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Nile tilapia (Oreochromis niloticus) egg survival is critical for hatchery productivity. In 
March 2023, a commercial hatchery in Hainan, China, experienced severe egg mortality, 
with hatching rates below 10%. This study identified the causative pathogens, evaluated 
pathogenicity, and developed control strategies. Eight bacterial isolates from two species 
were recovered from diseased eggs; the most virulent isolate of each species was selected 
via challenge testing (three replicates, 50 eggs each), yielding two dominant strains 
identified as Pseudomonas aeruginosa TLV-01 and non-O1/O139 Vibrio cholerae LHV-07 
based on physiological, biochemical, and 16S rRNA analyses. Both isolates showed 
β-haemolytic activity, and LHV-07 tested negative for major cholera toxin genes (ctxA, 
toxR). Artificial infection assays showed both strains were pathogenic, with 7-day LD₅₀ 
values of 2.0 × 10⁸ CFU/mL (TLV-01) and 2.0 × 10⁶ CFU/mL (LHV-07). Co-infection 
markedly enhanced lethality, lowering the LD₅₀ to 2.0 × 10⁵ CFU/mL—1,000-fold lower 
than TLV-01 alone and 10-fold lower than LHV-07 alone. To assess deviation from 
expected independent effects, the Bliss independence model was applied as the primary 
analytical tool, with dose-response curves fitted using a four-parameter log-logistic 
model and forward interpolation used to estimate expected combined mortality. Results 
indicated weak synergism at low concentrations (1.0×10⁴–1.0×10⁵ CFU/mL), additive 
effects at 1.0×10⁶ CFU/mL, and a lethality saturation effect at high concentrations 
(1.0×10⁷–1.0×10⁸ CFU/mL), likely due to microenvironmental resource limitation. The 
Loewe additive model, used for cross-validation, showed combination index (CI) values 
below 1 (0.021–0.662) across 1.0×10⁴–1.0×10⁷ CFU/mL, exceeding 1 at 1.0×10⁸ CFU/
mL—consistent with the Bliss model trend. These findings confirm a potentiating effect 
of co-infection on lethality, providing a quantitative basis for hatchery risk assessment. 
Antibiotic susceptibility testing revealed multidrug resistance in TLV-01, while LHV-07 
remained broadly susceptible. Disinfection trials identified chloramine-T (4 mg/L) as 
most effective, raising hatchability to 65.2 ± 2.5% without larval deformities. This study 
provides the first evidence of concurrent co-infection with P. aeruginosa and non-O1/
O139 V. cholerae in tilapia eggs, linked to increased mortality, and offers practical 
antimicrobial and disinfection strategies to improve hatchery biosecurity and the 
sustainability of seed production. 

1. INTRODUCTION 

Tilapia (Oreochromis niloticus) ranks as the world’s second-
most farmed freshwater fish, with global production ex
ceeding 4.5 million tonnes annually.1 Intensive aquaculture 

systems (e.g., pond culture, recirculating aquaculture sys
tems [RAS]) significantly increase microbial load and nu
trient accumulation during critical developmental stages 
such as egg incubation.2 The underdeveloped immune de
fenses of teleost eggs, including those of tilapia, render 
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them highly susceptible to bacterial pathogens — a vulner
ability exacerbated in high-density farming.3 

Among emergent pathogens, Pseudomonas aeruginosa 
(Gram-negative, ubiquitous in aquatic environments) 
causes severe infections in cyprinids like Cyprinus carpio 
and Labeo rohita.4,5 Its virulence arsenal—exotoxins, elas
tases, biofilm formation, and quorum-sensing sys
tems—enables opportunistic pathogenesis.6,7 Similarly, 
non-O1/O139 Vibrio cholerae strains persist in freshwater 
ecosystems, and may harbor virulence-associated genes de
spite lacking ctxAB.8,9 These strains have triggered out
breaks in crustaceans and amphibians,10,11 yet their impact 
on teleost eggs remains uncharacterized. At the same time, 
it can also cause sporadic cases of gastroenteritis and ex
traintestinal infections in humans, and has become a public 
health issue. 

Critically, mixed bacterial infections in intensive sys
tems may amplify pathogenicity through synergistic mech
anisms—quorum-sensing crosstalk, immunosuppression, 
and epithelial barrier disruption. Despite this threat, em
bryonic-stage co-infections are poorly documented, imped
ing disease management in hatcheries. We hypothesize that 
when Pseudomonas aeruginosa and non-O1/O139 Vibrio 
cholerae are present simultaneously in tilapia eggs, the 
lethal effect of the co-infection system differs from the 
lethal effects of monoinfections with either strain alone. In 
this study, the Bliss independent model and the four-pa
rameter log-logistic model were employed to fit the dose-
response curves for each of the two isolates separately.12,
13 Building on this, a dual-model quantitative assessment 
framework was established through cross-validation by ap
plying the Loewe additive model as an auxiliary tool (using 
the combination index CI as the criterion, where CI < 1 is 
defined as synergy).14 

2. MATERIALS AND METHODS 

2.1. STUDY SITE AND SAMPLE COLLECTION 

This study was conducted at a commercial tilapia hatchery 
in Hainan Province, China. In 2023, mortality events oc
curred in all three batches of eggs at the facility. Many eggs 
were not scattered individually but were clustered; the dead 
eggs turned white and gradually dissolved, resulting in a 
hatch rate of less than 10%. The affected eggs were col
lected under sterile conditions for pathogen isolation and 
subsequent analysis. Healthy tilapia eggs were collected 
from a batch at the same hatchery that was unaffected by 
the mortality events. These healthy eggs were plump, uni
form in color, and had intact, transparent egg membranes; 
no signs of whitening or dissolution were observed, and 
embryonic development was normal. They were used for 
subsequent artificial infection experiments. To prevent the 
spread of pathogens, the artificial infection experiments 
were conducted using these healthy eggs in a controlled, 
recirculating laboratory aquaculture system rather than di
rectly in the hatchery environment. During the experiment, 
water quality parameters in the hatching water were main
tained at a temperature of 30 ± 1 °C, a pH of 8.2 ± 0.5, dis

solved oxygen of 5 ± 1 mg/L, total ammonia (NH₃/NH₄) < 
0.3 mmol/L, and salinity of 4‰. 

2.2. BACTERIAL PATHOGEN ISOLATION AND 
PURIFICATION 

Approximately 1.0 ± 0.1 g of infected tilapia eggs (equiva
lent to ~50 eggs) were rinsed three times with sterile phos
phate-buffered saline (PBS, pH 7.4) to remove surface con
taminants. The eggs were then homogenized in 1 mL of 
sterile PBS using a pre-chilled, sterile mortar and pestle on 
ice. A 100-μL aliquot of the resulting homogenate was sub
jected to ten-fold serial dilutions in sterile PBS, yielding di
lutions from 10-1 to 10-6. Aliquots (100 μL) of the 10-2, 10-3, 
and 10-4 dilutions were spread onto separate Luria-Bertani 
(LB) agar plates. All plates were incubated at 37°C for 24 
hours. Two distinct colony morphotypes that were predom
inant—defined as morphologically uniform colonies consti
tuting ≥40% of the total colony count on the 10-3 dilution 
plate—were selected. To obtain pure cultures, each mor
photype was subcultured by streaking onto fresh LB agar 
plates three times consecutively, and purity was confirmed 
by Gram staining and microscopic examination. 

2.3. MOLECULAR IDENTIFICATION OF PATHOGENS 

Genomic DNA was extracted from each isolate using a bac
terial genomic DNA extraction kit (Tiangen Biotechnology 
(Beijing) Co., Ltd.). The full-length 16S rRNA gene was am
plified using primers 27F and 1492R. PCR conditions were 
pre-denaturation at 95°C for 5 min; 35 cycles of 95°C for 
1 min, 55°C for 30 s, and 72°C for 1 min; followed by a fi
nal extension at 72°C for 10 min and a 16°C hold. The PCR 
system (25 μL) consisted of 13 μL LA Taq, 1 μL of each 
primer, 1 μL DNA template, and 9 μL ddH₂O. Amplicons 
were sequenced by BGI Shenzhen. Sequence analysis was 
performed using BLAST, and phylogenetic trees were con
structed using MEGA 7.0. 

2.4. VIRULENCE TESTING 

To assess the relative pathogenicity of the isolated strains 
against tilapia eggs and select the two most virulent iso
lates for subsequent LD₅₀ determination, the experiment 
comprised nine treatment groups (eight experimental 
groups and one negative control group), with three inde
pendent biological replicates per group; each replicate con
tained 50 healthy eyed-spot stage eggs. During the chal
lenge phase, eggs from each experimental group were 
placed in sterile 250-mL glass beakers and immersed in 
100 mL of the corresponding bacterial suspension at a con
centration of 1.0 × 108 CFU/mL under gentle aeration for 
a 2-hour bath exposure. The control group underwent an 
identical 2-hour immersion in 100 mL of sterile phosphate-
buffered saline (PBS). Following the challenge, all eggs 
were immediately transferred to a small-scale recirculating 
hatching system with strictly controlled water quality para
meters for a 7-day observation period. Water quality in the 
hatching system was maintained at a temperature of 30 ± 
1 °C, pH of 8.2 ± 0.5, dissolved oxygen of 5 ± 1 mg/L, total 
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ammonia nitrogen (NH₃/NH₄+) < 0.3 mmol/L, and salinity 
of 4‰. Egg mortality was recorded daily as complete opaci
fication and whitening of the egg, accompanied by the ab
sence of an embryonic heartbeat, observed under a dissect
ing microscope. Based on the 7-day cumulative mortality 
rate, the two most virulent strains were selected for dose-
response experiments. 

2.5. PHYSIOLOGICAL AND BIOCHEMICAL 
CHARACTERISATION 

The two most virulent strains (TLV-01 and LHV-07) were 
identified using the HuanKai Microbial Identification Kit 
(Guangdong Huan Kai Microbiology Technology Co., Ltd.). 
The testing parameters included carbohydrate fermenta
tion (glucose, lactose, inositol), enzyme activity (lysine de
carboxylase), gelatin hydrolysis, and DNA hydrolysis. The 
results were compared against Bergey’s Manual of System
atic Bacteriology. 

2.6. TYPING OF VIBRIO CHOLERAE LHV-07 

Hemolytic Activity: The strain was streaked onto 5% sheep 
blood agar plates (Solarbio) and incubated at 30°C for 24 
hours. Haemolysis was classified as α, β, or γ, and the di
ameter of β-haemolysis zones was measured with a Vernier 
calliper. 

Serum Agglutination Test: The strain in the logarithmic 
growth phase was resuspended in sterile PBS to 1.0 × 108 

CFU/mL. Ten microlitres of this suspension were mixed 
with 10 μL of O1/O139 Vibrio cholerae antiserum 
(Guangzhou Siyue Biotechnology Co., Ltd Catalog 
No.HN1001, Lot No. 20250109) on a microscope slide. Ag
glutination was assessed within 60 seconds under bright-
field microscopy; a positive result was defined as the for
mation of distinct, macroscopic clumps against a clear 
background, while weak or peripheral granular aggregation 
without central clearing was considered negative. PBS 
served as the negative control, and agglutination was ob
served. 

Virulence Gene PCR: Six virulence genes (ctxA, toxR, 
wbeO1, *wbfO139, VcO1, and VcO139) (Table 1) were de
tected by PCR. The reaction system (20 μL) contained 10 μL 
2× Taq Master Mix, 0.8 μL of each primer (10 μM), 2 μL DNA 
template, and 6.4 μL ddH₂O. PCR conditions: 95°C pre-de
naturation for 5 min; 30 cycles of 95°C for 1 min, 55°C for 
30 s, and 72°C for 45 s; and a final extension at 72°C for 10 
min. Products were visualised on 1.5% agarose gels. 

Primers VcO1 and VcO139 were designed in this study 
based on conserved sequences within the O1- and 
O139-specific O-antigen gene clusters, respectively, re
trieved from GenBank reference genomes (NC_002505 for 
O1, NC_012668 for O139). Specificity was verified in silico 
using BLASTn against the NCBI nr database to ensure no 
cross-reactivity with non-target Vibrio species or other 
common aquaculture pathogens. Due to institutional 
biosafety restrictions prohibiting the handling of pandemic 
O1/O139 strains, experimental validation employed nega
tive controls and confirmed the absence of amplification. 

2.7. ARTIFICIAL INFECTION EXPERIMENTS 

Single infection: The two most virulent isolates identified 
in the preliminary screening (TLV-01 and LHV-07) were 
evaluated separately to establish dose-response relation
ships. For each strain, five final bacterial concentrations 
were tested: 2.0 × 104, 2.0 × 105, 2.0 × 106, 2.0 × 107, and 
2.0 × 108 CFU/mL. Three independent biological replicates 
were performed for each concentration, with each replicate 
containing 50 healthy eyed-spot-stage eggs. The challenge 
was performed by immersing the eggs in 100 mL of the 
corresponding bacterial suspension in sterile glass beakers 
under gentle aeration for 2 hours; the PBS control group 
was processed in parallel. After the 2-hour challenge, the 
eggs were transferred to the aforementioned recirculating 
hatching system for a continuous 7-day observation pe
riod. Water quality in the small-scale hatching system was 
maintained as in the virulence testing. Daily mortality was 
recorded and 7-day dose-response curves were constructed 
to estimate the LD₅₀ values with their 95% confidence in
tervals. Dead eggs were randomly selected, homogenized, 
and subjected to pathogen re-isolation and molecular con
firmation to fulfill Koch’s postulates. 

Mixed infection: To evaluate the combined pathogenicity 
of TLV-01 and LHV-07 in mixed infection, suspensions of 
the two strains were combined at a 1:1 volume ratio. The 
total bacterial concentration in the mixed suspensions was 
set at 2.0 × 104, 2.0 × 105, 2.0 × 106, 2.0 × 107, and 2.0 × 
108 CFU/mL, corresponding to a final concentration of 1.0 
× 104, 1.0 × 105, 1.0 × 106, 1.0 × 107, and 1.0 × 108 CFU/
mL for each individual strain, respectively. For each total 
concentration, three independent biological replicates were 
prepared, each containing 50 healthy eyed-spot-stage eggs. 
The challenge procedure was identical: eggs were immersed 
in the mixed suspension for 2 hours, then transferred to 
the controlled recirculating hatching system for a 7-day ob
servation period. Water quality in the small-scale hatching 
system was maintained as in the virulence testing. Daily 
mortality was recorded, and the 7-day LD₅₀ for the mixed 
challenge was estimated from the data. Pathogen re-isola
tion and molecular confirmation were performed on dead 
eggs as described for the single-infection experiments to 
verify the co-involvement of both pathogens. 

To quantitatively evaluate the combined lethal effects of 
co-infection with TLV-01 and LHV-07, and to circumvent 
the dose mismatch arising from the fact that the actual in
oculation concentration of each strain in the co-infection 
groups (1.0×104–1.0×108 CFU/mL) was only half of that 
in the corresponding single-infection groups 
(2.0×104–2.0×108 CFU/mL), direct point-to-point compar
isons were avoided. Instead, a dual-model quantitative 
framework based on dose-response curve fitting was es
tablished, with the Bliss independent model serving as the 
primary quantitative assessment method and the Loewe 
additive model providing supplementary cross-validation. 
Firstly, using the log10-transformed inoculation concen
tration as the x-axis and the 7-day mortality rate (%) as 
the y-axis, four-parameter log-logistic (LL.4) dose-response 
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Table 1. List of genes and primers used in this study        15  

Gene Primers Sequence (5′-3′) Reference 

ctxA ctxA-F TCCGGAGCATAGAGCTTGGA 

ctxA-R TCGATGATCTTGGAGCATTCC 

toxR toxR-F CCGAATAACCACCCTGATCTTT 

toxR-R ACCTGTGGCAATGACTTCTATC 

wbeO1 wbeO1-F GTTGAGAAGGGCGGTCTAATAA 

wbeO1-R TGTCTGGTACTTGAGTTGGTAAG 

wbfO139 wbfO139-F AGAAGCCAGTCGCAGTAAAG 

wbfO139-R TCGCCATCTTCCAGCATAAA 

Vc-01 Vc-01-F GCGAGTTAATCAACCCATTTA This study 

Vc-01-R CAGGCCATTCATGTTCAATAT 

Vc-0139 Vc-0139-F AGTGGTCAACCTTCGGTCTGG This study 

Vc-0139-R AACGTACCCAACGCTCGTGAG 

curves were fitted to the monogonal infection data for 
TLV-01 and LHV-07. The model equations are as follows12: 

Where E is the mortality rate (%), C is the inoculation 
concentration (CFU/mL), b is the slope factor, EC₅₀ is the 
median effective concentration, and c and d represent the 
lower and upper asymptotic limits, respectively. For 
TLV-01, the fitted parameters were: c≈5.2% (lower asymp
tote), d≈94.8% (upper asymptote), b≈−0.6 (slope factor), 
and EC₅₀ ≈ 2.0×107 CFU/mL. For LHV-07, the fitted para
meters were: c≈3.8%, d≈96.2%, b≈−1.2, and EC₅₀ ≈ 5.0×106 

CFU/mL. Fitting was performed using the drm function of 
the drc package (v3.0-1) in R software (v4.0.0) via the least-
squares method. 

Based on the fitted curves, forward interpolation was ap
plied to derive the expected single-strain mortality rates 
EA (TLV-01) and EB (LHV-07) at each co-infection concen
tration gradient (1.0×104, 1.0×105, 1.0 × 106, 1.0 × 107, 
1.0 × 108 CFU/mL). The interpolated results for EA were 
13.80%, 17.80%, 30.18%, 38.49%, and 46.29%, respectively; 
for EB, they were 17.09%, 30.09%, 36.10%, 54.47%, and 
71.79%, respectively. The expected combined mortality rate 
was then calculated according to the general Bliss mortality 
formula16: 

The calculated Eexpected values at the five concentration 
points were 28.53%, 42.53%, 55.38%, 72.00%, and 84.85%, 
respectively. If the observed mortality rate Eobs is higher 
than Eexpected, a synergistic trend is indicated; if close to 
Eexpected, an additive effect is indicated; if significantly 
lower than Eexpected, the deviation is interpreted as a high-
density saturation effect due to microenvironmental re
source limitations. For statistical evaluation, based on 
three independent replicates (N=150 per concentration 
point), the observed mortality frequencies were compared 
with the expected mortality frequencies based on Eexpected 
using the Chi-square (χ2) test, with p<0.05 considered sta
tistically significant. 

As a complementary validation, the Loewe additivity 
model was also employed. Using the observed mortality 
rate Eobs as the target effect level, the equivalent single-
agent concentrations DA (TLV-01) and DB (LHV-07) re
quired for each strain alone to achieve this mortality level 
were derived by log-linear interpolation on the fitted 
curves17: 

When Eobs fell outside the known data range, linear extrap
olation using the terminal slope was applied. The Combina
tion Index (CI) was then calculated as:  Where 
dA and dB are the actual final inoculation concentrations of 
TLV-01 and LHV-07 in the co-infection groups (both at 1.0 × 
104, 1.0 × 105, 1.0 × 106, 1.0 × 107, and 1.0 × 108 CFU/mL, re
spectively). CI < 1 indicates a synergistic trend, CI ≈ 1 indi
cates additivity, and CI > 1 indicates a deviation trend. The 
95% confidence intervals of the CI values were estimated 
by bootstrap resampling (1000 resamples, with experimen
tal replicates as sampling units). The Loewe model results 
were used solely as cross-validation references for the pri
mary Bliss model conclusions.14 

2.8. ANTIBIOTIC SUSCEPTIBILITY TESTING 

In accordance with the guidelines of the Clinical and Lab
oratory Standards Institute (CLSI, 2024), antimicrobial sus
ceptibility testing was performed using the disc diffusion 
(Kirby-Bauer) method. A bacterial suspension at a concen
tration of 1.0 × 108 CFU/mL was prepared and evenly spread 
onto Mueller-Hinton (M-H) agar plates (Beijing BioDee 
Biotechnology Co., Ltd.). Antibiotic discs (Hangzhou Micro
bial Reagents Co., Ltd.) were placed on the plates, which 
were then incubated at 37°C for 18–24 hours. The diameter 
of the inhibition zone was measured (to the nearest 0.1 
mm) and classified into three categories—sensitive (S), 
moderately sensitive (I) or resistant (R)—in accordance with 
CLSI standards. Each antibiotic was tested in triplicate. The 
use of antibiotic discs containing substances prohibited or 
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suspended for use in aquaculture in China was strictly for 
laboratory research and not for any commercial applica
tions. It should be noted that the incubation temperature of 
37°C was selected to align with standard clinical protocols 
for human pathogens as defined by CLSI; however, this dif
fers from the typical growth temperature (25-30°C) of these 
vibrios in aquaculture environments. Consequently, the in
terpretive criteria (breakpoints) applied herein are those 
established for clinical isolates and may not fully reflect 
the in situ antimicrobial response under fish farming con
ditions. 

2.9. EFFICACY ASSESSMENT OF ANTIMICROBIAL 
AGENTS ON TILAPIA EGG HATCHING 

During this outbreak of fish egg disease, we collected fish 
eggs specifically for this purpose and incubated them 
alongside various common commercial antimicrobial 
agents, including environmental disinfectants and thera
peutic antibiotics, to identify emergency interventions. Six 
treatment groups were established, each with three repli
cates: control (CT, PBS), enrofloxacin (EN, 4 mg/L), iodine 
(PO, 20 mg/L), bromochlorohydrin (DI, 10 mg/L), chlo
ramine-T (LT, 4 mg/L), and tetracycline (TE, 4 mg/L). Each 
replicate consisted of ~300 eggs in 30 mL of water in the 
hatching chamber of a recirculating system connected to 
a 1.25 L reservoir. Disinfectants were continuously applied 
for 2 days, with 50% water changes daily. Hatching rates 
were calculated after 7 days. 

2.10. DATA PROCESSING AND ANALYSIS 

Experimental data in this study were analyzed and plotted 
using SPSS 27.0 (IBM Corp., Armonk, NY, NY, USA) and 
GraphPad Prism 10.0.1 (GraphPad Software, San Diego, CA, 
USA). Probit regression analysis was performed to estimate 
the median lethal dose (LD₅₀) and its 95% confidence in
terval for the Pseudomonas aeruginosa TLV-01 single-in
fection group, the Vibrio cholerae LHV-07 single-infection 
group, and the co-infection group, respectively. The differ
ences in survival curves between groups were compared us
ing the Log-rank (Mantel-Cox) test. For the Bliss model, 
synergy was assessed by comparing observed and expected 
mortality frequencies at each concentration using the Chi-
square (χ2) test. For the Loewe model, the statistical relia
bility of CI values was evaluated by estimating 95% confi
dence intervals via bootstrap resampling (1000 resamples, 
with experimental replicates as sampling units). P < 0.05 
was considered statistically significant. 

3. RESULTS 

3.1. ISOLATION OF PATHOGENS 

After 24 hours of incubation on LB agar, multiple morpho
logically distinct colonies were observed. Two colony types 
predominated: 

Figure 1. Colony Morphology of    Pseudomonas  
aeruginosa  

Figure 2. Colony Morphology of    Vibrio cholerae   

Four colonies were selected from each colony type, 
yielding eight isolates in total. These isolates were desig
nated TLV-01, TLV-02, TLV-03, TLV-04, LHV-05, LHV-06, 
LHV-07, and LHV-08. 

1. colonies with a slightly raised centre, circular shape, 
moist surface, relatively small size, and a noticeable 
odour (Fig. 1); 

2. colonies that were smooth, moist, flat, translucent, 
larger, and with well-defined margins (Fig. 2). 
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3.2. PATHOGEN IDENTIFICATION 

PCR amplification using universal 16S rRNA primers pro
duced ~1500 bp fragments from all eight isolates. BLAST 
analysis confirmed taxonomic identity as follows: 

Phylogenetic analysis further supported these results. 
TLV isolates grouped with P. aeruginosa strain RDLN43 (Fig. 
3), while LHV isolates clustered with V. cholerae strain 
RC782 (Fig. 4). 

3.3. PATHOGENICITY TESTING 

All eight isolates (TLV-01, TLV-02, TLV-03, TLV-04, 
LHV-05, LHV-06, LHV-07, and LHV-08) caused mortality in 
tilapia eggs. The most virulent strains, TLV-01 and LHV-07, 
were selected as representative strains for the LD₅₀ artificial 
infection assay. These correspond to the dominant isolates 
of Pseudomonas aeruginosa and Vibrio cholerae, respec
tively. The morphological and biochemical characteristics 
of the re-isolated strains were fully consistent with those of 
the original inoculum. Furthermore, all re-isolated strains 
were also confirmed by 16S rRNA gene sequencing, thus 
fulfilling the Koch’s postulates. (Fig. 5). 

Fig.5 The 7-day mortality rate in tilapia eggs infected 
with different bacterial isolates. 

 Pseudomonas brassicacearum strain CPO E5-18 16S ribosomal RNA gene partial sequence (PP111704.1 )

 Pseudomonas mediterranea strain PVCT 3C 16S ribosomal RNA gene partial sequence (PP066855.1)

 Pseudomonas palleroniana strain B23kam7 2 16S ribosomal RNA gene partial sequence( PP092392.1 )

 Pseudomonas protegens strain 21 16S ribosomal RNA gene partial sequence(PP053468.1)

 Pseudomonas koreensis strain MPA1 16S ribosomal RNA gene partial sequence( PP087927.1)

 Pseudomonas guariconensis strain IPL/IH/B118 16S ribosomal RNA gene partial sequence (PP141352.1)

 Pseudomonas kermanshahensis strain SWRI100 TAV4AS 16S ribosomal RNA gene partial sequence( PP095698.1)

 Pseudomonas putida strain HLPSC8 16S ribosomal RNA gene partial sequence(PP090916.1)

 Pseudomonas oleovorans strain DSH 20 16S ribosomal RNA gene partial sequence(MN960493.1)

Pseudomonas neustonica strain NGB15 16S ribosomal RNA gene partial sequence (PP130125.1)

 Pseudomonas composti strain HNXS-W10 16S ribosomal RNA gene partial sequence(PP092120.1)

 Pseudomonas guangdongensis strain VRL PW4.5b 16S ribosomal RNA gene partial sequence (PP085242.1)

 Pseudomonas aeruginosa strain RDLN43 16S ribosomal RNA gene partial sequence( PP140892.1)

TLV-01

TLV-02

TLV-03

TLV-04

97

55

98

86

21

75
82

19

57

62

68

77

36

0.010

Figure 3. Phylogenetic tree of    Pseudomonas aeruginosa   based on 16S rRNA gene sequences.       
Phylogenetic tree analysis of t based on 16S rRNA nucleotide sequences using the MEGA software and the nearest-neighbor method. The numbers next to the branches indicate the 
percentage values from 1,000 bootstrap replicates. 

3.4. BIOCHEMICAL PROFILING 

Biochemical assays showed that both bacterial groups fer
mented glucose, lactose, maltose, sucrose, sorbitol, and sil
icon and were positive for gelatine and cellobiose hydrol
ysis. Neither group utilized xylose, maltose, or 
β-galactosidase, nor showed activity for Simon’s citrate, ly
sine decarboxylase, or ornithine decarboxylase. A distin
guishing feature was inositol utilization: TLV-01 did not 
utilize inositol; LHV-07 did, which aligns with the bio
chemical characteristics of Pseudomonas aeruginosa and 
Vibrio cholerae, respectively. 

3.5. TYPING OF VIBRIO CHOLERAE 

Both pathogens produced β-haemolysis on blood agar. 
Haemolytic zones measured 2.05 + 0.08 cm for TLV-01 (Fig. 
6A) and 1.60 + 0.05 cm for LHV-07 (Fig. 6B). Serological ag
glutination tests showed that LHV-07 did not agglutinate 
with antisera from the O1/O139 serogroup, confirming that 
it belongs to a non-O1/O139 serogroup. PCR screening con
firmed that it does not carry virulence genes from the O1 or 
O139 Vibrio cholerae serogroups tested. 

3.6. PATHOGENICITY AND INTERACTION ANALYSIS 

TLV-01 Infection: Following infection, the mortality rate 
of fish eggs gradually increased as bacterial concentration 
rose; mortality rates in all groups stabilized between 5 and 
7 days. Its 7-day half-lethal concentration was 2.0×108 CFU/
mL (Fig. 7). 

LHV-07 infection: The mortality rate continued to rise 
following infection, and the survival rate of fish eggs was 

i. TLV group (4 strains): >97.50% similarity with 
Pseudomonas aeruginosa 

ii. LHV group (4 strains): >98.95% similarity with Vibrio 
cholerae 
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 Vibrio japonicus strain Bio7-2 16S ribosomal RNA partial sequence (NR 149201.1)

Vibrio tetraodonis strain A511 16S ribosomal RNA partial sequence (NR 181954.1)

 Vibrio nitrifigilis strain NFV-1 16S ribosomal RNA partial sequence (NR 181541.1)

 Vibrio viridaestus strain LJC006 16S ribosomal RNA partial sequence (NR 179904.1)

 Vibrio ziniensis strain ZWAL4003 16S ribosomal RNA complete sequence (NR 181540.1)

 Vibrio chemaguriensis strain Iso1 16S ribosomal RNA partial sequence (NR 179846.1)

  Vibrio chemaguriensis strain Iso1 16S ribosomal RNA partial sequence (NR 179846.1)

 Vibrio marinisediminis strain 404 16S ribosomal RNA partial sequence (NR 180389.1)

 Vibrio sinensis strain BEI233 16S ribosomal RNA partial sequence (NR 179929.1)

  Vibrio ulleungensis strain 188UL20-2 16S ribosomal RNA partial sequence (NR 181595.1)

 Vibrio hibernica strain B1.19 16S ribosomal RNA partial sequence (NR 180997.1)

  Vibrio paracholerae strain EDC-792 16S ribosomal RNA partial sequence (NR 181683.1)

LHV-06

  Vibrio cholerae strain RC782 16S ribosomal RNA partial sequence (NR 044050.1)

LHV-07
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Figure 4. Phylogenetic tree of    Vibrio cholerae   based on 16S rRNA gene sequences.       
Phylogenetic analysis of Vibrio cholerae based on 16S rRNA nucleotide sequences using the nearest-neighbor-joining method in MEGA software. The numbers next to the branches 
indicate the percentage values based on 1,000 bootstrap replicates. 
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Figure 5. The 7-day mortality rate in tilapia eggs        
infected with different bacterial isolates.      

significantly reduced in all infected groups (Fig. 8). The 
higher the concentration of the pathogenic strain, the more 
rapidly the mortality curve for tilapia eggs in the corre
sponding experimental group rose. The 7-day half-lethal 
concentration was 2.0 × 106 CFU/mL. 

The mixed challenge with TLV-01 + LHV-07 yielded an 
estimated 7-day LD₅₀ of 2.0 × 105 CFU/mL, which was lower 
than the corresponding single-strain LD₅₀ estimates for 

Figure 6. Hemolysis identification test: A.     
Pseudomonas aeruginosa   TLV-01; B. non-01/0139    Vibrio  
cholerae  LHV-07.  

LHV-07 (2.0 × 106 CFU/mL) and TLV-01 (2.0 × 108 CFU/mL) 
(Fig. 9). This comparison indicates enhanced lethality of 
the mixed challenge at the dose-response level, but the re
duction in LD₅₀ alone was not used as evidence of statistical 
synergism. Aggregation and attachment of eggs were also 
observed during the infection experiments. 

Based on the four-parameter Log-logistic fitted curves 
and forward interpolation, the expected single-strain mor
tality rates (EA, EB) of TLV-01 and LHV-07 at each co-in
fection concentration were derived, and the expected com
bined mortality rate was calculated according to the general 
Bliss mortality formula. The results are summarized in 
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Figure 7. The 7-day mortality rate of tilapia eggs        
infected with   Pseudomonas aeruginosa   TLV-01 at   
different concentration gradients.    
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Figure 8. The 7-day mortality rate of tilapia eggs        
infected with non-O1/O139    Vibrio cholerae   LHV-07 at   
serial concentrations.   

Table 2. In the low concentration range (1.0 × 104–1.0 × 105 

CFU/mL), the observed mortality rates (35 %, 47 %) were 
slightly higher than the expected mortality rates (28.53 %, 
42.53 %), suggesting a synergistic trend. At a concentration 
of 1 × 106 CFU/mL, the observed mortality rate (54 %) was 
almost exactly in line with the expected mortality rate (%), 
strictly conforming to the additive model. 

To cross-validate the results obtained from the Bliss 
model, the Loewe additivity model (Combination Index, CI) 
was additionally employed as a complementary analysis. 
The results are summarized in Table 3. Within the concen
tration range of 1.0 × 104–1.0 × 107 CFU/mL, all CI values 
were below 1 (ranging from 0.021 to 0.662), and the upper 
limits of the 95% guided confidence intervals were all be
low 1, indicating a trend towards synergism. The lowest CI 
value (CI = 0.021) was observed at 1.0 × 105 CFU/mL, in
dicating the strongest potential for synergism at this con
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Figure 9. The 7-day mortality curves for tilapia eggs        
infected with a 1:1 mixture of       Pseudomonas aeruginosa   
TLV-01 and non-O1/O139    Vibrio cholerae   LHV-07 at   
varying concentration gradients.    

centration. At 1.0 × 107, CI = 0.662 (95% CI: 0.581–0.728), 
which remains well below 1. 

3.7. ANTIBIOTIC SENSITIVITY 

TLV-01 was sensitive to 12 antibiotics, moderately respon
sive to 10, and resistant to 8. The most effective agents 
were: Chloramphenicol (7.14±0.57 mm) (Prohibited Drugs, 
Trimethoprim (7.35±0.36 mm), and Streptomycin (7.83±0.31 
mm). Resistant antibiotics included Enrofloxacin (29.70 ± 
0.16 mm), Ciprofloxacin (21.52 ± 0.10 mm) (Prohibited 
Drugs), Ofloxacin (19.73±0.63 mm) (Prohibited Drugs). 

LHV-07 showed high sensitivity to 6 antibiotics, inter
mediate sensitivity to 9, and resistance to 15. The greatest 
inhibition was observed with: Trimethoprim (0.00±0.00 
mm), Polymyxin B (6.21±1.16 mm), and Furazolidone 
(8.35±0.59 mm) (Prohibited Drugs). Resistance was 
recorded against Ofloxacin (33.13±0.39 mm) (Prohibited 
Drugs), Ciprofloxacin (29.97±0.99 mm) (Prohibited Drugs), 
Chloramphenicol (28.67±0.70 mm) (Prohibited Drugs) 
(Table 4). 

3.8. DISINFECTION EFFICACY 

The highest egg survival rate occurred with 4 mg/L chlo
ramine-T (65.2 ± 2.5%), followed by 4 mg/L enrofloxacin 
(60.1 ± 1.8%), 10 mg/L bromochlorohydrin (58.5 ± 2.1%), 20 
mg/L iodine (54.7 ± 2.2%), and 4 mg/L tetracycline (52.3 ± 
1.9%). 

The control group showed the lowest survival rate (48.9 
± 2.3%). No deformities were observed in LT, EN, or DI 
treatments, indicating that these concentrations are safe 
and effective for tilapia egg disinfection (Fig.10). 

4. DISCUSSION 

Through a comprehensive analysis, including examination 
of colony morphology, physiological and biochemical char

Mixed infection of Pseudomonas aeruginosa and Non-O1/O139 Vibrio cholerae in tilapia eggs

Israeli Journal of Aquaculture - Bamidgeh 134



Table 2. Comparison of Bliss-expected combined mortality and observed co-infection mortality          

Co-
infection 

(CFU/
mL) 

TLV-01 
expected 
mortality 

EA (%) 

LHV-07 
expected 
mortality 

EB (%) 

Bliss 
expected 
mortality 
Eexpected 

(%) 

Observed 
co-

infection 
mortality 

Eobs (%) 

Observed 
− 

expected 

χχ2 

value 
p-

value 

Interaction 
trend 

interpretation 

1.0 × 104 13.80 17.09 28.53 35.00 6.47 3.08 >0.05 Weak synergy 

1.0 × 105 17.80 30.39 42.53 47.00 4.17 1.22 >0.05 Weak synergy 

1.0 × 106 30.18 36.10 55.38 54.00 -1.38 0.12 >0.05 
Strictly 
additive 

1.0 × 107 38.49 54.47 72.00 59.00 -13.00 12.57 <0.001 
High density 

saturation 
effect 

1.0 × 108 46.29 71.79 84.85 62.00 -22.85 61.07 <0.001 
High density 

saturation 
effect 

Note: Eexpected = EA+ EB- EA×EB; 
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Figure 10. Effects of different disinfectant treatments      
on the hatching rate of tilapia eggs after bacterial          
challenge.  
CT: control group treated with sterile PBS; EN: enrofloxacin (4 mg/L); PO: iodine (20 
mg/L); DI: bromochlorohydrin (10 mg/L); LT: chloramine-T (4 mg/L); TE: tetracycline (4 
mg/L). Eggs were experimentally exposed to a mixed bacterial infection of Pseudomonas 
aeruginosa TLV-01 and Vibrio cholerae LHV-07. Disinfectants were applied continuously 
for 48 h under recirculating aquaculture conditions. Hatching rates were recorded after 7 
days. 

acteristics, and 16S rRNA sequencing, this study confirmed 
that the primary pathogens isolated from the eggs of dis
eased tilapia were Pseudomonas aeruginosa and non-O1/
O139 Vibrio cholerae. To our knowledge, this study is the 
first to report a mixed pathogen infection involving both 
Pseudomonas aeruginosa and non-O1/O139 Vibrio cholerae 
in the eggs of farmed fish, thereby extending the known 
host range of these two pathogens from fry and adult fish 
to the embryonic stage. 

Previous studies have shown that Pseudomonas aerugi
nosa causes erythema, abdominal swelling, corneal opacity, 
scale loss, and gill inflammation in tilapia18; gill ischemia 

and hepatopancreatic congestion in crucian carp (Caras
sius auratus gibelio)19; and hemorrhagic lesions in the ab
domen and pallor of the liver in grass carp（Ctenopharyn
godon idella).20 Furthermore, non-O1/O139 Vibrio cholerae 
have been reported in tilapia, loach (Misgurnus anguilli
caudatus),21 giant freshwater prawn (Macrobrachium rosen
bergii),22 and the American bullfrog (Rana catesbeiana)23; 
however, to date, there have been no reports of separate or 
mixed infections of tilapia eggs with Pseudomonas aerugi
nosa and non-O1/O139 Vibrio cholerae. Our findings indi
cate that fertilized eggs are equally susceptible, likely due 
to weakened innate immune defenses during early devel
opmental stages. The ability of Vibrio cholerae to colonize 
tilapia during early development poses new challenges for 
disease control in hatcheries. 

The estimated LD₅₀ values obtained from the mixed-
infection trials were significantly lower than those from 
any of the single-strain infection trials, suggesting that the 
lethality of mixed infections is enhanced at the dose–re
sponse level. This finding is consistent with previous re
ports that mixed bacterial infections can alter the severity 
of disease in farmed fish.24,25 However, a reduction in LD₅₀ 
values alone does not prove the presence of synergism. Fur
thermore, when the concentrations of each strain in the 
mixed-infection group were only half those in the single-
strain group, the Bliss independence model based on the 
‘equal-dose assumption’ could not perform direct point-to-
point statistical comparisons. To address this methodologi
cal limitation, this study abandoned the traditional strategy 
of direct point-to-point comparisons and instead obtained 
the expected combined mortality rates at various concen
tration points of the mixed infection through four-parame
ter log-logistic fitting and forward interpolation.26 

The Bliss model indicates that, within the low-concen
tration range (1.0 × 104–1.0 × 105 CFU/mL), mortality rates 
tend to be higher than expected, suggesting that mixed in
fections at low concentrations primarily exhibit weak syn
ergistic effects. At medium concentrations (1.0 × 106), the 
observed results are almost entirely consistent with expec
tations, strictly adhering to the additive model, which fur
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Table 3. Auxiliary Combination Index (CI) analysis based on the Loewe additivity model            

Co-infection 
(CFU/mL) 

dA = dB 
(CFU/mL) 

Eobs 
(%) 

TLV-01 
equivalent（DA）(CFU/

mL) 

LHV-07 equivalent （DB） 
(CFU/mL) 

DA/dA DB/dB CI 95%CI 
Interaction trend 

interpretation 

1.0 × 104 1.0 × 104 35 2.0 × 106 4.3× 105 200 43 0.028 （0.025,0.031） Synergy 

1.0 × 105 1.0 × 105 47 1.2× 108 5.0× 106 1200 50 0.021 （0.018,0.025） Synergy 

1.0 × 106 1.0 × 106 54 7.1× 108 9.6× 106 718 9.6 0.106 （0.095,0.118） Synergy 

1.0 × 107 1.0 × 107 59 2.6× 109 1.5× 107 258 1.5 0.662 (0.581,0.728) Synergy 

1.0 × 108 1.0 × 108 62 5.6× 109 2.0× 107 56 0.2 5.018 （4.523,5.612） 
High density deviation 

trend 

Note: DA: Derived from TLV-01 curve interpolation/extrapolation targeting Eobs; DB: Derived from LHV-07 curve interpolation/extrapolation targeting Eobs; CI = dA/DA + dB/DB; 95%CI: Bootstrap resampling (1000 resamples, with experimental replicates as sampling units); 
When CI > 1, this indicates that the equivalent dose increment is significantly lower than the actual dose. 
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Table 4. Antibiotic Susceptibility Profile of     Pseudomonas aeruginosa   TLV-01 and   Vibrio cholerae   LHV-07  

Antibiotics Dose of disk Potency（μg / slip （μ
tablet） ）

Criteria for determining sensitivity to antibiotic zones of 
inhibition (mm) 

Pseudomonas aeruginosa TLV-01 Non-O1, non-O139 Vibrio 
cholerae LHV-07 

Sensitivity Intermediately sensitive Resistant Inhibition 
diameter (mm) 

Results Inhibition diameter 
(mm) 

Results 

Meloxicillin 75 ≤17 -- ≥18 18.73±0.09 R 22.04±0.68 R 

Amoxicillin 20 ≤13 14-17 ≥18 19.12±0.24 R 25.14±0.92 R 

Cefotiam 30 ≤14 15-17 ≥18 15.75±1.08 I 21.91±0.75 R 

Cefalexin 30 ≤14 15-17 ≥18 12.11±1.00 S 16.49±0.42 I 

Cefazolin 30 ≤14 15-17 ≥18 17.80±0.50 I 19.88±1.59 R 

Cefaladin 30 ≤14 15-17 ≥18 15.58±0.45 I 16.99±1.11 I 

Cefoperazone 75 ≤15 16-20 ≥21 18.70±0.48 I 21.89±1.19 R 

Cefotaxime 30 ≤14 15-22 ≥23 15.45±0.64 I 26.03±0.10 R 

Ceftazidime 30 ≤14 15-17 ≥18 16.87±0.39 I 18.85±0.57 R 

Gentamicin 10 ≤12 13-14 ≥15 15.67±0.63 R 13.99±0.41 I 

Kanamycin 30 ≤13 14-17 ≥18 8.45±0.28 S 15.45±1.55 I 

Tobramycin 10 ≤12 13-14 ≥15 14.24±0.25 I 15.45±1.55 S 

Neomycin 30 ≤12 13-16 ≥17 9.23±0.48 S 15.06±1.35 I 

Streptomycin 10 ≤11 12-14 ≥15 7.83±0.31 S 12.45±1.15 I 

Erythromycin 15 ≤13 14-22 ≥23 12.63±1.44 S 20.34±0.75 I 

Medimycin 30 ≤13 14-17 ≥18 11.40±0.97 S 18.29±1.72 R 

Tetracycline 30 ≤14 15-18 ≥19 12.48±0.45 S 17.19±1.39 I 

Ciprofloxacin 5 ≤15 16-20 ≥21 21.52±0.10 R 29.97±0.99 R 

Enoxacin 10 ≤14 15-17 ≥18 15.19±0.42 I 25.80±0.90 R 

Ofloxacin 5 ≤12 13-15 ≥16 19.73±0.63 R 33.13±0.39 R 

Chloramphenicol 30 ≤12 13-17 ≥18 7.14±0.57 S 28.67±0.70 R 

Enrofloxacin 10 ≤21 22-28 ≥29 29.70±0.16 R 28.22±0.44 R 

Clindamycin 2 ≤14 15-20 ≥21 12.94±0.32 S 10.47±0.17 S 

Furantoin 300 ≤14 15-16 ≥17 15.81±0.41 I 11.99±0.70 S 

Furazolidone 300 ≤14 15-16 ≥17 9.67±0.37 S 8.35±0.59 S 

Norfloxacin 10 ≤12 13-16 ≥17 14.97±0.23 R 27.51±1.10 R 

Polymyxin B 300 ≤8 8-11 ≥12 12.47±0.23 R 6.21±1.16 S 
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Antibiotics Dose of disk Potency（（μμg / slip 
tablet）） 

Criteria for determining sensitivity to antibiotic zones of 
inhibition (mm) 

Pseudomonas aeruginosa TLV-01 Non-O1, non-O139 Vibrio 
cholerae LHV-07 

Sensitivity Intermediately sensitive Resistant Inhibition 
diameter (mm) 

Results Inhibition diameter 
(mm) 

Results 

Trimethoprim 5 ≤10 11-15 ≥16 7.35±0.36 S 0.00±0.00 S 

Florfenicol 30 ≤12 13-17 ≥18 11.94±0.65 S 22.43±1.35 R 

novobiocin 30 ≤12 13-16 ≥17 15.30±0.12 I 14.14±1.27 I 

Note: S: susceptible; I : intermediate; R: resistant 

Mixed infection of Pseudomonas aeruginosa and Non-O1/O139 Vibrio cholerae in tilapia eggs

Israeli Journal of Aquaculture - Bamidgeh 138



ther confirms the predictability of the effects within this 
concentration range. Within the high-concentration range 
(1.0 × 107–1.0 × 108), the observed mortality rate was sig
nificantly lower than the extreme values predicted based on 
independent action. This phenomenon should be regarded 
as a ‘mortality saturation effect’ resulting from limited re
sources—such as space, nutrients and oxygen—in the in
fection microenvironment under high-density conditions, 
rather than a biologically significant negative interaction 
between the two strains. When pathogen density exceeds 
the carrying capacity of the microenvironment, bacterial 
proliferation is constrained by physical space and nutrient 
depletion; due to excessive density, quorum sensing signals 
may trigger a feedback-mediated downregulation of viru
lence factors, thereby preventing the actual mortality rate 
from reaching the extreme levels predicted by the indepen
dent action theory.27 As supplementary validation, the CI 
values derived from the Loewe additive model were con
sistently below 1 within the low-to-medium concentration 
range (1.0 × 104–1.0 × 107), indicating a trend towards 
synergy. It should be noted, however, that this model is 
based on the ‘common target’ hypothesis, whereas the Bliss 
model is based on the ‘independent target’ hypothesis; 
consequently, the two models employ different evaluation 
criteria.28 The Bliss cross-validation results support the 
conclusion of synergism in the low-concentration range 
(1.0 × 104–1.0 × 105 CFU/mL), but show discrepancies with 
the Loewe model’s output in the high-concentration range 
(1.0 × 106–1.0 × 108 CFU/mL). This discrepancy may also 
be attributable to the limitations of the two models in this 
study. The limitations of the Bliss independent model are 
primarily reflected in its core assumption: that the lethal 
effects of the two bacterial strains on the host act on mu
tually independent targets or pathways.28 However, both 
TLV-01 and LHV-07 exert their pathogenic effects by in
fecting tilapia eggs; they share similar host tissue targets 
(embryonic cells in fish eggs) and a common pathogenic 
process (adhesion, invasion, toxin secretion, tissue destruc
tion). This suggests that the ‘independent action’ assump
tion of the Bliss model may be too restrictive in the context 
of this study. When two bacterial strains share the same 
limited host resources, the Bliss model tends to overes
timate the expected combined mortality rate under high-
density conditions. This is precisely one possible reason 
why, in this study, the mortality rate observed in the con
centration range of 1.0×107–1.0×108 CFU/mL was signifi
cantly lower than the extreme predicted values: the Bliss 
model ‘allows’ both strains to independently reach their 
theoretical maximum effect, but the actual microenviron
ment cannot simultaneously support both strains in reach
ing this extreme level. Furthermore, the Bliss model is, by 
its nature, a static probabilistic model that cannot capture 
the temporal dynamics of the infection process (such as 
differences in the proliferation rates of the two bacterial 
strains, the sequence of colonization, and the time window 
of the host immune response), which may lead to an over
simplification of the actual interaction patterns described 
by the model. Secondly, due to the lack of measured single-
strain mortality data for TLV-01 and LHV-07 at mixed con

centrations in this study, the calculation of Bliss predicted 
values relied on the fitting of a four-parameter log-logistic 
model and forward interpolation. Although the LL.4 model 
is widely accepted in toxicological dose–response analysis, 
the interpolation process in the high-concentration range 
of 1.0×107–1.0×108—which lies at the ends of the two sin
gle-strain curves—inevitably introduces estimation errors. 
The accuracy of the interpolation is limited by the exper
imental design, which involved only five discrete concen
tration gradients for single-strain infection; minor fluctu
ations at the ends of the curves may be amplified by the 
interpolation process, thereby affecting the precision of the 
Bliss expected values in the high-concentration range.29 

The Loewe model is based on the principle of dose additiv
ity, assuming that the mechanisms of action of two formu
lations are identical or extremely similar, and that the su
perposition of effects follows the logic of ‘equivalent dose 
substitution’. However, TLV-01 and LHV-07 exhibit fun
damental differences in terms of taxonomy, pathogenicity 
profiles, host colonization strategies and quorum sensing 
systems; they are not ‘homologous’ or ‘same-target’ formu
lations. Theoretically, the applicability of this model is lim
ited. Consequently, this study positions the Loewe model 
as a supplementary validation tool rather than a primary 
model; this is a proactive measure taken precisely to cir
cumvent this theoretical limitation.30 Secondly, this study 
tested only a 1:1 mixing ratio of TLV-01 and LHV-07; how
ever, the accurate application of the Loewe model typically 
requires complete dose-response data for multiple fixed ra
tios (e.g. 1:1, 1:3, 3:1, etc.).28 Although confidence interval 
(CI) values for a single ratio (e.g. CI = 5.018 at a concentra
tion of 1.0 × 108 in this study) may indicate a trend towards 
interaction at that ratio, they cannot fully reflect the syner
gistic interaction patterns between the two bacterial strains 
across all possible ratio combinations. 

Although there are discrepancies between the experi
mental results of the two models in this study, these do not 
indicate contradictory findings; rather, they strongly sup
port the view that these two pathogens do not act on inde
pendent targets, but rather act in concert on the same set of 
susceptible pathways in tilapia eggs. One possible mecha
nism is cross-communication between the quorum-sensing 
systems of the two pathogens.31 Signaling molecules such 
as 3-oxo-C12-HSL from Pseudomonas aeruginosa and AI-2 
from Vibrio cholerae could potentially alter virulence-fac
tor expression within the shared infection microenviron
ment.32 This proposed mechanism remains hypothetical 
and requires direct experimental validation. Direct experi
mental evidence is still needed to determine whether quo
rum-sensing cross-communication occurs between 
Pseudomonas aeruginosa and Vibrio cholerae in the tilapia 
egg infection model and whether it contributes to con
centration-dependent interaction. Furthermore, aggrega
tion of infected eggs may increase local bacterial exposure 
and facilitate pathogen transmission within the population. 
Whether this physical aggregation is driven by bacterial 
products, host responses, or both, and how it contributes 
to mixed-infection pathogenesis, warrants further investi
gation. 
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This study represents the first systematic investigation 
of the antimicrobial susceptibility profiles of Pseudomonas 
aeruginosa TLV-01 and non-O1/O139 Vibrio cholerae 
LHV-07 isolated from tilapia eggs. The results indicate that 
TLV-01 exhibits a typical pattern of multidrug resistance, 
being resistant to eight antibiotics, including fluoro
quinolones and polymyxin B. In contrast, LHV-07 was re
sistant to 15 antibiotics, including florfenicol, but was sus
ceptible to polymyxin B. It should be emphasised that the 
susceptibility/resistance data for chloramphenicol and fu
razolidone are of purely academic significance, as the use of 
both compounds is strictly prohibited in aquaculture pro
duction in China (Ministry of Agriculture and Rural Affairs 
Announcement No. 250). 

The resistance of TLV-01 to most aminoglycosides ex
cept gentamicin likely reflects enhanced efflux pump ac
tivity, consistent with classical resistance mechanisms in P. 
aeruginosa. The inherent resistance of Pseudomonas aerug
inosa is closely associated with the synergistic effects of 
its outer membrane’s low permeability and various efflux 
pump systems.33,34 The ability to form biofilms may further 
exacerbate phenotypic resistance by limiting antibiotic 
penetration into the deeper layers of the biofilm, but the 
specific contribution of efflux pumps still needs to be ver
ified through experiments with efflux pump inhibitors.35 

The polymyxin B resistance observed in LHV-07 is par
ticularly concerning as it may limit therapeutic options. 
However, the high susceptibility of both strains to fluo
roquinolones suggests this antibiotic class could serve as 
an effective treatment option for bacterial infections in 
tilapia eggs, provided that dosage and withdrawal periods 
are strictly controlled to prevent resistance development. 
Long-term use of fluoroquinolones alone can easily induce 
target mutations and overexpression of efflux pumps.36 

These findings underscore the critical importance of imple
menting precision antimicrobial use and stewardship pro
grams in aquaculture, while also highlighting the ecological 
risk of fish eggs as potential vectors for pathogen transmis
sion. 

The highest hatching success was recorded in the 4 mg/L 
chloramine-T treatment group, achieving 65.2 ± 2.5%. This 
effectiveness is likely associated with its sustained chlorine 
release, long antimicrobial persistence, and relatively low 
toxicity to developing eggs. Unlike iodine or oxytetracy
cline, chloramine-T retains bactericidal activity for more 
than 48 hours, preventing secondary pathogen prolifera
tion.37 Comparable findings were reported by, where 15 
mg/L chloramine-T significantly improved goldfish sur
vival, reinforcing its potential as a preferred disinfectant for 
tilapia eggs under the current experimental conditions.38 

The mechanism of action of chloramine-T in aquatic envi
ronments does indeed rely on its release of reactive chlo
rine species (such as hypochlorous acid, HOCl) in water, 
thereby achieving a broad-spectrum bactericidal effect. 
Studies on zebrafish (Danio rerio) embryos have shown that 
high concentrations of chloramine-T can induce cardiotox
icity and neurotoxicity39; however, fertilized tilapia eggs 
are not typically consumed directly as food; besides, under 
standard application conditions (e.g. ≤10 mg/L, short-term 

immersion), chloramine-T’s ability to penetrate the egg 
membrane is limited, making it difficult for significant 
residues to accumulate in embryonic tissues.40 

Enrofloxacin is metabolized into antibacterial 
ciprofloxacin in farmed fish such as tilapia, yellow catfish, 
and carp; ciprofloxacin exhibits a slower elimination rate 
than the parent compound, and both compounds are sub
ject to aquaculture residue monitoring.41‑43 Accordingly, 
strict global regulatory controls govern enrofloxacin use in 
food fish production, with China specifying a maximum 
residue limit of 100 μg/kg for the combined residues of en
rofloxacin and ciprofloxacin in fish muscle.40 However, to 
date, no globally recognized statutory withdrawal periods 
based on systematic residue depletion data are available for 
fish egg treatment, and non-standard approaches including 
egg immersion cannot support the establishment of scien
tifically valid and enforceable withdrawal intervals. 

Even with optimal chloramine T treatment, the final 
hatching rate (65.2%) was relatively low. The reasons might 
be: First, while this disinfection suppresses major 
pathogens, it cannot fully remove the whole pathogenic 
and opportunistic microbial community within egg mi
croenvironments.44 Second, chloramine T at safe working 
concentrations may induce subtle sublethal stress to em
bryos.39 These results reveal a key obstacle in aquatic dis
ease control: single-drug treatments hardly fully block 
multi-factor syndromic disease outbreaks driven by envi
ronmental stress and complex microbiota.45 High hatch 
rates (>80%) documented in literature are obtained using 
pathogen-free broodstock under strict laboratory settings 
and seldom reproduced in commercial intensive hatcheries. 
Production records of the farms in this study showed base
line hatching rates stayed at 62.3%–71.5% across 12 pro
duction cycles under pathogen-free routine operations, far 
below the 80% theoretical maximum. Therefore, the ob
served 65.2% hatching rate represented restoration to regu
lar commercial baseline. Though 65% hatching rate is sub
optimal, this treatment saved the hatchery from 
catastrophic failure in emergencies. Breaking this 65% bot
tleneck requires integrated management including im
proved broodstock nutrition, UV treatment of inlet water, 
and probiotic regulation of hatching water. 

It is noteworthy that one of the predominant pathogens 
identified in this study, LHV-07, was characterized as a 
haemolytic, environmental non-O1/non-O139 Vibrio 
cholerae strain. Although non-O1/non-O139 V. cholerae 
strains lack cholera toxin and thus do not pose zoonotic 
hazards originating from fish, they remain of considerable 
clinical and public-health concern.46 These environmental 
vibrios are increasingly documented as causative agents of 
human extraintestinal infections such as wound infections, 
septicaemia, and meningitis, which typically occur upon 
exposure to contaminated water or ingestion of raw or un
dercooked seafood.47 The detection of these potentially 
pathogenic strains in aquaculture hatcheries highlights the 
necessity of integrated biosecurity strategies to protect fish 
health and reduce human-health hazards for farm person
nel and seafood consumers. 
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5. CONCLUSION 

In this study, two major bacterial pathogens were isolated 
and identified from the eggs of diseased tilapia: 
Pseudomonas aeruginosa TLV-01 and non-O1/O139 Vibrio 
cholerae LHV-07. Both isolates exhibited β-haemolytic ac
tivity. Infection assays confirmed their pathogenicity, with 
the 7-day LD₅₀ estimated at 2.0 × 108 CFU/mL for TLV-01 
and 2.0 × 106 CFU/mL for LHV-07, whilst the LD₅₀ value de
rived from mixed infection assays was lower, at 2.0 × 105 

CFU/mL. The Loewe model showed that, within the concen
tration range of 1 × 104–1 × 107 CFU/mL, the CI value re
mained consistently below 1 (ranging from 0.021 to 0.662), 
which clearly confirmed the presence of synergy, exhibit
ing a trend of diminishing with increasing concentration; 
at the highest concentration (1 × 108 CFU/mL), the CI value 
rose sharply to 5.018, indicating a shift towards an antag
onistic effect. The Bliss model indicated that, at low to 
medium concentrations, mixed infection primarily exhib
ited an additive effect. The Loewe additive model, used to 
validate the results, suggested a trend towards synergy in 
the low to medium concentration range. Antimicrobial sus
ceptibility testing revealed marked differences in resistance 
among the isolates; of the intervention measures tested, 4 
mg/L chloramine-T yielded the highest hatching rate (65.2 
± 2.5%), with no deformities observed in the fry. Taken to
gether, these findings identify two relevant bacterial haz
ards present during the hatching process of tilapia eggs 
and provide a basis for improving biosecurity in hatcheries 
and implementing targeted disease prevention and control 
measures. 
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