pH 7.0–7.5, TAN < 0.02 mg L⁻¹). Fish were 
fed a commercial pelleted diet formulated for omniv-
orous freshwater species (floating pellets containing 
32–35% crude protein) at a daily ration of approxi-
mately 3% body weight, divided into two feedings per 
day, with uneaten feed and debris removed by siphon-
ing. To minimise the risk of introducing pre-existing 
Aeromonas infections into the trial, a subset of fish 
from the acclimation tanks was subjected to baseline 
health screening. External lesions were assessed visu-
ally, and kidney and spleen samples from pooled in-
dividuals were streaked onto TSA and Aeromonas-se-
lective media for bacteriological examination. In 
addition, pooled kidney/spleen tissue was tested by A. 
hydrophila-specific gyrB PCR as described previously 
(Rozi et al., 2018a, 2018b, 2024). No A. hydrophila 
was isolated on culture, and all baseline gyrB PCR as-
says were negative.

2.2.5 Vaccine preparation and growth of seed cultures

For each isolate (Ah-S1, Ah-S2, and Ah-S3), 
a single colony from a fresh TSA plate (Section 2.2.3) 
was inoculated into 10 mL TSB and incubated at 28–
30 °C for 18–24 h with gentle shaking (120–150 rpm) 
to obtain an overnight starter culture in logarithmic 
to early stationary phase. Starter cultures were then 
transferred to larger TSB volumes (typically 100–250 
mL in baffled Erlenmeyer flasks) at a 1:50–1:100 inoc-
ulation ratio and incubated under the same conditions 
until they reached the desired turbidity.

Bacterial growth was monitored spectrophoto-
metrically at 600 nm (OD₆₀₀). An in-house calibration 
curve relating OD₆₀₀ to colony-forming units (CFU) 
per mL for A. hydrophila Ah-S1 was established in 
separate preliminary experiments by serial dilution 
and spread-plating on TSA; this relationship was used 
to estimate cell densities of Ah-S1, Ah-S2, and Ah-S3 
cultures for vaccine preparation and challenge. Imme-
diately before inactivation or dilution, representative 
samples from each culture were serially diluted and 
plated on TSA to verify CFU counts by back-titration.

2.2.6 Formalin inactivation and sterility testing

Exponentially growing cultures of A. hy-

drophila (Ah-S1, Ah-S2, and Ah-S3) were adjusted 
to the desired cell density based on OD₆₀₀ and CFU 
back-titration (Section 2.2.5), and then inactivated by 
the addition of sterile neutral-buffered formalin to a 
final concentration of approximately 0.3% (v/v). Cul-
tures were gently mixed and incubated for 24 h at 4 °C 
with intermittent agitation to ensure uniform exposure 
of all cells to formalin.

After inactivation, bacterial cells were har-
vested by centrifugation (4,000–5,000 × g for 10–15 
min at 4 °C), and the supernatant was discarded. Pel-
lets were washed at least three times with sterile phos-
phate-buffered saline (PBS), repeating centrifugation 
between washes, to remove residual formalin. The 
final pellets were resuspended in sterile PBS to the 
target CFU-equivalent concentration for vaccine for-
mulation (Section 2.2.7).

To confirm complete inactivation and sterili-
ty of the formalin-killed cell (FKC) preparations, 100 
µL aliquots of each final suspension were spread onto 
TSA plates and incubated at 28–30 °C for 48–72 h. 
Preparations were accepted for use only if no bacterial 
growth was observed on any of the plates (“no growth 
= accepted”). FKC suspensions were stored at 4 °C 
and used within a short time frame for vaccine prepa-
ration to minimise antigen degradation.

2.2.7 Monovalent and polyvalent FKC formulations 
(non-adjuvanted)

Formalin-killed cell suspensions of A. hy-
drophila Ah-S1, Ah-S2, and Ah-S3, prepared as de-
scribed in Section 2.2.6, were adjusted, based on 
OD₆₀₀–CFU calibration and back-titration, to a stan-
dard concentration of 1 × 10⁹ CFU-equivalents mL⁻¹ 
in sterile PBS. The monovalent vaccine (P2) consisted 
of FKC from Ah-S1 alone at 1 × 10⁹ CFU-equivalents 
mL⁻¹. Fish assigned to P2 received an intraperitone-
al (i.p.) injection of 0.1 mL per fish, corresponding 
to a dose of 1 × 10⁸ CFU-equivalents of Ah-S1. The 
non-adjuvanted polyvalent vaccine (P3) was prepared 
by mixing equal volumes of FKC suspensions from 
Ah-S1, Ah-S2, and Ah-S3, each adjusted to contrib-
ute one-third of the final antigen load. The combined 
suspension was standardised to the same total concen-
tration of 1 × 10⁹ CFU-equivalents mL⁻¹, such that a 
0.1 mL i.p. injection delivered a total dose of 1 × 10⁸ 
CFU-equivalents per fish, distributed equally among 
the three isolates. The control formulation (P1) con-
sisted of sterile PBS alone, administered i.p. at the 
same volume (0.1 mL per fish) as the vaccine groups.

P4 (polyvalent FKC, adjuvanted) was pre-
pared using the same polyvalent FKC suspension 
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as P3 (aqueous phase, 1.0 × 10^9 CFU-equivalents 
mL⁻¹), emulsified with a mineral oil-based water-in-
oil adjuvant (Montanide ISA 760 VG, Seppic, France) 
using the two-syringe method at an antigen: adjuvant 
volume ratio of 30:70 (v/v). Both phases were equili-
brated to room temperature and combined under ster-
ile conditions, and the mixture was passed repeatedly 
between syringes until a stable, homogeneous emul-
sion was obtained, with no visible phase separation. 
The aqueous phase was adjusted so that each 0.10 mL 
i.p. injection delivered 1.0 × 10^8 CFU-equivalents 
per fish, distributed equally among Ah-S1, Ah-S2, and 
Ah-S3, matching the total antigen load in the non-ad-
juvanted polyvalent formulation (P3). The final emul-
sion was stored at 4 °C and gently inverted before and 
during vaccination to maintain emulsion stability.

2.2.8 Experimental groups, design and randomisation

A total of 240 clinically healthy giant gourami 
were used in the vaccination trial. Fish were allocated 
to four treatment groups (P1–P4), each comprising 60 
fish per group. For each treatment, fish were divid-
ed into two parallel cohorts: an immunology cohort 
(30 fish per group) and a survival/challenge cohort 
(30 fish per group). Within each cohort, fish were dis-
tributed into three replicate tanks of 10 fish per tank, 
giving a total of six tanks per treatment (3 tanks for 
immunological sampling and 3 tanks for challenge). 
The experiment followed a completely randomised 
design (CRD) at the tank level, with four vaccination 
treatments (P1–P4) and three replicate tanks per treat-
ment within each cohort. After acclimation, fish were 
individually netted and assigned to tanks using a com-
puter-generated randomisation list, stratified by body 
weight to minimise size differences among groups. 
Randomisation was conducted at the tank level, and 
subsequent statistical analyses treated the tank as the 
experimental unit to avoid pseudo-replication.

2.2.9 Vaccination protocol

On day 0, fish were fasted for approximately 
24 h before vaccination and then anaesthetised in aer-
ated freshwater containing buffered tricaine methane-
sulfonate (MS-222; Sigma-Aldrich) according to stan-
dard recommendations for warm-water teleosts, until 
loss of equilibrium and reduced response to handling 
were observed. Anaesthetised fish were gently placed 
on a wet towel, and each individual received a 0.1 mL 
intraperitoneal (i.p.) injection of the assigned formula-
tion using a sterile insulin syringe and fine-gauge nee-
dle: PBS (P1), monovalent FKC Ah-S1 (P2), non-ad-
juvanted polyvalent FKC (P3), or oil-adjuvanted 
polyvalent FKC (P4), as described in Sections 2.2.7. 

All fish were vaccinated once only (single-dose regi-
men); no booster injections were administered during 
the experimental period. Following vaccination, fish 
were returned to their respective tanks and monitored 
at least once daily for the remainder of the study. 
Post-vaccination observations included feed intake, 
swimming behaviour, external appearance and any 
visible reactions at the injection site, as well as the 
occurrence and timing of any mortalities.

2.2.10 Sampling schedule and tissue collection

For the immunology cohort, fish were sampled 
at day 0 (baseline, immediately before vaccination) 
and at 7, 14, 21, 35, and 42 days post-vaccination. At 
each time point, two fish per tank were randomly se-
lected from each of the three replicate tanks per treat-
ment (n = 6 fish per treatment per time point).

Fish were anaesthetised with buffered MS-222 as de-
scribed in Section 2.2.9. Blood was collected from the 
caudal vein using sterile syringes without an antico-
agulant. Blood samples were allowed to clot at room 
temperature and then centrifuged (3,000 × g for 10–15 
min) to separate serum. Serum was aliquoted into ster-
ile microtubes and stored at −80 °C until analysis of 
agglutinating antibody titres and NBT-reducing activ-
ity (Sections 2.2.15–2.2.16).

After blood collection, fish were euthanised 
by MS-222 overdose, and the spleen was aseptically 
excised, blotted to remove excess blood, and snap-fro-
zen or placed in appropriate tubes for RNA preserva-
tion. Spleen samples were stored at −80 °C until RNA 
extraction and RT-qPCR analysis of il-1β and ifn-γ 
transcription (Section 2.2.17). Fish in the survival/
challenge cohort were not subjected to blood or tissue 
sampling during the pre-challenge period; they were 
only monitored clinically (behaviour, appetite, exter-
nal signs of disease) until the challenge trial was con-
ducted (Section 2.2.12).

2.2.11 Challenge test, LD₅₀ reference, and bacterio-
logical confirmation

The virulence of the primary challenge strain 
used in this study (Ah-S1, corresponding to isolate 
AH3 in our earlier work) has been established previ-
ously in giant gourami. In that study, intraperitoneal 
injection of graded doses of A. hydrophila AH3 (10⁴–
10⁸ CFU/fish) followed by Dragstedt–Behrens analy-
sis yielded a median lethal dose (LD₅₀) of 4.53 × 10⁶ 
CFU/fish (Rozi et al., 2018b).

In the present vaccine–challenge experiment, we did 
not re-estimate LD₅₀. Instead, the challenge dose was 
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chosen a priori based on this published LD₅₀ value to 
ensure a reproducible, high but submaximal mortality 
in unvaccinated controls. Specifically, a target dose of 
1.0 × 10⁷ CFU/fish of Ah-S1 delivered intraperitone-
ally (Section 2.2.12) was used, corresponding to ap-
proximately 2× the previously determined LD₅₀. This 
approach is consistent with standard practice in fish 
vaccine efficacy trials, providing a stringent yet bio-
logically relevant challenge pressure for evaluating 
the protective effects of the different vaccine regimens.

2.2.12 Challenge procedure

The vaccine efficacy trial was conducted us-
ing the survival/challenge cohort (Section 2.2.8). At 
21 days post-vaccination, all fish in this cohort were 
challenged intraperitoneally with A. hydrophila Ah-
S1. For the challenge inoculum, Ah-S1 was revived 
from cryostock and grown in TSB at 28–30 °C with 
shaking as described in Section 2.2.5. An overnight 
culture was adjusted spectrophotometrically to the 
OD₆₀₀ corresponding to the target density and then 
washed twice by centrifugation (4,000–5,000 × g, 10 
min, 4 °C) and resuspended in sterile PBS to remove 
residual medium components. The final suspension 
was adjusted to deliver a nominal dose of 1.0 × 10⁷ 
CFU in 0.1 mL PBS per fish, based on the previously 
established OD₆₀₀–CFU calibration for Ah-S1. Imme-
diately before use, the actual bacterial concentration 
was verified by serial dilution and spread-plating on 
TSA (back-titration).

On challenge day, fish were anaesthetised with 
buffered MS-222 as described for vaccination (Section 
2.2.9). Each fish then received an intraperitoneal in-
jection of 0.1 mL of the Ah-S1 suspension at the des-
ignated CFU dose, using sterile insulin syringes. After 
injection, fish were returned to their original tanks and 
observed until complete recovery from anaesthesia. 
Post-challenge, fish were monitored for 14 days, with 
twice-daily inspections for changes in behaviour, ap-
petite, external lesions, and mortality. Dead and mor-
ibund fish (reaching predefined humane endpoints) 
were removed promptly, recorded (tank, treatment, 
time post-challenge), and processed for bacteriolog-
ical examination as described in Section 2.2.13. No 
therapeutic treatments were administered during the 
observation period.

2.2.13 Re-isolation and confirmation of A. hydrophila

To verify that post-challenge mortality was at-
tributable to A. hydrophila infection, a subset of mor-
ibund or freshly dead fish from each treatment group 
was examined bacteriologically. Following euthanasia 
(for moribund fish) by MS-222 overdose, the body 

surface was disinfected with 70% ethanol, and aseptic 
necropsy was performed. Kidney swabs (and, when 
present, samples from haemorrhagic internal lesions) 
were streaked onto TSA and Aeromonas-selective 
agar and incubated at 28–30 °C for 24–48 h. Predomi-
nant colonies displaying typical Aeromonas morphol-
ogy were subcultured and identified based on standard 
phenotypic criteria (Gram-negative, oxidase-positive 
rods with the expected biochemical profile), consis-
tent with the previously characterised A. hydrophila 
isolates used in this study (Rozi et al., 2018a, 2018b, 
2024). Because the challenge strain Ah-S1 had al-
ready been taxonomically and molecularly confirmed 
in earlier work, routine PCR was not repeated for each 
reisolate. The primary purpose of these examinations 
was to confirm that mortality following challenge was 
associated with systemic A. hydrophila infection, rath-
er than unrelated opportunistic bacteria.

2.2.14 Serum handling and immunological assays

Blood samples collected from the caudal vein 
(Section 2.2.10) were transferred into plain micro-
tubes and allowed to clot at room temperature for ap-
proximately 1 h, then held at 4 °C until processing. 
Samples were centrifuged (3,000 × g, 10–15 min), and 
the supernatant serum was carefully aspirated, avoid-
ing disturbance of the clot. Serum from each fish was 
aliquoted into sterile, labelled microtubes to avoid re-
peated freeze–thaw cycles and stored at −80 °C until 
analysis. For each assay, serum aliquots were thawed 
once on ice, mixed gently, and used immediately.

2.2.15 Microagglutination assay

Serum agglutinating antibody titres against A. 
hydrophila were measured using a microagglutination 
assay with formalin-killed Ah-S1 as antigen. Before 
testing, serum samples were heat-inactivated at 45 °C 
for 30 min to inactivate complement. Heat-inactivated 
sera were subjected to twofold serial dilutions in ster-
ile PBS in 96-well U-bottom microplates, typically 
starting at a 1:2 or 1:4 dilution. For each well, 50 µL of 
diluted serum was mixed with 50 µL of the FKC Ah-
S1 suspension, previously adjusted to a concentration 
of approximately 1 × 10⁸ CFU-equivalents mL⁻¹, giv-
ing a final reaction volume of 100 µL per well. Plates 
were gently tapped to mix, covered, and incubated at 
room temperature (or 25–28 °C) for a defined period 
(18–24 h) without disturbance. After incubation, wells 
were examined visually for agglutination. A positive 
reaction was defined as a diffuse mat or veil of bacteria 
covering the bottom of the well, whereas a negative 
reaction appeared as a compact button of settled bac-
teria in the centre of the well. Each plate included neg-
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ative control wells containing antigen plus PBS with-
out serum and, where available, a reference positive 
control serum. Agglutination titres were expressed as 
the reciprocal of the highest serum dilution showing a 
clear positive agglutination reaction.

2.2.16 Respiratory burst (NBT) assay

Respiratory burst activity of circulating phago-
cytes was assessed in whole blood using a nitroblue 
tetrazolium (NBT) reduction assay. Freshly collected 
blood (Section 2.2.10) was processed immediately af-
ter sampling; samples showing visible clotting were 
discarded. For each fish, 100 µL of well-mixed whole 
blood was dispensed into a microtube or flat-bottom 
microplate well and mixed with 100 µL of 0.2% (w/v) 
NBT solution prepared in PBS. The suspensions were 
gently mixed and incubated at room temperature (25–
28 °C) for 30 min to allow intracellular reduction of 
NBT to formazan by activated phagocytes.

After incubation, the reaction was stopped by 
adding cold methanol, and the samples were centri-
fuged to pellet the cells and formazan. The superna-
tant was discarded, and the pellets were washed with 
methanol to remove unreacted NBT and then air-dried. 
The intracellular formazan deposits were solubilised 
by adding a defined volume of 2 M KOH and dimethyl 
sulfoxide (DMSO) and gently mixing until complete 
dissolution. The optical density (OD) of the resulting 
solutions was measured at 620 nm using a microplate 
reader, with wells containing NBT but no blood serv-
ing as blanks. NBT-reducing activity was expressed 
as the sample OD₆₂₀ value after blank subtraction and 
interpreted as an index of respiratory burst activity of 
circulating phagocytes.

2.2.17 RNA extraction, cDNA synthesis, and RT-qPCR 
for il-1β and ifn-γ

For gene expression analysis, spleen samples 
collected as described in Section 2.2.9 were processed 
individually. Approximately 20–30 mg of splenic tis-
sue from each fish was excised aseptically, blotted to 
remove excess blood, placed into pre-labelled tubes, 
and snap-frozen in liquid nitrogen or transferred 
to RNA preservation medium as appropriate, then 
stored at −80 °C until RNA extraction. Total RNA 
was extracted using a commercial column-based kit 
(Total RNA Mini Kit, Geneaid Biotech, Taiwan) ac-
cording to the manufacturer’s instructions, including 
an on-column DNase I treatment to remove residual 
genomic DNA. RNA concentration and purity were 
assessed spectrophotometrically (NanoDrop, Thermo 
Fisher Scientific) by measuring absorbance at 260 and 
280 nm, and RNA integrity was checked by agarose 

gel electrophoresis to confirm the presence of sharp 
28S and 18S rRNA bands without degradation. Only 
samples with A₂₆₀/A₂₈₀ ratios within the acceptable 
range and intact rRNA profiles were used for down-
stream analyses. For cDNA synthesis, 1 µg of total 
RNA from each sample was reverse transcribed in a 20 
µL reaction volume using a reverse transcription kit 
(iScript™ cDNA Synthesis Kit, Bio-Rad, USA) with 
random hexamer and/or oligo(dT) primers, following 
the supplier’s protocol.  The resulting cDNA was di-
luted (1:5–1:10 in nuclease-free water) and stored at 
−20 °C until use in quantitative PCR. Relative mRNA 
expression of pro-inflammatory (il-1β) and Th1-like 
(ifn-γ) cytokines was quantified by real-time quanti-
tative PCR (RT-qPCR) using a real-time PCR system 
(StepOne™ Real-Time PCR System, Applied Biosys-
tems, USA) and a SYBR/EvaGreen-based master mix 
in 20 µL reactions, typically containing 1–2 µL diluted 
cDNA, 10 µL 2× SYBR/EvaGreen master mix, and 
0.2–0.5 µM of each forward and reverse primer. 

Primer sequences for il-1β, ifn-γ, and the ref-
erence genes β-actin and ef-1α are listed in Table 1. 
The thermal cycling programme consisted of an initial 
denaturation step (95 °C for 2–3 min), followed by 40 
cycles of denaturation (95 °C for 10–15 s), annealing/
extension at the gene-specific annealing temperature 
(typically 58–60 °C for 20–30 s), and a final melt-
curve analysis to verify the specificity of amplifica-
tion. Melting curve profiles were inspected to confirm 
a single peak for each amplicon. Primer efficiency 
for each target and reference gene was evaluated us-
ing standard curves generated from serial dilutions of 
pooled cDNA and was found to be within an accept-
able range (approximately 90–110%). For selected 
representative amplicons, PCR products were purified 
and sequenced to confirm identity with the expected 
O. goramy cytokine or housekeeping gene fragments. 
Relative gene expression was calculated using the 2^−
ΔΔCt method, with β-actin as the primary reference 
gene. The stability of β-actin and ef-1α expression 
across treatments and sampling times was evaluated, 
and β-actin was retained as the main normaliser, with 
ef-1α serving as a secondary check. For each sample, 
ΔCt values were obtained by subtracting the Ct of 
β-actin from the Ct of the target gene, and ΔΔCt values 
were calculated relative to the mean ΔCt of the PBS 
control group at day 0. Fold-change expression values 
(2^−ΔΔCt) were used for statistical analysis of il-1β 
and ifn-γ transcription.

2.3 Statistical analysis

All analyses treated the tank as the experimen-
tal unit to avoid pseudo-replication: individual fish 
measurements were first averaged at the tank level  
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Gene Primer (5′–3′) Product (bp) GenBank

β-actin
F:AACCATGGATGATGAAATCGCCGCA

126 AB604946
R:TGATGCCTGGGGCGACCGACGATGG

IL-1β
F:TAACACTGAGAGGACAACTG

90 KT884611.1
R:GAAGAGAAACCGCACCAT

IFN-γ
F:TAGGCTGTTGCAGCACTATAAA

105 KF294754.1
R:AACACCACCCATGAAGATCAA

EF-1α
F:CAGGGCATCCATCAACAAGA

121 NM001279647.1
R:GCATAAGCCAGTCCTTGAGTATAG

 
(means per tank per time point) before modelling. Un-
less otherwise stated, data are presented as tank-level 
means ± standard error of the mean (SEM). Agglu-
tination titres were log₂-transformed before analysis. 
NBT optical density values and 2^−ΔCt or 2^−ΔΔCt 
cytokine expression values were inspected for skew-
ness and, where necessary, log₁₀- or square-root–trans-
formed to better meet model assumptions; the trans-
formation used for each endpoint is reported with the 
corresponding results. No formal prospective power 
calculation was performed; the number of tanks and 
fish per tank was chosen pragmatically based on prior 
experience with similar vaccine trials and logistical 
constraints, and is reported to allow readers to judge 
precision and power ex post.

Among the immunological variables, splen-
ic ifn-γ transcription was pre-specified before data 
collection as the primary mechanistic endpoint, with 
splenic il-1β, serum agglutinating antibody titres, and 
NBT-reducing activity treated as secondary endpoints. 
For each endpoint, pre-planned contrasts focused on 
the oil-adjuvanted polyvalent FKC (P4): P4 vs P1 
(PBS control; primary contrast), P4 vs P2 (monovalent 
FKC; secondary contrast), and P4 vs P3 (non-adju-
vanted polyvalent FKC; secondary contrast). Explor-
atory contrasts not defined a priori are reported de-
scriptively without claims of confirmatory inference.

For time-course immunological endpoints, the 
primary analyses used linear mixed-effects models of 
the form:

Response ~ Treatment × Day + (1 | Tank),

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
with Treatment (P1–P4) and Day (0, 7, 14, 21, 35, 42 
days post-vaccination) as fixed effects and Tank as a 
random intercept. When useful for interpretation, sim-
pler one-way models (Treatment only) were also fitted 
separately at each sampling day. Model assumptions 
(normality and homoscedasticity of residuals, and in-
fluential observations) were evaluated by inspection 
of residual and Q–Q plots and standard influence di-
agnostics. For each mixed model, marginal and con-
ditional R² and the intraclass correlation coefficient 
(ICC) for Tank were reported to quantify the propor-
tion of variance attributable to treatment and to clus-
tering.

Vaccine performance was also summarised as 
relative percent survival (RPS) for each vaccinated 
group compared with the PBS control, calculated ac-
cording to Amend (1981):

Estimated marginal means (EMMs) and 
95% confidence intervals (CIs) for each Treatment × 
Day combination, as well as contrast estimates and 
adjusted p-values, were obtained using emmeans. 
Tukey–Kramer adjustments were used for all pairwise 
comparisons within each endpoint. To control multi-
plicity across the pre-specified contrasts, Holm-ad-
justed p-values are additionally reported as a sensitiv-
ity analysis. Where relevant, standardised effect sizes 

Table 1. qPCR primers for immune-related genes
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(Cohen’s d for pre-planned contrasts and partial η² 
for omnibus tests) were calculated and are presented 
alongside the corresponding estimates in the results 
tables to aid interpretation of the magnitude and bi-
ological relevance of treatment effects; they were not 
used to define additional significance thresholds. All 
tests were two-sided, and p-values < 0.05 were inter-
preted in the context of effect sizes and CIs rather than 
as strict decision boundaries.

Survival over the 14-day post-challenge pe-
riod was first visualised by Kaplan–Meier curves 
and compared among treatments by log-rank tests. 
To account for tank-level clustering and obtain haz-
ard-based effect estimates, Cox proportional-hazards 
mixed-effects models were fitted with Treatment 
as a fixed effect and Tank as a frailty term, yielding 
hazard ratios (HRs) and 95% CIs relative to P1. The 
proportional hazards assumption was evaluated using 
Schoenfeld residuals. Relative percent survival (RPS) 
at day 14 was calculated for each vaccinated group 
according to Amend (1981). All analyses were con-
ducted using the jamovi statistical platform (jamovi 
project), interfacing with the underlying R engine and 
relevant packages, including lme4 for mixed-effects 
models, emmeans for EMMs and contrasts, and sur-
vival/coxme for survival and Cox regression analyses.

3. Results and Discussion
3.1 Results

3.1.1 Molecular identification and Phylogenetic anal-
ysis of Aeromonas hydrophila isolates

Classical bacteriological examination of iso-
lates recovered from motile Aeromonas septicaemia 
(MAS) cases in giant gourami yielded colonies with 
features typical of Aeromonas hydrophila. On blood 
agar, colonies were β-haemolytic, while on MacCon-
key agar they formed pink colonies without colour 
change of the medium, and on Rimler–Shotts agar 
they appeared yellowish-green. Gram staining showed 
Gram-negative, rod-shaped bacteria, motility tests 
confirmed active motile rods, and O/129 susceptibility 
testing indicated resistance. The biochemical profile 
was characterised by positive catalase and oxidase 
reactions, a fermentative pattern in the oxidative/fer-
mentative (OF) test, acid production from glucose, su-
crose, lactose, mannitol and maltose, positive esculin 
hydrolysis, Voges–Proskauer, indole, H₂S production, 
lysine decarboxylation, arginine decomposition and 
citrate utilisation, and negative reactions for ornithine 
decarboxylation, sorbitol, inositol, rhamnose and the 
methyl-red test. This composite profile was consistent 
with reference descriptions for A. hydrophila (Altwe-
gg et al., 1990), and no discordant phenotypic reac-

tions were detected among the three vaccine/challenge 
isolates (Ah-S1, Ah-S2, and Ah-S3).

PCR amplification of the gyrB locus produced 
a single, intense band of the expected size in all three 
isolates (Figure 1A), confirming successful amplifi-
cation of a conserved housekeeping gene. BLASTn 
analysis of the Surabaya gyrB fragment from isolate 
Ah-S1 (Table 2) showed that the top three matches 
were A. hydrophila strain AE-57 (gyrB, JN711810.1; 
98% query cover, 97.47% identity), A. hydrophila 
isolate 295 (gyrB, DQ519366.1; 92% query cover, 
97.10% identity), and A. hydrophila strain D14 (gyrB, 
MT967985.1; 98% query cover, 93.22% identity), 
whereas hits to non-A. hydrophila taxa had clearly 
lower similarity. Maximum-parsimony phylogenetic 
analysis of gyrB sequences placed Ah-S1, Ah-S2, and 
Ah-S3 in a well-supported A. hydrophila clade togeth-
er with reference strains from China, Egypt, Spain, 
and other regions, distinct from clusters comprising 
A. aquariorum, A. dhakensis, A. caviae, and A. sobria, 
and clearly separated from outgroup species (Esche-
richia coli, Vibrio harveyi, and Streptococcus oralis) 
(Figure 1B). Taken together, the phenotypic profile, 
gyrB sequence similarity, and tree topology support 
the classification of all three isolates as Aeromonas 
hydrophila and indicate that they fall within the rec-
ognised diversity of this species rather than represent-
ing an atypical or highly divergent lineage.
3.1.2 Agglutination titres. 

Vaccination Serum agglutinating antibody 
titres against A. hydrophila showed clear time- and 
treatment-related differences (Table 3). In PBS con-
trols (P1), titres remained low across the study, with 
mean values between 9.14 ± 0.06 and 16.00 ± 0.28 
over days 7–42. In contrast, vaccinated fish developed 
substantially higher titres, with the strongest respons-
es in the adjuvanted polyvalent group (P4), followed 
by the non-adjuvanted polyvalent (P3) and monova-
lent (P2) vaccines.

At day 7, titres were already higher in P4 
(100.57 ± 4.00) than in P1 (10.29 ± 0.28), correspond-
ing to roughly a tenfold difference. The divergence 
increased at later time points: at day 14, mean titres 
reached 667.42 ± 0.20 in P4 versus 9.71 ± 0.20 in P1; 
at day 21, 2,413.71 ± 5.68 in P4 versus 9.14 ± 0.06 
in P1; and at day 35, 3,218.29 ± 19.13 in P4 com-
pared with 16.00 ± 0.28 in P1, i.e. around a 200-fold 
difference at the peak (Table 3). Titres in P2 and P3 
followed similar temporal patterns, with maximum 
values at day 21–35 (512.57–1,316.57), clearly above 
P1 but consistently below P4. By day 42, titres had 
declined in all vaccinated groups but remained higher 
in P4 (512.00 ± 19.13) than in P1 (10.85 ± 0.06).
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Figure 1. PCR amplification of the gyrB gene from Aeromonas hydrophila isolates (1A). Phyloge-
netic placement of Surabaya Aeromonas hydrophila isolates based on gyrB sequences. Maximum 
parsimony tree inferred from partial gyrB sequences of Aeromonas isolates. The Surabaya isolates 
Ah-S1, Ah-S2, and Ah-S3 (bold) cluster within the Aeromonas hydrophila complex together with 
reference A. hydrophila strains from China, Egypt, Spain, Austria, Malaysia, and India, and are 
clearly separated from A. dhakensis, A. aquariorum, A. caviae, and A. sobria. Escherichia coli, Vib-
rio harveyi, and Streptococcus oralis gyrB sequences were used as outgroups. Node labels indicate 
bootstrap support values from 1,000 replicates (only values ≥50% are shown). Branch lengths are 
proportional to the number of inferred character changes.
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No. A. hydrophila isolates 
used in this study Description Query-cover Percent Indentity Number of Access

1. Ah-S1
Aeromonas hydrophila strain 

AE-57 GyrB (gyrB) gene, 
partial cds

98% 97.47% JN711810.1

2. Ah-S1
Aeromonas hydrophila isolate 
295 GyrB (gyrB) gene, partial 

cds
92% 97.1% DQ519366.1

3. Ah-S1
Aeromonas hydrophila strain 
D14 DNA gyrase subunit B 

(gyrB) gene, partial cds
98% 93.22% MT967985.1

 
 
 

Observation 
time PBS control (P1) Monovalent FKC 

(P2)
Non-adjuvanted poly-

valent FKC (P3)
Adjuvanted polyvalent 

FKC (P4)

D7  10.29±0.28 cd 8.00±0.28a 9.14±5.17b 100.57±4.00i

D14 9.71±0.20bc 68.57±3.13f 82.28±3.29h 667.42±020l

D21 9.14±0.06 b 512.57±5.68j 548.85±5.42k 2413.71±5.68n

D35 16.00±0.28 e 1316.57±8.82m 1316.57±8.76 h 3218.29±19.13o

D42 10.85±0.06d 68.57±8.82f 77.71±8.76g 512.00±19.13 j

 
 
 
 

 
Linear mixed-effects modelling of log₂-transformed 
titres identified highly significant effects of Treatment 
(F = 38.4, df = 3,8, p < 0.001, partial η² = 0.935), Day 
(F = 78.3, df = 4,32, p < 0.001, partial η² = 0.907) 
and their interaction (F = 12.4, df = 12,32, p < 0.001, 
partial η² = 0.823) (Table 5). Model-derived estimat-
ed marginal means and planned contrasts indicated 
huge overall differences between P4 and the other reg-
imens, with P4 consistently and substantially higher 
than P1, P2, and P3 at all or nearly all sampling days 
(Tukey-adjusted p < 0.001; Table 6). Taken together, 
these findings show that, among the regimens tested, 
the oil-adjuvanted polyvalent FKC elicits by far the 
strongest and most sustained agglutinating antibody 
response, whereas P2 and P3 induce robust but clearly 
lower titres, and P1 remains near baseline.

3.1.3 Respiratory burst (NBT-reducing) activity

Nitroblue tetrazolium (NBT)-reducing activ 
ity in whole blood varied with time and vaccination 
status (Table 4). In PBS controls (P1), mean OD₆₂₀ 
values remained low to moderate and relatively stable,

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ranging from 0.29 ± 0.11 to 0.48 ± 0.01 over the 42-
day period. In vaccinated fish, patterns were more 
variable, and the magnitude of change was smaller 
than for agglutinating antibody titres. At days 7 and 
14, P4 showed higher NBT activity (0.63 ± 0.07 and 
0.61 ± 0.27, respectively) than P1 (0.48 ± 0.01 and 
0.31 ± 0.08). At day 21, mean NBT activity in P4 (0.22 
± 0.11) was lower than in P1 (0.42 ± 0.10), where-
as at day 35, values were again higher in P4 (0.42 ± 
0.11) than in P1 (0.29 ± 0.11). The largest difference 
occurred at day 42, when mean OD₆₂₀ reached 1.18 ± 
0.03 in P4 versus 0.31 ± 0.12 in P1. P2 and P3 gener-
ally showed intermediate values between P1 and P4, 
with no consistent ranking across all time points.

Analysis of log-transformed NBT data 
demonstrated strong omnibus effects of Treatment (F 
= 617.0, df = 3,8, p < 0.001, partial η² = 0.996), Day 
(F = 350.0, df = 4,32, p < 0.001, partial η² = 0.978) 
and their interaction (F = 233.0, df = 12,32, p < 0.001, 
partial η² = 0.989) (Table 5). Planned contrasts for P4 
vs P1 yielded statistically significant differences at all  

Serum agglutinating antibody titres against Aeromonas hydrophila in giant gourami (Osphronemus goramy) at 7, 
14, 21, 35, and 42 days post-vaccination. P1 = phosphate-buffered saline (PBS) control; P2 = monovalent forma-
lin-killed cell (FKC) vaccine; P3 = non-adjuvanted polyvalent FKC vaccine; P4 = oil-adjuvanted polyvalent FKC 
vaccine. Values are presented as mean ± standard error (SE) of tank means. Different superscript letters within a 
column indicate significant differences among sampling days for the same treatment (linear mixed-effects model 
followed by Tukey’s test, p < 0.05).

Table 2. Top BLASTn matches of the partial gyrB fragment from the Surabaya Aeromonas hydrophila isolate

Table 3. Serum agglutinating antibody titres in Osphronemus goramy vaccinated with monovalent and polyvalent 
FKC vaccines over a 42-day follow-up
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Marker Effect F df1 df2 p partial η²
IFN-γ Treatment (B) 359.7 3 40 <0.001 0.964
IFN-γ Day (C) 159.2 4 40 <0.001 0.941
IFN-γ B×C 28.0 12 40 <0.001 0.894
IL-1β Treatment (B) 1527.0 3 8 <0.001 0.998
IL-1β Day (C) 1312.0 4 32 <0.001 0.994
IL-1β B×C 198.0 12 32 <0.001 0.987
Agglutination titre Treatment (B) 38.4 3 8 <0.001 0.935
Agglutination titre Day (C) 78.3 4 32 <0.001 0.907
Agglutination titre B×C 12.4 12 32 <0.001 0.823
Respiratory burst (NBT) Treatment (B) 617.0 3 8 <0.001 0.996
Respiratory burst (NBT) Day (C) 350.0 4 32 <0.001 0.978
Respiratory burst (NBT) B×C 233.0 12 32 <0.001 0.989
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5. Omnibus mixed-model tests for immunological markers. Summary of linear mixed-model omnibus tests 
for Treatment (B), Day (C), and their interaction (B×C) for each immunological marker. Fill F, df, p, and partial η² 
directly from the jamovi output

Figure 2. Temporal profile of splenic il-1β expression following vaccination in Osphronemus goramy. Relative fold 
change of splenic il-1β mRNA expression in giant gourami (Osphronemus goramy) at days 7, 14, 21, 35, and 42 
post-vaccination. Treatment groups were PBS (P1), monovalent FKC (P2), non-adjuvanted polyvalent FKC (P3), 
and oil-adjuvanted polyvalent FKC (P4). Expression levels were determined by RT-qPCR and expressed as 2^−ΔΔCt 
relative to the PBS control after normalisation to β-actin. Bars indicate mean ± SEM of tank means (n = 3 tanks per 
treatment). Where present, different lowercase letters above bars denote significant differences among treatments 
within each sampling day (one-way ANOVA followed by Tukey’s test, p < 0.05).
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sampling days (Tukey-adjusted p < 0.001; Table 6), 
with particularly large effect sizes at days 14 and 42. 
Given the more modest absolute changes and some 
fluctuations over time, these NBT data are interpreted 
as supportive evidence of vaccine-associated modula-
tion of innate immune activity, rather than as a prima-
ry outcome in this study.

 
 
 
 
 

Marker Day EMM P1 EMM P4 ΔEMM 
(P4–P1) 95% CI for Δ p (Tukey) Cohen’s d Interpretation

IFN-γ D7 0.16 1,087 0.927 [2.719, 3.147] <0.001 3.65 very strong

IFN-γ D14 0.22 3,113 2,893 [2.719, 3.147] <0.001 11.39 very strong

IFN-γ D21 0.237 2,870 2,633 [2.719, 3.147] <0.001 10.37 very strong

IFN-γ D35 0.293 3,793 3,500 [2.719, 3.147] <0.001 13.78 very strong

IFN-γ D42 0.313 5,027 4,713 [2.719, 3.147] <0.001 18.56 very strong

IL-1β D7 0.19 0.897 0.707 [2.829, 3.035] <0.001 6.47 very strong

IL-1β D14 0.25 1,310 1,060 [2.829, 3.035] <0.001 9.71 very strong

IL-1β D21 0.173 3,557 3,383 [2.829, 3.035] <0.001 30.98 very strong

IL-1β D35 0.20 4,403 4,203 [2.829, 3.035] <0.001 38.49 very strong

IL-1β D42 0.23 5,537 5,307 [2.829, 3.035] <0.001 48.60 very strong

Agglutination 
titre D7 9,907 94,473 84,567 [965.988, 1505.592] <0.001 0.33 small

Agglutination 
titre D14 9,903 615,803 605,900 [965.988, 1505.592] <0.001 2.40 very strong

Agglutination 
titre D21 9,523 2,047,997 2,038,473 [965.988, 1505.592] <0.001 8.07 very strong

Agglutination 
titre D35 14,097 2,950,097 2,936,000 [965.988, 1505.592] <0.001 11.63 very strong

Agglutination 
titre D42 10,280 524,283 514,003 [965.988, 1505.592] <0.001 2.04 very strong

Respiratory 
burst (NBT) D7 0.47 0.647 0.177 [0.234, 0.272] <0.001 7.93 very strong

Respiratory 
burst (NBT) D14 0.327 0.617 0.290 [0.234, 0.272] <0.001 13.01 very strong

Respiratory 
burst (NBT) D21 0.433 0.227 -0.207 [0.234, 0.272] <0.001 -9.27 very strong

Respiratory 
burst (NBT) D35 0.280 0.440 0.160 [0.234, 0.272] <0.001 7.18 very strong

Respiratory 
burst (NBT) D42 0.330 1,177 0.847 [0.234, 0.272] <0.001 37.99 very strong

3.1.4 Splenic il-1β mRNA expression

Relative splenic il-1β mRNA expression, ex-
pressed as 2^−ΔΔCt relative to the PBS group at day 
0, increased over time in all vaccinated groups, with 
a graded pattern across formulations (Table 5; Figure 
2). At day 7, fold-changes remained close to baseline  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 6. Primary contrast P4 vs P1 for each marker and sampling day. Model-derived estimated marginal means 
(EMMs) and planned contrasts comparing the adjuvanted polyvalent FKC group (P4) with the PBS control (P1) at 
each sampling day (D7–D42). Fill in the cells using jamovi “Estimated Marginal Means” and Tukey post-hoc output
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in all treatments, but by days 21–42, il-1β levels were 
consistently higher in P2, P3, and especially P4 than 
in P1. The adjuvanted polyvalent vaccine (P4) showed 
the largest and most sustained up-regulation, reach-
ing mean fold-changes of ~3–5 at days 21–42. The 
non-adjuvanted polyvalent FKC (P3) produced inter-
mediate fold-changes, whereas the monovalent FKC 
(P2) induced smaller increases. PBS controls (P1) 
stayed near 1-fold throughout.

 
 
 
 

Observation 
time PBS control (P1) Monovalent FKC 

(P2)
Non-adjuvanted polyvalent 

FKC (P3)
Adjuvanted polyvalent 

FKC (P4)

D7  0.48±0.01h 0.50±0.01h 0.47±0.07gh 0.63±0.07i

D14 0.31±0.08f 0.49±0.08gh 0.23±0.27bcd 0.61±0.27i

D21 0.42±0.10gh 0.27±0.10cdef 0.39±0.11g 0.22±0.11bcd

D35 0.29±0.11def 0.12±0.11a 0.20±0.11bcd 0.42±0.11gh

D42 0.31±0.12ef 0.49±0.12h 0.17±0.03ab 1.18±0.03j

 
 
 
 
 
 
	  
 
	 Mixed-effects analysis of log-transformed 
2^−ΔCt values indicated significant main effects of 
Treatment and Day and a strong interaction (Table 5). 
Consistent with this, the linear mixed-effects model 
showed very strong omnibus effects of Treatment (F = 
1527.0, df = 3,8, p < 0.001, partial η² = 0.998), Day (F 
= 1312.0, df = 4,32, p < 0.001, partial η² = 0.994) and 
their interaction (F = 198.0, df = 12,32, p < 0.001, par-
tial η² = 0.987). Within-day one-way ANOVA followed 
by Tukey’s test showed that il-1β expression in P4 was 
significantly higher than in P1 at all post-vaccination 
time points (p < 0.05), with P3 and P2 also differing 
from P1 at several later time points, in keeping with a 
consistent hierarchy in which responses were highest 
in P4, intermediate in P3 and P2, and lowest in P1.

3.1.5 IFN-γ expression 

As the pre-specified primary mechanistic end-
point, splenic ifn-γ transcription showed a pronounced 
vaccine-associated signal (Table 6; Figure 3). In PBS 

controls (P1), estimated marginal means remained 
low (0.16–0.31) across days 7–42. In contrast, ifn-γ 
expression increased markedly in vaccinated fish, 
again with the highest responses in P4. The non-adju-
vanted polyvalent vaccine (P3) generated intermediate 
fold-changes, and the monovalent FKC (P2) induced 
a more modest but still detectable up-regulation, par-
ticularly at later time points, consistent with a graded  
hierarchy in which responses were highest in P4, in 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
termediate in P3 and P2, and lowest in P1. At day 7, 
the mean ifn-γ expression in P4 (1.09) already exceed-
ed that in P1 (0.16). The difference expanded at sub-
sequent time points: at day 14, P4 reached 3.11 com-
pared with 0.22 in P1; at day 21, 2.87 compared with 
0.24; at day 35, 3.79 compared with 0.29; and at day 
42, 5.03 compared with 0.31 (Table 6). Planned con-
trasts for P4 vs P1 were highly significant at all days 
(Tukey-adjusted p < 0.001), with large to extremely 
large effect sizes (Cohen’s d from 3.65 at day 7 up to 
18.56 at day 42).

The mixed-effects model for ifn-γ (log-trans-
formed 2^−ΔCt) likewise revealed strong effects of 
Treatment (F = 359.7, df = 3,40, p < 0.001, partial η² 
= 0.964), Day (F = 159.2, df = 4,40, p < 0.001, partial 
η² = 0.941) and their interaction (F = 28.0, df = 12,40, 
p < 0.001, partial η² = 0.894) (Table 5). Consistent 
with this, within-day one-way ANOVA followed by 
Tukey’s test showed that splenic ifn-γ expression in 
P4 was significantly higher than P1 at all post-vacci 

Table 4. Nitroblue tetrazolium (NBT)-reducing activity in Osphronemus goramy following vaccination with mon-
ovalent and polyvalent FKC vaccines

Nitroblue tetrazolium (NBT)-reducing activity (respiratory burst) in whole blood of giant gourami (Osphronemus go-
ramy) at 7, 14, 21, 35, and 42 days post-vaccination. P1 = phosphate-buffered saline (PBS) control; P2 = monovalent 
formalin-killed cell (FKC) vaccine; P3 = non-adjuvanted polyvalent FKC vaccine; P4 = oil-adjuvanted polyvalent 
FKC vaccine. Values are presented as mean absorbance at 620 nm ± standard error (SE) of tank means. Different su-
perscript letters within a column indicate significant differences among sampling days for the same treatment (linear 
mixed-effects model followed by Tukey’s test, p < 0.05).
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nation sampling times (p < 0.05), with P3 and P2 also 
differing from P1 at several later time points, again 
supporting a persistent hierarchy in which responses 
were highest in P4, intermediate in P3 and P2, and 
lowest in P1. Taken together with the il-1β data, these 
findings indicate a robust, sustained up-regulation of 
pro-inflammatory and Th1-like cytokine signals fol-
lowing vaccination, with the oil-adjuvanted polyva-
lent formulation (P4) eliciting the strongest responses 
among the tested regimens.

3.1.6 Survival after homologous challenge and rela-
tive percent survival

Following 21 days post-vaccination, fish in the 
survival cohort were challenged intraperitoneally with 
1 × 10^7 CFU/fish of virulent A. hydrophila Ah-S1, and 
survival was monitored for 14 days (Figure 4; Table 7). 
PBS controls (P1) experienced rapid and extensive morta 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
lity: deaths began around days 3–4 post-challenge 
and accumulated steadily thereafter, so that by day 14 
survival had declined to 8.3%, corresponding to 55 
deaths. Dead and moribund fish commonly showed 
skin and fin haemorrhages and visceral congestion, 
and A. hydrophila was consistently re-isolated from 
kidney tissue, confirming that mortality was attrib-
utable to the challenge strain. All vaccinated groups 
exhibited higher survival than the PBS controls. Day-
14 survival proportions were 61.7% in the monovalent 
FKC group (P2), 75.0% in the non-adjuvanted poly-
valent FKC group (P3), and 83.3% in the adjuvanted 
polyvalent group (P4) (Table 7; Figure 4).

Kaplan–Meier analysis showed significant 
differences among survival curves (log-rank test, p 
< 0.001; Figure 4). Cox proportional hazards models 
with treatment as a fixed effect and tank as a frailty 
term yielded hazard ratios (HRs) of 0.33 (95% CI  

Figure 3. Temporal profile of splenic ifn-γ expression following vaccination in Osphronemus goramy. Relative fold 
change of splenic ifn-γ mRNA expression in giant gourami (Osphronemus goramy) at days 7, 14, 21, 35, and 42 
post-vaccination. Fish were injected intraperitoneally with PBS (P1), monovalent formalin-killed cell vaccine (mo-
no-FKC; P2), non-adjuvanted polyvalent FKC (poly-FKC; P3), or oil-adjuvanted polyvalent FKC (poly-FKC + ad-
juvant; P4). Gene expression was quantified by RT-qPCR and calculated as relative fold change using the 2^−ΔΔCt 
method, normalised to β-actin and referenced to the PBS control group. Bars represent mean ± SEM of tank means 
(n = 3 tanks per treatment).
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Treatment Deaths (n) SR day 14 (%) HR vs P1 95% CI for HR

P1 (PBS) 55 8.3 1.00 (reference) –

P2 (Mono-FKC) 23 61.7 0.33 0.20–0.54

P3 (Poly-FKC) 15 75.0 0.21 0.12–0.37

P4 (Poly-FKC + adjuvant 10 83.3 0.13 0.07–0.26

 
 
0.20–0.54) for P2, 0.21 (0.12–0.37) for P3, and 0.13 
(0.07–0.26) for P4, each versus P1 (Table 7). Relative 
percent survival (RPS) at day 14 further summarised 
these differences (Figure 5), with values of 58.2% for 
P2, 72.7% for P3, and 81.8% for P4. Taken together,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
these survival outcomes show that all FKC vaccines 
conferred considerable protection against homologous 
A. hydrophila challenge under the present experi-
mental conditions, with numerically highest survival, 
lowest hazard, and highest RPS in the oil-adjuvanted  

Figure 4. Kaplan–Meier survival curves of vaccinated giant gourami following Aeromonas hydrophila challenge. 
Kaplan–Meier plots showing the cumulative survival of giant gourami (Osphronemus goramy) over 14 days follow-
ing intraperitoneal challenge with virulent A. hydrophila (1×10⁷ CFU fish⁻¹) at 21 days post-vaccination. Fish were 
injected with PBS (P1, blue), a monovalent formalin-killed cell vaccine (P2, black), a polyvalent FKC vaccine (P3, 
yellow), or an oil-adjuvanted polyvalent FKC vaccine (P4, red). Each curve represents the pooled survival of 120 fish 
per treatment. Final survival on day 14 was 8.3% (P1), 61.7% (P2), 75.0% (P3), and 83.3% (P4). Percentage survival 
at day 14 is indicated at the right end of each curve.

Table 7. Survival outcomes and approximate hazard ratios after A. hydrophila challenge
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polyvalent group (P4).

3.2 Discussion

3.2.1 Overall vaccine performance and novelty in O. 
goramy

This study shows that formalin‐killed Aer-
omonas hydrophila vaccines based on field isolates 
from MAS outbreaks in Osphronemus goramy can sub-
stantially reduce mortality under a controlled homol-
ogous challenge, with the strongest effects observed 
for a water-in-oil–adjuvanted polyvalent formula-
tion. Within the broader context of bacterial disease 
in warm-water aquaculture, these findings are consis-
tent with the established role of inactivated bacterins 
as the main workhorse of fish vaccination (Hastein et  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
al., 2005; Gudding and van Muiswinkel, 2013; Ad-
ams, 2019; Ma et al., 2019; Wang et al., 2020). To 
our knowledge, however, comparative evaluation of 
monovalent versus polyvalent inactivated vaccines, 
with and without oil adjuvantation and with multiple 
immunological endpoints assessed alongside survival, 
has not previously been reported for giant gourami. 
The present work, therefore, refines the existing pic-
ture by directly benchmarking three formalin-killed 
vaccine regimens in a single, standardised experiment 
using locally prevalent A. hydrophila strains.

At the level of clinical outcome, all three 
FKC regimens conferred clear protection against in-
traperitoneal challenge with a virulent A. hydrophila 
strain, as reflected by higher Kaplan–Meier survival 

Figure 5. Relative percent survival of vaccinated giant gourami at 14 days post-challenge. Relative percent survival 
(RPS) of giant gourami vaccinated with different formalin-killed cell (FKC) formulations following intraperitoneal 
challenge with virulent A. hydrophila at 21 days post-vaccination. Treatments were PBS control (P1, blue), monova-
lent FKC (P2, black), polyvalent FKC (P3, yellow), and oil-adjuvanted polyvalent FKC (P4, red). RPS was calcu-
lated at day 14 post-challenge as RPS = (1−MvMc)×100%, where Mc and Mv are the cumulative mortalities in the 
control and vaccinated groups, respectively. Final RPS values were 0.0% (P1 by definition), 58.2% (P2), 72.7% (P3), 
and 81.8% (P4). Bars are annotated with the corresponding RPS (%) for ease of comparison.
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and hazard ratios well below 1.0 compared with PBS 
controls (Kaplan and Meier, 1958; Peto et al., 1977). 
The resulting RPS values (58.2%  for the monovalent 
FKC, 72.7% for the non-adjuvanted polyvalent vac-
cine, and 81.8% for the adjuvanted polyvalent for-
mulation) fall within the range typically considered 
biologically meaningful in experimental fish vaccine 
trials (Amend, 1981; Chandran et al., 2002; Shome 
and Shome, 1999, 2005; Dehghani et al., 2012; Prasad 
and Areechon, 2010; Sugiani et al., 2013). The step-
wise pattern, with P4 showing the highest level of 
protection, followed by P3 and P2, and with P1 clear-
ly lower than all vaccinated groups, is broadly com-
patible with earlier evidence that combining antigens 
from multiple strains and adding an oil adjuvant can 
enhance protection against bacterial pathogens in sal-
monids and other species (Hoel et al., 1997; Toran-
zo et al., 1997, 2009; Fredriksen et al., 2013; Jaafar 
et al., 2015; Monir et al., 2020; Yan et al., 2018). At 
the same time, these outcomes were obtained under 
a single-strain, intraperitoneal challenge model at a 
relatively high dose, and should not be extrapolated 
directly to field conditions or to heterologous Aero-
monas genotypes without additional data.

3.2.2 Humoral responses and antibody-mediated pro-
tection

The humoral responses observed here are con-
sistent with the central role of specific antibody in te-
leost immunity to extracellular bacteria (Ellis, 1999; 
Anderson and Siwicki, 1993; Swain et al., 2007). The 
marked increase in serum agglutination titres, par-
ticularly in the adjuvanted polyvalent group, mirrors 
findings from FKC or biofilm-derived A. hydrophila 
vaccines in carp and tilapia, where higher antibody 
titres have generally been associated with improved 
survival after challenge (Chandran et al., 2002; Deh-
ghani et al., 2012; Thangaviji et al., 2012; Prasad and 
Areechon, 2010; Sugiani et al., 2013; Monir et al., 
2020). Agglutination assays are functional readouts 
reflecting the ability of serum antibodies to bind and 
aggregate whole bacteria, and related approaches have 
long been used in mammalian and veterinary diagnos-
tics (Purcell et al., 1969; Rahman et al., 2003; Co-
rona-Vargas et al., 2016). In teleosts, such antibodies 
can promote opsonisation and complement activation 
(Ellis, 1999; Carroll, 1998; Wang and Zhang, 2010). 
Although the present study did not dissect isotype 
usage or complement activity directly, the combina-
tion of large differences in agglutinating titres and 
corresponding survival advantages supports the view 
that antibody-mediated mechanisms contribute sub-
stantially to vaccine-induced protection in O. goramy 
against intraperitoneal A. hydrophila challenge.

3.2.3 Innate responses and cytokine profiles

The innate and cytokine endpoints measured 
here complement the serological data by providing a 
limited view of early and intermediate events in the re-
sponse to vaccination. Nitroblue tetrazolium reduction 
in whole blood, while less dramatic than the changes 
in antibody titre, indicated a vaccine- and time-depen-
dent modulation of phagocyte respiratory burst, with 
the most pronounced late increase in the adjuvanted 
polyvalent group. Similar use of NBT and related 
functional assays has been reported in carps and cat-
fish to monitor innate responses after vaccination or 
immunostimulant administration (Lygren et al., 1999; 
Verho et al., 2005; Sirimanapong et al., 2014; Yin et 
al., 2009). Given assay variability and the modest ab-
solute effect sizes for some time points, NBT is best 
interpreted here as supportive evidence that the most 
intensive regimen (P4) engaged phagocyte functions 
more strongly by day 42, rather than as mechanistic 
proof that innate responses are the dominant driver of 
protection.

In the spleen, il-1β and ifn-γ transcription pro-
vided a simple window into a pro-inflammatory and 
Th1-like axis. Both cytokines were up-regulated in 
vaccinated fish, with the largest and most sustained 
changes again observed in the oil-adjuvanted poly-
valent group. Up-regulation of il-1β after vaccination 
or pathogen exposure has been documented in mul-
tiple fish species and is generally taken as a marker 
of inflammasome-linked or early inflammatory acti-
vation (Dan et al., 2013; Sirimanapong et al., 2014; 
Song et al., 2014). Increased ifn-γ expression has been 
associated with cellular responses and macrophage 
activation, particularly in the context of intracellular 
pathogens and more “Th1-like” profiles (Dan et al., 
2013; Yin et al., 2009; Ma et al., 2019). Our data align 
with this literature in suggesting that oil adjuvantation 
amplifies pro-inflammatory and interferon-like sig-
nalling in the spleen of O. goramy, but they do not 
allow causal attribution between the observed cyto-
kine changes and survival. The design targeted a small 
set of cytokines at discrete time points; more detailed 
pathway analyses, including additional cytokines and 
cell-type–resolved readouts (Inoue et al., 2002; Mu-
toloki et al., 2015), would be needed to define mech-
anistic links between early gene expression patterns 
and protection. Taken together with the agglutination 
and NBT data, the cytokine profiles indicate that the 
adjuvanted polyvalent FKC (P4) induces a coherent, 
multi-layered response that combines strong humoral 
activation with enhanced phagocyte activity and ro-
bust pro-inflammatory and Th1-like signalling, where-
as P3 and P2 elicit the same overall pattern at lower 
magnitude.

JIPK Vol 18 No 1. February 2026 | Polyvalent Formalin-Killed Aeromonas hydrophila Vaccine with Oil Adjuvant... 

                   
	    19  JIPK: Scientific Journal of Fisheries and Marine  									                          Copyright ©2026 Faculty of Fisheries and Marine Universitas Airlangga



3.2.4 Role of oil adjuvant and safety considerations

The superiority of the oil-adjuvanted polyva-
lent FKC in this experiment is consistent with the es-
tablished adjuvant effects of water-in-oil emulsions in 
fish, which can enhance antigen persistence, promote 
depot formation, and skew responses toward higher 
and longer-lasting antibody titres (Hastein et al., 2005; 
Dalmo et al., 2016; Tafalla et al., 2013; Adams, 2019). 
Montanide™ ISA 763 A VG and related formulations 
have previously improved efficacy against Yersinia 
ruckeri and Flavobacterium psychrophilum in salmo-
nids and rainbow trout, with acceptable safety profiles 
under controlled conditions (Gravningen et al., 2008; 
Fredriksen et al., 2013; Jaafar et al., 2015; Hoare et 
al., 2017). Conversely, some oil adjuvants have been 
associated with adhesions, chronic inflammation, or 
reduced welfare when formulations or dosing are sub-
optimal (Midtlyng et al., 1996; Rømer Villumsen et 
al., 2015; Li et al., 2020). In the present study, we did 
not observe gross injection-site pathology or excess 
background mortality in the adjuvanted group during 
the 42-day pre-challenge period, but our assessments 
were macroscopic and limited in duration. A more de-
tailed safety evaluation, including histopathology and 
longer-term follow-up, would therefore be essential 
before recommending widespread use of an oil-adju-
vanted FKC in commercial gourami farming.

3.2.5 Polyvalent formulation and implications for vac-
cine development

The use of multiple A. hydrophila isolates 
from MAS outbreaks in O. goramy to construct the 
polyvalent vaccine connects this work to earlier 
studies showing that antigenic breadth can increase 
cross-protection against strain diversity in bacterial 
fish pathogens (Hoel et al., 1997; Toranzo et al., 1997, 
2009; Shome and Shome, 2005; Jiang et al., 2016; 
Mzula et al., 2019). Our earlier characterisation of 
these gourami isolates, including virulence profiling 
and haemolysin/aerolysin gene analysis (Rozi et al., 
2018a, 2018b), provided a rationale for their inclusion 
as vaccine seeds. In parallel, reverse vaccinology and 
multi-epitope design efforts targeting aerolysin-fam-
ily proteins (Rozi et al., 2024) and ghost or subunit 
vaccines in other species (Liu et al., 2011; Yan et al., 
2018; Jiang et al., 2016; Thangaviji et al., 2012) illus-
trate that more refined strategies are emerging. From 
this perspective, the present FKC data are best viewed 
as defining a pragmatic baseline regimen,  derived 
from locally prevalent, virulent strains,  against which 
more sophisticated, epitope-focused candidates could 
be benchmarked in gourami in future work.

3.2.6 Limitations, future directions, and practical 

implications

This study has several limitations that should 
be considered when interpreting the findings. First, 
the experiment was conducted in a single host species 
using one A. hydrophila isolate delivered intraperito-
neally at a fixed dose, which may not fully reflect nat-
ural exposure routes, mixed infections, or the broader 
strain heterogeneity encountered in farms (Amend, 
1981; Dash et al., 2008; Podeti and Benarjee, 2017; 
Marinho-Neto et al., 2019; Fernández-Bravo and 
Figueras, 2020). Second, the number of tanks per 
treatment was modest; although mixed-effects models 
accounted for tank clustering, precision around some 
estimates,  particularly differences among vaccinated 
groups,  remains limited. Third, immunological read-
outs were restricted to serum agglutination, NBT ac-
tivity, and splenic il-1β and ifn-γ mRNA, and other 
relevant components such as complement, lysozyme, 
mucosal and cellular responses, and additional cyto-
kines were not measured (Carroll, 1998; Díaz de Stahl 
et al., 2003; Ellis, 1999; Wang and Zhang, 2010; Ma 
et al., 2019). Finally, the work was performed under 
controlled laboratory conditions without field trials or 
economic analyses, so any implications for antimi-
crobial-use reduction or farm-level resilience remain 
speculative (Assefa and Abunna, 2018; Lusiastuti et 
al., 2020; Shamsuzzaman et al., 2017). These limita-
tions point to clear priorities for future work. In the 
short term, dose–response and duration-of-immuni-
ty studies, alternative challenge scenarios (including 
immersion or cohabitation and heterologous strains), 
and extended safety assessments with histopathol-
ogy would help refine the risk–benefit profile of the 
oil-adjuvanted polyvalent FKC. In the longer term, 
complementary studies on subunit and multi-epitope 
vaccines, adjuvant and route optimisation (oral or im-
mersion delivery), and well-designed on-farm trials 
will be needed to determine how, and under what con-
ditions, laboratory efficacy can translate into practical 
gains in survival and reduced antibiotic reliance in O. 
goramy culture.

Within these boundaries, the present work 
provides experimental evidence that a polyvalent FKC 
based on gourami MAS isolates, particularly when 
formulated with an oil adjuvant, can enhance humoral, 
innate, and cytokine responses and reduce mortality in 
O. goramy under controlled challenge. This supports 
continued development of inactivated vaccines as one 
component of integrated fish health management for 
gourami, while also motivating complementary efforts 
on subunit and multi-epitope vaccines, route optimis-
ation, and field evaluation to determine how laborato-
ry efficacy translates into practical benefits in diverse 
farming systems. Within this framework, the present 
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data support the oil-adjuvanted polyvalent FKC (P4) 
as a pragmatic lead candidate in this experimental 
model; however, this designation should be regarded 
as hypothesis-generating and confirmed through op-
timisation and field-validation studies before large-
scale deployment is recommended.

4. Conclusion 
This experimental study indicates that forma-

lin-killed Aeromonas hydrophila vaccines prepared 
from field isolates associated with motile Aeromonas 
septicaemia in giant gourami (Osphronemus goramy) 
reduced mortality under a homologous intraperitoneal 
challenge. All three FKC formulations,  monovalent 
(P2), non-adjuvanted polyvalent (P3), and oil-adju-
vanted polyvalent (P4),  improved survival compared 
with PBS controls, with vaccinated groups showing 
markedly higher day-14 survival and relative percent 
survival (RPS) approaching 80% in the best-perform-
ing formulation. Across humoral, innate, and cytokine 
endpoints, vaccination induced a coherent pattern in 
which the oil-adjuvanted polyvalent FKC (P4) elicited 
the strongest and most sustained responses, followed 
by the non-adjuvanted polyvalent and monovalent 
regimens, whereas PBS controls remained near base-
line. The combination of elevated serum agglutinat-
ing antibody titres, enhanced NBT-reducing activity, 
and up-regulated splenic il-1β and ifn-γ transcription 
is consistent with activation of several complementary 
immune pathways in O. goramy under the present con-
ditions. Within these boundaries, the oil-adjuvanted 
polyvalent FKC can be regarded as a pragmatic lead 
candidate in this experimental model and provides a 
quantitative benchmark,  including survival rate and 
RPS profiles,  against which alternative formulations, 
routes, and platforms can be compared. However, the 
conclusions are limited to a single host species, one 
homologous A. hydrophila strain, and a controlled 
intraperitoneal challenge. The present work should 
therefore be viewed as an experimental proof-of-
concept rather than definitive evidence of broad field 
efficacy. Further work, including dose optimisation, 
extended safety assessment, alternative challenge sce-
narios, and well-designed field trials, is needed before 
firm recommendations can be made regarding large-
scale implementation in gourami aquaculture.
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