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1. Introduction

Infectious disease research relies heavily on animal 
models to evaluate pathogenicity and develop therapeutic 
strategies. Traditionally, mammalian models such as 
mice and rats have been extensively used. However, they 
entail high costs, require specialized housing facilities, 
and raise ethical concerns related to animal welfare (1,2). 
Similarly, fish models like zebrafish are valuable for 
studies in aquatic toxicology and infectious diseases but 
necessitate specialized equipment for husbandry, limiting 
the scalability of experiments (3,4). These limitations 
underscore the urgent need for alternative infection 
models that are cost-effective, ethically acceptable, and 
easy to manipulate (1,5).
 The silkworm (Bombyx mori) has emerged as a 
promising model that meets these criteria (6-10). Its large 
body size (4-5 cm in length) and ease of handling allow 
for precise experimental manipulations such as pathogen 

inoculation, drug administration, and tissue sampling 
(11). Moreover, silkworms can be reared inexpensively 
and in large numbers within a short timeframe, enabling 
large-scale experiments and the efficient acquisition 
of statistically significant data. Infection models using 
silkworms have been successfully established for human 
pathogens such as Staphylococcus aureus, Pseudomonas 
aeruginosa, and Candida albicans, facilitating the 
identification of virulence factors and the evaluation of 
antimicrobial drug efficacy (12-14). Additionally, the 
innate immune system of the silkworm shares significant 
similarities with those of mammals and fish, including 
Toll receptor-mediated responses, production of 
antimicrobial peptides, and phagocytosis by hemocytes 
(15-17), making it an excellent model for analyzing 
pathogen-host interactions.
 Building on the successful use of silkworms as models 
for human pathogenic infections, this versatile animal 
model holds great potential for application to pathogens 
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SUMMARY: Aeromonas hydrophila is a significant pathogenic bacterium in aquaculture and the ornamental fish 
industry, causing lethal infections in fish and contributing to rising drug resistance. This leads to substantial economic 
losses and underscores the urgent need for new treatments and infection controls. However, the lack of a simple, 
sensitive infection model has hindered studies on the pathogenicity of A. hydrophila and therapeutic evaluation. 
This study introduces the silkworm (Bombyx mori) as a highly sensitive and cost-effective infection model for A. 
hydrophila. Using a strain isolated from diseased Wakins (goldfish), the pathogenicity of A. hydrophila was confirmed 
in silkworms, which exhibited a much lower median lethal dose (LD₅₀ = 0.3 CFU/larva) compared to Wakins (LD₅₀ = 5.1 
× 10⁶ CFU/g body weight). This demonstrates the silkworm's higher sensitivity to A. hydrophila. The in vivo efficacy 
of three antibiotics (gentamicin, kanamycin, and tetracycline) was also tested. Gentamicin and kanamycin prolonged 
survival in both models, while tetracycline also showed efficacy in both models, though its effect was weaker in the 
silkworm model. This highlights the silkworm model's utility in evaluating bactericidal agents against A. hydrophila. 
This model addresses key limitations of traditional fish infection models, including low sensitivity, long experimental 
durations, and high costs. The silkworm-based method enables efficient investigation of A. hydrophila pathogenicity 
and rapid screening of potential treatments, accelerating the development of new therapeutic strategies for aquaculture 
and beyond.
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affecting the aquaculture and ornamental fish industries. 
In these sectors, bacteria of the genus Aeromonas, 
particularly Aeromonas hydrophila, are responsible for 
lethal diseases and substantial economic losses (18-
20). A. hydrophila is a Gram-negative bacterium and 
an opportunistic pathogen in fish (also in humans). It 
can cause widespread infections, inducing hemorrhagic 
septicemia and ulcerative diseases in fish, which lead 
to decreased productivity (18). The emergence of drug-
resistant A. hydrophila strains has become a serious 
concern in recent years (21), highlighting the urgent 
need for new treatments and effective antimicrobial 
agents. To date, the pathogenicity of A. hydrophila has 
been evaluated primarily in fish or rodent models, such 
as channel catfish (Ictalurus punctatus) (22), rainbow 
trout (Oncorhynchus mykiss) (23), zebrafish (Danio 
rerio) (24), and mouse (Mus musculus) (25). However, 
these models are constrained by the various challenges, 
including high costs, ethical concerns, and limitations in 
scalability. While invertebrate models like the mealworm 
(Tenebrio molitor) (26) and the American crayfish 
(Pacifastacus leniusculus) (27,28) have been explored, 
assessments of A. hydrophila pathogenicity using these 
organisms have remained largely qualitative, lacking 
quantitative measures such as median lethal dose (LD₅₀) 
determinations.
 In this study, we aim to establish a silkworm 
infection model for fish-derived A. hydrophila, enabling 
a quantitative evaluation of its pathogenicity and 
facilitating the assessment of candidate antimicrobial 
therapies for fish. To validate this model, we will first 
confirm whether A. hydrophila isolates from diseased 
Wakin goldfish (Carassius auratus) induce lethal 
infections in the silkworm. We will then quantify the 
LD50 in silkworms as an indicator of pathogenicity, 
thereby confirming the suitability of the silkworm 
model for evaluating potential antimicrobial treatments. 
Additionally, we will administer antibacterial agents to 
infected silkworms to evaluate therapeutic efficacy and 
confirm the model's suitability for assessing antimicrobial 
treatments. This silkworm-based research represents 
the first quantitative assessment of fish-derived A. 
hydrophila pathogenicity and antimicrobial efficacy 
using invertebrate alternative models, highlighting the 
potential of invertebrate model in aquaculture disease 
research. By establishing the silkworm as an efficient 
alternative infection model, we aim to enable large-
scale experimentation and accelerate the development of 
new treatments, ultimately supporting more sustainable 
aquaculture practices.

2. Materials and Methods

2.1. Experimental animals

Wakin goldfish (C. auratus, body weight 1.3 g to 2.1 
g) were purchased from a local supplier, Yoshida Fish 

Company, and Yoshida Aquarium Shop (Tokyo, Japan). 
The goldfish were maintained at 22℃ to 25℃ and were 
not fed after purchase and used for experiments on the 
following day. Eggs of the silkworm (B. mori) KINSYU 
× SHOWA strain were purchased from Ehime-Sanshu 
(Ehime, Japan) and reared as described previously 
(8,9,29).

2.2. Isolation, identification and preparation of A. 
hydrophila

The A. hydrophila strain used in the study was isolated 
from diseased Wakin goldfish (C. auratus) in our 
laboratory using brain heart infusion (BHI) agar 
plate, which were then subjected to DNA extraction, 
polymerase chain reaction (PCR) amplification of the 
16S rRNA region, and sequencing (by conventional 
dideoxy method). Species identification was confirmed 
through BLAST analysis (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) using the standard nucleotide BLAST. The 
search databases were the 16S ribosomal RNA sequences 
for bacteria and archaea database, and the nucleotide 
collection (nr/nt). We included the nucleotide collection 
in addition to the 16S ribosomal RNA database, because 
16S ribosomal sequences for some bacterial isolates were 
only registered in the nucleotide collection while not in 
the 16S ribosomal RNA database.
 For experiments in this study, the obtained A. 
hydrophila strain was cultured overnight at 30℃ in 
BHI medium with shaking at 200 rpm. Afterwards, 
the bacterial culture was washed with physiological 
saline (0.9% NaCl) by centrifugation at 8,400 g for 5 
minutes, and the pellet was resuspended in an equal 
volume of saline to the original culture medium. The 
concentrations of the bacterial suspensions utilized 
in the experiments was determined based on colony 
counts on agar plates.

2.3. Phylogenetic analysis

The obtained 16S rRNA gene sequence was aligned with 
reference sequences retrieved from the NCBI GenBank 
database using Clustal Omega. The phylogenetic analysis 
included the following reference strains: A. media 
ATCC33907, A. hydrophila ATCC49140, A. hydrophila 
subsp. LMG19562T, and A. caviae ATCC15468. Branch 
lengths represent genetic distances.

2.4. Infection experiments

In the infection experiments, prepared bacterial 
suspensions were used to infect both goldfish and 
silkworms. For goldfish, 50 µL of the bacterial 
suspension was injected intraperitoneally using a 1-mL 
syringe with a 27-gauge needle. Silkworms received the 
same volume (50 µL), injected into the hemolymph with 
a 27-gauge needle as described previously (30,31). The 
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visualization, drc for dose-response curve analysis, 
and readxl for data import. Dose-response curves 
were fitted with the drm function in drc, using a four-
parameter logistic model (LL.4). The upper and lower 
limits were fixed at 1 and 0, respectively. Median lethal 
(LD₅₀) and effective (ED₅₀) doses were estimated using 
the ED function. Plots of dose-response curves and 
other visualization were generated with ggplot2. All 
presentation materials including graphs and photos were 
organized using Affinity Designer.

3. Results

3.1. Silkworms exhibit an extreme susceptibility to A. 
hydrophila infection

The A. hydrophila strain used in this study (Figure 1a) 
was isolated from diseased Wakin goldfish (C. auratus), 
with the species identification using BLAST analysis 
of 16S ribosomal RNA gene sequence (see Figure 1b 
for phylogenetic tree). The pathogenicity of the isolated 
A. hydrophila strain was evaluated by infecting Wakin 
goldfish and silkworms (B. mori) with the pathogen. 
Infection resulted in mortality in both hosts within 
two days post-inoculation, and the lethality was dose-
dependent (Figures 2a and 2b for goldfish, and Figures 
2c and 2d for silkworms). The LD₅₀ was determined to 
be 5.1 × 106 CFU (colony-forming units)/g body weight 
for goldfish and 0.30 CFU/larva (average body weight of 
the silkworm is approximately 2 g, giving ca. 0.15 CFU/
g body weight) for silkworms. These results suggests 
that the silkworm (B. mori) can be used as an alternative 
model for Aeromonas infection, with a million-fold 
susceptibility that enables a rapid and efficient screening 
for antimicrobials.

3.2. Antibiotic susceptibility testing of isolated A. 
hydrophila

To perform a validation study to confirm therapeutic 

control groups were injected with the same volume of 
physiological saline. The number of surviving individuals 
was observed at two days post-infection.

2.5. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing involved measuring 
the minimum inhibitory concentrations (MICs) of 
antibiotics against A. hydrophila. The antibiotics 
used were gentamicin, kanamycin, tetracycline, and 
norfloxacin, all of which were purchased from FUJIFILM 
Wako Pure Chemical Corporation (Osaka, Japan). MICs 
were measured using the broth microdilution method 
with twofold serial dilutions as described previously (14). 
Cultures were incubated at 30℃, and bacterial growth 
was visually inspected after 24 hours.

2.6. Therapeutic efficacy of selected antibiotics in 
goldfish (Wakin) and silkworm models

Among the four antibiotics, norfloxacin was poorly 
soluble in physiological saline to deliver in the host 
animals. Hence, we excluded norfloxacin from the in 
vivo therapeutic efficacy evaluation. The infection doses 
were set at 1 × 107 CFU/g body weight for goldfish and 
1 × 102 CFU/larva for silkworms, based on the earlier 
pathogenicity assessment. Each of the three antibiotics 
(i.e., gentamicin, kanamycin, tetracycline) was dissolved 
in physiological saline at the desired concentration. After 
bacterial inoculation, Wakin goldfish and silkworms (n = 
4 for each dose) received 50 µL of the antibiotic solution, 
ether intraperitoneally (for Wakin) or into the hemolymph 
(for silkworms). Control groups were administered an 
equivalent volume of physiological saline. The number 
of survivors was recorded two days post-infection.

2.7. Data analysis and figure drawing

Data analysis was conducted using R (version 4.2.2). 
We used dplyr for data manipulation, ggplot2 for data 

Figure 1. The Aeromonas hydrophila strain isolated in this study. a: Microscopic image of A. hydrophilia colony isolated from diseased 
goldfish. b: Phylogenetic tree based on 16S rRNA gene sequences, showing the relationship between the isolated strain and closely related 
Aeromonas species. The isolated strain exhibits 100% identity with the A. hydrophila. The phylogenetic analysis includes A. media ATCC33907, A. 
hydrophila ATCC49140, A. hydrophila subsp. LMG19562T, and A. caviae ATCC15468. Branch lengths represent genetic distances.
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efficacy of known antimicrobials using the silkworm-
based A. hydrophila infection model, we first tested 
four antimicrobials for their antibacterial activities to 
the obtained A. hydrophila strain. The MICs of the four 
antibiotics (kanamycin, gentamicin, tetracycline, and 
norfloxacin) were 32 µg/mL for kanamycin, 4.0 µg/mL 
for gentamicin, 16 µg/mL for tetracycline, and 1.0 µg/
mL for norfloxacin (Figure 3a). These results indicate 
that the isolated A. hydrophila strain is highly sensitive to 
gentamicin and norfloxacin but shows lower sensitivity 
to kanamycin and tetracycline.

3.3. Gentamicin shows the highest therapeutic efficacy 
against A. hydrophila infection in both goldfish and 
silkworm models

3.3.1. Goldfish

After A. hydrophila infection, six different doses of each 
antibiotic were given to the host animal. All infected 
goldfish treated with physiological saline died within 
24 hours, whereas survival rates in antibiotic-treated 
groups improved in a dose-dependent manner (Figure 
3b). The median ED₅₀ for each antimicrobial is listed in 
Table 1. Gentamicin demonstrated the highest efficacy, 
with the lowest ED₅₀ value of 0.6 mg/kg. In comparison, 

kanamycin and tetracycline exhibited ED₅₀ values of 
2.4 mg/kg and 3.4 mg/kg, respectively. These findings 
highlight gentamicin as the most effective antibiotic 
against A. hydrophila infections in goldfish, requiring the 
lowest dose to achieve therapeutic effects.

3.3.2. Silkworms

The therapeutic efficacy of the three antibiotics was 
also evaluated using the silkworm infection model. 
Following A. hydrophila infection, silkworms treated 
with physiological saline experienced 100% mortality, 
whereas antibiotic-treated groups (four different doses 
for each antibiotic, except for tetracycline, which were 
tested at three doses) showed improved survival in a 
dose-dependent manner (Figure 3c). The ED₅₀ values are 
presented in Table 1. Gentamicin and kanamycin showed 
ED₅₀ values of 2.8 mg/kg and 4.3 mg/kg, respectively. 
In contrast, tetracycline exhibited a significantly higher 
ED₅₀ of 138 mg/kg. These results suggest that gentamicin 
and kanamycin (both bactericidal aminoglycoside 
antibiotics) are more effective than tetracycline (a 
bacteriostatic antibiotic) in the silkworm model of A. 
hydrophila infection.

3.3.3. Comparison of the two models

Figure 2. Infection susceptibility of the Wakin goldfish and the 
silkworm to A. hydrophila. a: Wakin goldfish succumbed to A. 
hydrophila infection (left panel; infected dose: 6.3 × 106 CFU/g body 
weight). The right panel shows the control group treated with saline 
(vehicle). b: Dose-response curve showing the survival rate of Wakin 
goldfish after A. hydrophila infection. The x-axis represents the 
logarithmic bacterial dose, and the y-axis shows the survival rate. Black 
dots indicate observed survival rates at each dose (n = 4). The LD₅₀ was 
calculated as 5.1 × 106 CFU/g body weight. c: Silkworms succumbed 
to A. hydrophila infection (left panel; infected dose: 93 CFU/larva). 
The right panel shows the control group treated with saline (vehicle). 
d: Dose-response curve showing the survival rate of silkworms after 
A. hydrophila infection. The x-axis represents the logarithmic bacterial 
dose, and the y-axis shows the survival rate. Black dots indicate 
observed survival rates at each dose (n = 4). The LD₅₀ was calculated as 
0.3 CFU/larva.

Figure 3. Comparative study on antimicrobial chemotherapy 
in the goldfish and the silkworm models. a: The antimicrobial 
susceptibility of the isolated A. hydrophila strain was evaluated using 
the broth microdilution method. Bacterial growth was assessed based 
on turbidity, with clear wells indicating growth inhibition. The MIC 
values (Table 1) were defined as the lowest antibiotic concentrations 
that completely inhibited visible bacterial growth. b: Therapeutic 
effects of antimicrobial agents on Wakin goldfish infected with A. 
hydrophila. The y-axis shows survival rates, and the x-axis indicates 
antibiotic concentration (n = 4). ED₅₀ values were 0.6 mg/kg for 
gentamicin, 2.4 mg/kg for kanamycin, and 3.4 mg/kg for tetracycline. c. 
Therapeutic effects of antimicrobial agents on silkworms infected with 
A. hydrophila. The y- axis shows survival rates, and the x-axis indicates 
antibiotic concentration (n = 4). ED₅₀ values for these antibiotics were 
2.8 mg/kg for gentamicin, 4.3 mg/kg for kanamycin, and 137.6 mg/kg 
for tetracycline.
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The ED₅₀/MIC ratios of gentamicin and kanamycin 
were relatively small and comparable between the 
goldfish and silkworm models (0.15 and 0.71 for 
gentamicin; 0.070 and 0.14 for kanamycin; see Table 1). 
These findings indicate that gentamicin and kanamycin 
(bactericidal antibiotics) maintain their efficacy in 
vivo, aligning well with their in vitro activity (12). 
In contrast, tetracycline (a bacteriostatic antibiotic) 
exhibited a markedly higher ED₅₀/MIC ratio in the 
silkworm model (8.6) compared to the goldfish model 
(0.21).

4. Discussion

4.1. A silkworm-based novel infection model of A. 
hydrophila

In the present study, we evaluated the pathogenicity 
and antibiotic susceptibility of A. hydrophila using both 
Wakin goldfish (C. auratus) and silkworms (B. mori) as 
infection models. A. hydrophila induced lethal infections 
within two days post-inoculation in both hosts. The 
median lethal dose (LD₅₀) values were 5.1 × 10⁶ CFU/
g body weight for goldfish and only 0.30 CFU/larva for 
silkworms, underscoring the silkworm model's potential 
for rapid and efficient in vivo screening of anti–A. 
hydrophila compounds.
 The use of silkworms offers several advantages 
over other animal models. Compared with mammalian 
systems such as mice or rats, silkworms lower both 
ethical and economic burdens. They also require less 
specialized maintenance than fish models like zebrafish 
(3,4). Notably, silkworms' pronounced susceptibility to 
infection enables sensitive and reproducible detection 
of pathogenicity differences among bacterial strains 
(13), including those with low virulence or lacking key 
virulence factors. However, because of this extreme 
sensitivity, the silkworm model may not always 
distinguish subtle differences in pathogenicity among 
highly virulent strains. Addressing this issue will 
require identifying key factors that drive both bacterial 
pathogenicity and silkworm susceptibility, thereby 
broadening the utility of this model for analyzing a 
broader spectrum of pathogenic microbes.

4.2. Correlation of antibacterial effectiveness across 
models

We next evaluated antibiotic efficacy in both silkworms 
and goldfish inoculated with A. hydrophila. Despite the 
rapid disease progression in silkworms, dose-dependent 
therapeutic effects were clearly demonstrated, as survival 
rates improved with antibiotic administration in both 
models. These findings confirm that the silkworm model 
can quantitatively assess antibacterial activity, providing 
a feasible platform for screening new or existing drugs 
against fish-associated bacterial pathogens. Because 
experimental studies can be conducted efficiently 
and cost-effectively in silkworms, this model has 
considerable potential for accelerating drug discovery 
for aquaculture. Moreover, previous reports indicate that 
the pharmacokinetics (ADME: Absorption, Distribution, 
Metabolism, Excretion) of many antibiotics in silkworms 
correlate well with those in mammals (32). Therefore, 
results obtained from the silkworm model may have 
broader relevance for treating infections in both fish 
and mammalian systems. Further investigation into 
pharmacokinetic and pharmacodynamic parameters 
in silkworms and fish will enhance confidence in the 
model's translational value for aquaculture and beyond.
 Among the three antibiotics tested (gentamicin, 
kanamycin, and tetracycline), the aminoglycosides 
(gentamicin and kanamycin) exhibited particularly high 
efficacy in both goldfish and silkworms. A potential 
explanation for this finding is linked to the exceptionally 
high susceptibility of silkworms to A. hydrophila, which 
may reflect a relative lack of immune mechanisms 
against this pathogen. In other words, silkworms could 
be considered in an "immunosuppressed" state regarding 
A. hydrophila infection. Because bactericidal antibiotics 
like aminoglycosides directly kill bacteria, they do not 
rely as heavily on the host's immune system to clear 
infection; thus, they provided a marked therapeutic 
benefit in silkworms. In contrast, bacteriostatic 
antibiotics such as tetracycline primarily inhibit bacterial 
growth; full clearance typically requires an intact host 
immune response to remove nonreplicating microbes. 
When the host's defense mechanisms are weakened or 
insufficient (e.g., in silkworms lacking certain vertebrate-
like adaptive immune components), bacteriostatic agents 
may not achieve a sufficient therapeutic effect. This 
distinction underscores the importance of understanding 
the host's immune capacity when evaluating antibiotic 
efficacy, particularly in model organisms with reduced or 
simplified immune systems.

Table 1. Median effective doses (ED50) and ED50/MIC (minimal inhibitory concentration) ratios of antimicrobial agents in 
the goldfish and silkworm infection models of A. hydrophila

Antibiotics

Gentamicin
Kanamycin
Tetracycline

Goldfish

0.6
2.4
3.4

MIC
(µg/mL)

  4
32
16

Silkworm

    2.8
    4.3
137.6

Goldfish

0.15
0.07
0.21

Silkworm

0.71
0.14
8.60

ED50 (mg/kg) ED50/MIC ratio
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4.3. Limitation of the study

Despite our findings, the underlying reason for 
silkworms' extreme susceptibility to A. hydrophila 
remains unclear. One possibility is that, unlike 
vertebrates, silkworms lack an adaptive immune 
system, potentially reducing their ability to control 
bacterial proliferation. Moreover, A. hydrophila may 
produce specific factors that evade or suppress innate 
immune responses, making silkworms (reliant solely 
on innate immunity) especially vulnerable to infection. 
Alternatively, silkworm physiology may offer conditions 
highly conducive to rapid bacterial growth. Elucidating 
these mechanisms will provide deeper insights into the 
virulence strategies of A. hydrophila and may inform 
novel approaches to preventing and treating infections in 
other hosts.

5. Conclusion

This study demonstrates that both silkworms (B. mori) 
and Wakin goldfish (C. auratus) can serve as valuable 
infection models for evaluating the pathogenicity of A. 
hydrophila and assessing antibiotic efficacy. Silkworms 
exhibited extreme sensitivity to A. hydrophila (an LD₅₀ 
of 0.30 CFU/larva), making them particularly useful 
for detecting low-pathogenicity strains, compared 
with goldfish (an LD₅₀ of 5.1 × 10⁶ CFU/g body 
weight). Among the antibiotics tested, aminoglycosides 
(gentamicin and kanamycin) showed dose-dependent 
therapeutic effects in both models, highlighting the 
potential of silkworms for cost-effective, large-scale 
antibiotic screening. Moreover, the simplicity of 
silkworm husbandry and reduced ethical concerns 
further underscore their suitability for infection research. 
Future studies focusing on pharmacokinetic and 
pharmacodynamic correlations between silkworms and 
fish will likely expand the applicability and reliability of 
the silkworm model, contributing to improved infectious 
disease control in aquaculture and the development of 
novel therapeutic strategies.
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