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A B S T R A C T

This study provides a comprehensive analysis of biofilm formation, antibiotic resistance, motility, and gene 
expression in four Aeromonas hydrophila strains—ATCC 15467, ATCC 7966, KCTC 2358, and KCTC 11533—on 
stainless steel (SS), silicon rubber (SR), polyethylene terephthalate (PET), and high-density polyethylene (HDPE) 
surfaces over 24, 48, 72, and 96 h. Biofilm formation peaked at 72 h, with ATCC 7966 demonstrating the highest 
biofilm density on PET (6.50 ± 0.08 log CFU/cm²), underscoring PET’s role as a favorable substrate for biofilm 
development. In contrast, HDPE consistently exhibited the lowest biofilm levels, reflecting its potential as a 
biofilm-resistant material. Antibiotic susceptibility profiling revealed multidrug resistance (MDR) in ATCC 15467 
and KCTC 11533 (MARI = 0.80), particularly against beta-lactams, aminoglycosides, and fluoroquinolones while 
ATCC 7966 and KCTC 2358 displayed moderate resistance. Motility assays highlighted strain-specific capabil
ities, with KCTC 11533 exhibiting the highest swimming motility (76.0 ± 6.6 mm) and KCTC 2358 excelling in 
swarming (47.7 ± 3.5 mm). Genetic analysis confirmed the presence of luxS and ahyR in all strains, while csgA 
was exclusive to ATCC 7966, correlating with its superior biofilm formation. Confocal microscopy revealed 
biofilm maturation dynamics, with red fluorescence indicating cell death and aging at 96 h, while SEM images 
captured intricate surface-specific biofilm architectures. These findings elucidate the critical interplay between 
strain characteristics, surface properties, and incubation time, providing a foundation for developing targeted 
strategies to control A. hydrophila biofilms in food processing environments.

Introduction

Biofilms, intricate conglomerates of microorganisms ensconced 
within a self-generated extracellular matrix (ECM), pose a formidable 
challenge across diverse sectors, including healthcare, water systems, 
food production and the poultry industry (Rahman et al., 2023). These 
biofilms, acting as persistent reservoirs for pathogens, are resistant to 
cleaning and disinfection measures, posing significant threats by 
enabling long-term survival and dissemination of the bacterium on food 
contact surfaces, which can lead to contamination and outbreaks of 
foodborne illnesses, particularly in the food and poultry industries 
(Ashikur Rahman, et al., 2024; El-Hossary, et al., 2023). Aeromonas 

hydrophila, a Gram-negative bacterium, stands out among 
biofilm-forming microorganisms for its remarkable adaptability and 
resilience, thriving in diverse ecological niches such as aquatic envi
ronments, soil, sewage, and food processing facilities, while forming 
tenacious biofilms on a wide range of surfaces under varied environ
mental conditions (Akter, et al., 2025; Grilo, et al., 2020; Rahman, et al., 
2019).

In the poultry sector, A. hydrophila presents a dual threat. During 
production, it can cause localized and systemic infections in poultry, 
resulting in significant economic losses. Post-harvest, the bacterium 
contaminates carcasses and water used in processing plants, further 
compromising food safety. Its transmission often occurs through the 
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fecal-oral route, facilitated by contaminated feed, water, or inadequate 
hygiene practices. Additionally, A. hydrophila produces a diverse array 
of virulence factors, including endotoxins and biofilms, which enhance 
its pathogenicity and persistence (Abd El-Ghany, 2023).

Therefore, deciphering the mechanisms of biofilm formation and 
detachment on different food contact surfaces is crucial for devising 
effective strategies to mitigate the risks posed by A. hydrophila. Biofilm 
formation and virulence in A. hydrophila are tightly controlled by several 
key genes, including luxS, ahyR, and csgA. The luxS gene is responsible 
for the production of autoinducer-2 (AI-2), a crucial signaling molecule 
in the quorum sensing (QS) system, which enables bacterial communi
cation and coordination of biofilm development, virulence factor pro
duction, and adaptation to environmental changes (Ali, et al., 2018). 
Similarly, the ahyR gene encodes a receptor protein that responds to 
these QS signals, regulating the expression of various 
virulence-associated genes (Bi, et al., 2007). The ahyR has been shown to 
be pivotal in modulating A. hydrophila’s response to environmental cues, 
thereby enhancing its infection capabilities (Fernando and Judan Cruz, 
2020). Furthermore, the presence of csgA may contribute to the struc
tural integrity of the biofilm matrix, aiding in bacterial adhesion and 
persistence in diverse environments (Yan, et al., 2020). This gene is 
pivotal in curli fimbriae production, which are essential for cell-to-cell 
interactions and surface attachment, forming the backbone of the bio
film structure (Dueholm, et al., 2011). These genes collectively enhance 
the biofilm-forming abilities and pathogenic potential of A. hydrophila, 
making them critical targets for understanding and managing infections 
caused by this bacterium.

This study embarks on an investigation into the biofilm-forming 
capabilities of four A. hydrophila strains, sourced from the American 
Type Culture Collection (ATCC) and the Korean Collection for Type 
Cultures (KCTC), on materials routinely used as food contact surfaces. 
The chosen materials—stainless steel (SS), silicon rubber (SR), poly
ethylene terephthalate (PET), and high-density polyethylene (HDPE)— 
are ubiquitous in food processing and packaging owing to their func
tional properties (Ashrafudoulla, et al., 2023). Understanding biofilm 
formation and detachment on these surfaces is crucial for developing 
effective sanitation protocols and biofilm control measures. Moreover, 
this study evaluates the antibiotic sensitivity, motility, and gene 
expression profiles of the A. hydrophila strains to gain a holistic under
standing of their adaptive mechanisms and potential resistance to con
trol measures for bacterial contamination in the food industry.. 
Furthermore, molecular insights into biofilm development and resis
tance were obtained through reverse transcription PCR (RT-PCR) and 
visualization techniques such as confocal laser scanning microscopy 
(CLSM) and scanning electron microscopy (SEM) were incorporated. By 
integrating these multidisciplinary approaches, this research aims to 
deepen the understanding of A. hydrophila biofilms and their implica
tions for food safety. The findings are expected to inform the develop
ment of more effective biofilm control strategies, ultimately 
contributing to safer food processing and packaging practices.

Materials and methods

Bacterial strain, culture media, and growth conditions

This study employed four strains of A. hydrophila sourced from the 
ATCC and KCTC. The strains used were ATCC 15467, ATCC 7966, KCTC 
2356, and KCTC 11533. Each strain, stored at − 80 ◦C in 40 % glycerol, 
was revived by inoculating 100 μL of the bacterial stock into a 50 mL 
conical tube (SPL Life Sciences, Gyeonggi-do, Republic of Korea) con
taining 10 mL of LB broth (Becton, Dickinson, and Company [BD], 
Sparks, MD, USA). The cultures were then grown in a shaking incubator 
(VS-8480SF, Vision Scientific, Gyeonggi-do, Republic of Korea) at 30 ◦C 
and 220 rpm for 24 h. The bacteria were subsequently cultured at 30 ◦C 
for another 24 h. Following incubation, the cultures were centrifuged at 
10,000 rpm, 4 ◦C, for 10 min. The resulting bacterial pellet was washed 

twice with 10 mL of phosphate-buffered saline (PBS; Oxoid, Basingstoke, 
UK). The initial bacterial concentration was determined using the plate 
count method on LB agar (Sigma-Aldrich Chemie, GmbH, Germany) and 
was found to be between 108 and 109 log CFU/mL. For further experi
ments, the bacteria were diluted using 0.1 % peptone water (PW; Oxoid) 
due to its ability to provide a nutrient-rich environment that helps 
maintain bacterial viability during the experimental procedures. How
ever, it can also prevent cellular stress and maintain metabolic activity 
over longer periods, which is particularly important in ensuring 
consistent and reliable results.

Preparation of surfaces (SS, SR, PET, HDPE)

Four materials, including SS (2 × 2 cm²; thickness: 0.1 cm; Chung- 
Ang Scientific, Inc., Seoul, Korea), SR (2 × 2 cm²; thickness: 0.2 cm; 
Komax Industrial Co., Ltd., Seoul, Korea), plastic (PET; 2 × 2 cm²; 
thickness: 0.27 mm; Chung-Ang Scientific, Inc.), and HDPE (2 × 2 cm²; 
thickness: 0.6 cm; Green Industrial Co., Gyeongsangnam, Republic of 
Korea), were selected for the experiment due to their common use as 
food contact surfaces in the food industry. According to methods 
adapted from previous research (Ashrafudoulla, et al., 2024a), the SS, 
SR, and HDPE coupons, placed in a sealed beaker, were sterilized in an 
autoclave and then dried in a dry oven for 48 h. Differently, PET coupons 
were first submerged in 100 % methanol (Daejung Che. & Metals Co. 
Ltd., Korea) for 1 h at room temperature, followed by submersion in 70 
% ethanol (Daejung Che. & Metals Co. Ltd., Korea) (for 1 h at 25 ◦C) 
before washing three more times. Each side of the coupons was then 
exposed to UV light at 1,000 W/cm² for 15 min to ensure the removal of 
remaining flora.

Biofilm formation

A strategy for analyzing biofilm development and detachment was 
adapted from a previously established method (Jahid, et al., 2013). Food 
contact surfaces were prepared as described in the section 2.2. Each 
coupon (SS, SR, PET, and HDPE) was placed in a 50 mL Falcon tube 
containing 10 mL of LB broth, serving as the biofilm test culture me
dium. Before the experiment, each strain of A. hydrophila (ATCC 15467, 
ATCC 7966, KCTC 2356, and KCTC 11533) was standardized to a con
centration of 106 log CFU/mL to ensure a consistent initial bacterial load 
for the biofilm formation tests, mimicking realistic microbial conditions 
for biofilm development on submerged surfaces. Biofilm formation was 
monitored over 24, 48, 72 h, and 96 h with the media being refreshed 
every 24 h. To remove the biofilm from the surfaces, the coupons were 
placed in a tube containing 10 mL of PW and 10 sterile beads, then 
vortexed for 1 min. The resulting solutions were serially diluted and 
spread onto LB agar plates to quantify the remaining bacterial cells.

Antibiotic sensitivity test

Four strains of A. hydrophila (ATCC 15467, ATCC 7966, KCTC 2356, 
and KCTC 11533) were tested for their antibiotic sensitivities using the 
disk diffusion method on Mueller-Hinton agar (Oxoid) in this study. 
Cultures of each strain were grown on LB agar and broth until they 
reached the logarithmic phase. These cultures were then standardized to 
a 0.5 McFarland turbidity standard to ensure consistent inoculum den
sity. The standardized suspensions were evenly spread on the Mueller- 
Hinton agar plates, onto which antibiotic-impregnated disks were 
placed. After incubating at 30 ◦C for 24 h, the zones of inhibition around 
the disks were measured and compared to clinical breakpoints to 
determine whether each strain was sensitive, intermediately susceptible, 
or resistant to the antibiotics tested (CLSI, 2016). The multiple antibiotic 
resistance index (MARI) was calculated using a specific formula 
(Krumperman, 1983): 
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MARI=
numberof antibiotics towhich the isolate is resistant

totalnumberof antibiotics towhich the isolatehasbeenexposed 

Swimming and swarming motility

The movement of bacteria in aqueous media via flagella is termed 
“swimming,” whereas “swarming” refers to movement on a solid surface 
using lateral flagella, characterized by a rapid, collective movement 
(Wadhwa and Berg, 2022). Both motility assays were performed based 
on (Jahid, Lee, Kim and Ha, 2013) with modifications. To assess the 
swimming motility of A. hydrophila, 2 µL of bacterial cell suspension was 
placed in the center of an agar-nutrient plate containing 0.3 % 
Bacto-Agar (Difco, BD), followed by incubation at 30 ◦C for 12 h. 
Swarming motility was evaluated by incubating an equal number of 
bacteria on an agar-nutrient plate with 0.5 % Bacto-Agar for 12 h at 30 
◦C. The motility diameter on the plate was then measured in millimeters.

Gel electrophoresis

Gel electrophoresis was conducted to confirm the effectiveness of the 
newly designed primers used in this investigation. DNA from four strains 
of A. hydrophila (ATCC 15467, ATCC 7966, KCTC 2356, and KCTC 
11533) was isolated using the DNeasy Blood & Tissue Kit (Qiagen, 
Hilden, Germany). The primer pairs, designed using NCBI-BLAST and 
detailed in Table 1, were synthesized by Bioneer Corp. (Daejeon, Korea). 
PCR reactions were performed using a Bio-Rad T100 Thermal Cycler 
under the following conditions: initial denaturation at 95 ◦C for 2 min, 
followed by 34 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 
◦C for 1 min, and extension at 72 ◦C for 30 s. This was followed by a final 
extension at 72 ◦C for 5 min and a hold at 4 ◦C. Subsequently, 2 % 
agarose gel electrophoresis was conducted at 100 V for 20 min. The gel 
was then visualized using the Molecular Imager® Gel Doc™ XR System.

RT-PCR

Biofilm cell aggregates from four strains of A. hydrophila on different 
surfaces were prepared for RT-PCR analysis. The procedure began with 
culturing the strains for 48 h to induce biofilm formation on four 
different surfaces. Post-incubation, the biofilm cells were detached using 
previously established protocols (Ashrafudoulla, Park, Toushik, Shaila, 
Ha, Rahman, Park and Ha, 2024a). The detached cells were then 
centrifuged to pellet the bacterial cells, followed by careful removal of 
the supernatant. The cell pellets were rinsed twice with PBS to remove 
any non-adherent cells and residual media. Following this, total RNA 
was extracted from the bacterial cell aggregates. These RNA samples, 
representing the biofilm-associated cells, were designated as the treat
ment group, while RNA extracted from planktonic bacterial cells served 
as the control. The RNeasy Mini Kit from Qiagen was used according to 
the manufacturer’s instructions. This kit enabled the effcient extraction 
of high-quality RNA, which was essential for precise subsequent mo
lecular analysis. After extracting RNA, cDNA was synthesized using the 
Maxime RT PreMix Kit (iNtRON Biotechnology Gyeonggi, Republic of 

Korea) following the kit instructions. The RT-PCR process transforms the 
harvested RNA into cDNA in preparation for gene expression analysis.

The 7500 Fast Real-Time PCR System (Applied Biosystems, Alameda, 
CA, USA) was used to measure relative gene expression levels. Each PCR 
reaction contained 10 µL of SYBR Green PCR Master Mix (Applied Bio
systems), 0.8 µL of forward and reverse primers (10 pmol each), 2 µL of 
synthesized cDNA, and 7.2 µL of distilled water, making a total volume 
of 20 µL. This composition guarantees the ideal conditions for enhancing 
specific gene sequences and precisely evaluating their expression levels 
in the examined A. hydrophila strains. The 2-ΔΔCt method (Livak and 
Schmittgen, 2001) was used to calculate the relative gene expression. 
This method allows for the normalization of target gene expression to a 
reference (housekeeping) gene and comparison between 
biofilm-associated cells (treatment group) and planktonic bacterial cells 
(control group).

CLSM

The experiment was conducted following several established 
research methods (Ashrafudoulla, Park, Toushik, Shaila, Ha, Rahman, 
Park and Ha, 2024a). Initially, 400 μL of each A. hydrophila strain, 
diluted to a concentration of 106 CFU/mL, was inoculated onto a 
confocal dish (SPL Life Sciences) to form biofilms. The dishes were 
incubated at 37 ◦C for 24 h. Subsequently, the dishes were carefully 
washed three times with PBS to remove any residues. The cells were then 
stained with Film TracerTM Live/Dead biofilm viability kit contain 
SYTO-9 and propidium iodide (PI) (Invitrogen life technologies, 29851 
Willow Creek Rd Eugene, OR 97402) and observed using a confocal laser 
scanning microscope (Carl Zeiss, Oberkochen, Germany). A 488 nm 
argon laser set at 0.2 % intensity with a 40X underwater objective was 
used. SYTO-9 (green) emission fluorescence was measured between 410 
and 605 nm, while PI (red) emission fluorescence was measured be
tween 645 and 700 nm.

SEM

FE-SEM analysis was conducted to examine the 48-h-old biofilm on 
PET surfaces of the four selected strains (Section 2.1) using the methods 
of (Ashrafudoulla, et al., 2024b). The specimens were first fixed using 
2.5 % glutaraldehyde solution (Sigma-Aldrich Chemie, GmbH, Ger
many), sequentially dehydrated with an ethanol series, then coated with 
platinum, and finally visualized using an FE-SEM instrument (ultra
high-resolution FE-SEM-SU8600; Hitachi, Tokyo, Japan).

Statistical analysis

Each experiment was conducted in triplicate. The data are repre
sented using the mean value with standard deviation (± SD) as a mea
sure of central tendency. Data analysis was performed using Microsoft 
365 and GraphPad Prism software (Version 9.0; GraphPad Software, 
Inc., La Jolla, CA, USA).

Table 1 
Primer details for gene analysis used in the present study.

Gene Base sequence (5′→3′) Amplicon size (bp) Tm (◦C) GC% Self-Complementary 3′-Self Complementary

16S F GGCAGTCTCCCTTGAGTTCC 153 60.04 60.00 5.00 0.00
R CAGAGATGTGGGAGTGCCTT 59.38 55.00 3.00 0.00

luxS F CCATGCAGACCCCGAACAA 121 60.30 57.89 4.00 0.00
R ATGAAGCCGGCAAACAGATG 59.19 50.00 6.00 2.00

ahyR F GAGCGAACCGTGAACTACCA 72 60.04 55.00 4.00 0.00
R GATGGCCTGGTAGCGATTCA 59.89 55.00 4.00 1.00

csgA F CCCGTCTGCTATTTCCCGTT 325 60.04 55.00 2.00 0.00
R GGTAGCTGTATCGACTGCCC 59.97 60.00 4.00 0.00

F, forward; R, reverse.
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Results and Discussions

Biofilm formation

The biofilm formation potential of four A. hydrophila strains—ATCC 
15467, ATCC 7966, KCTC 2358, and KCTC 11533—was systematically 
evaluated on stainless steel (SS), silicon rubber (SR), polyethylene 
terephthalate (PET), and high-density polyethylene (HDPE) surfaces 
over incubation periods of 24, 48, 72, and 96 h. Across all strains and 
surfaces, biofilm formation peaked at 72 h, followed by a significant 
decline at 96 h, indicative of biofilm degradation or detachment. ATCC 
15467 exhibited consistently high biofilm formation across surfaces, 
with peak levels at 72 h on PET (6.24 ± 0.07 log CFU/cm², P < 0.05) 
and SR (6.14 ± 0.12 log CFU/cm², P < 0.05). SS also supported sig
nificant biofilm development (6.20 ± 0.03 log CFU/cm², P < 0.05), 
while HDPE demonstrated comparatively lower levels (6.04 ± 0.06 log 
CFU/cm²). By 96 h, biofilm stability diminished markedly across all 
surfaces, reflecting the dynamic nature of biofilm development. ATCC 
7966 emerged as the most prolific biofilm producer, achieving the 
highest biofilm density observed in the study at 72 h on PET (6.50 ±
0.08 log CFU/cm², P < 0.05). Comparable levels were recorded on SR 
(6.28 ± 0.12 log CFU/cm², P < 0.05) and SS (6.27 ± 0.06 log CFU/cm², 
P < 0.05). Notably, biofilm formation on HDPE was less pronounced 
(6.01 ± 0.10 log CFU/cm²), and at 96 h, all surfaces exhibited a sig
nificant reduction in biofilm density, particularly on HDPE (4.45 ± 0.20 
log CFU/cm²).

KCTC 2358 demonstrated a surface preference for SR and PET, 
reaching peak biofilm formation at 72 h (6.15 ± 0.12 log CFU/cm² and 
6.09 ± 0.11 log CFU/cm², respectively, P < 0.05). SS supported mod
erate biofilm formation (5.92 ± 0.12 log CFU/cm²), while HDPE 
exhibited the lowest biofilm levels (5.81 ± 0.38 log CFU/cm²). The 
decline in biofilm formation at 96 h was most pronounced on HDPE and 
PET surfaces. KCTC 11533 exhibited notable biofilm formation on SS at 
72 h (6.02 ± 0.09 log CFU/cm², P < 0.05), followed by moderate levels 
on PET (5.98 ± 0.27 log CFU/cm²) and SR (5.47 ± 0.12 log CFU/cm²). 
HDPE supported the lowest biofilm levels (5.69 ± 0.22 log CFU/cm² at 
72 h). By 96 h, significant reductions were evident across all surfaces, 
underscoring the time-dependent nature of biofilm stability (Table 2).

Surface-specific trends reveal PET and SR as the most conducive 
substrates for biofilm development, likely due to their hydrophobicity 
and microstructural properties. In contrast, HDPE consistently demon
strated the lowest biofilm formation, suggesting its potential as a 
biofilm-resistant material in industrial applications. Our study observed 
significant diversity in biofilm formation among bacterial strains, 

echoing the results of previous research. For instance, Sehree, et al. 
highlighted that the ability of bacterial strains to form biofilms can differ 
considerably, a phenomenon attributed to their unique genetic and 
phenotypic traits (Sehree, et al., 2022). A salient feature of our study was 
that the strain ATCC 7966 demonstrated the highest biofilm formation 
among the four strains examined herein. Consistent with our findings, 
Elhariry reported that ATCC 7966 exhibited the highest biofilm forma
tion among A. hydrophila strains (Elhariry, 2011). Similarly, Jahid et al. 
documented an average biofilm density of 5.4 log CFU/cm² for 
A. hydrophila, highlighting the notable biofilm-forming ability of specific 
strains (Jahid, et al., 2018).

In addition to the bacterial strain, the surface type significantly in
fluences biofilm formation, as evidenced by the relatively higher biofilm 
levels on PET and SR surfaces. The literature indicates that synthetic 
polymers like PET and SR often support robust biofilm formation due to 
their surface properties and hydrophobic nature (Rather, et al., 2021). 
Hydrophobic surfaces provide a stable environment for microbial 
attachment (Donlan, 2002). According to (Al-Amshawee, et al., 2021), 
surface characteristics like roughness and wettability are key de
terminants of bacterial adhesion. However, Lackner et al. noted that the 
literature does not consistently define the optimal wettability range for 
efficient microbial adhesion, suggesting that multiple factors come into 
play (Lackner, et al., 2009). These factors include the composition of 
EPS, nutrient availability, and the sequence of microbial colonization. In 
addition to the hydrophobicity of SR, its elastomeric nature results in a 
rougher surface, offering more sites for microbial adherence 
(Mitik-Dineva, et al., 2009). PET, although smoother, can adsorb 
organic compounds, creating nutrient-rich conditions conducive to 
biofilm growth (Lejeune, 2003). Furthermore, SR can leach low mo
lecular weight compounds that nourish microorganisms, enhancing 
biofilm development (Busscher, et al., 1995). In contrast, SS, especially 
when polished, has a smooth, high-energy surface that interacts more 
with water, making microbial adherence more challenging (Zottola and 
Sasahara, 1994). HDPE, while hydrophobic, tends to be smoother and 
more inert than SR and PET, reducing microbial attachment points 
(Lejeune, 2003). Environmental exposure to moisture and organic 
matter also plays a role, as these conditions are more common in settings 
where SR and PET are used, further promoting biofilm formation 
(Vickery, et al., 2004).

Our results demonstrated that incubation time played a critical role 
in biofilm formation, with biofilm levels reaching their peak at 72 h 
across all surfaces. This stage reflects the mature phase of biofilm 
development, characterized by high cell density and robust structural 
organization. However, at 96 h, a significant reduction in biofilm levels 

Table 2 
Biofilm formation (log CFU/cm²) of various Aeromonas hydrophilia strains on different surface materials (SS, SR, PET, and HDPE) across incubation periods (24-96).

Strain Hours SS (log CFU/cm2) SR (log CFU/cm2) PET (log CFU/ cm2) HDPE (log CFU/ cm2)

ATCC 15467 24 4.05 ± 0.47** 4.66 ± 0.44** 4.57 ± 0.31** 4.58 ± 0.37**
48 5.93 ± 0.07 5.83 ± 0.05 5.73 ± 0.58 5.92 ± 0.08
72 6.20 ± 0.03* 6.14 ± 0.12* 6.24 ± 0.07* 6.04 ± 0.06
96 4.03 ± 0.06** 4.22 ± 0.10** 4.28 ± 0.15** 4.06 ± 0.17**

ATCC 7966 24 3.83 ± 0.39** 4.29 ± 0.72** 3.92 ± 0.30** 4.15 ± 0.51**
48 5.81 ± 0.10 5.82 ± 0.09 6.00 ± 0.11* 5.78 ± 0.06
72 6.27 ± 0.06* 6.28 ± 0.12* 6.50 ± 0.08* 6.01 ± 0.10
96 4.29 ± 0.06** 5.03 ± 0.06 4.94 ± 0.14** 4.45 ± 0.20**

KCTC 2358 24 4.19 ± 0.07** 4.96 ± 0.73 5.07 ± 0.13 5.01 ± 0.09
48 5.48 ± 0.08 5.91 ± 0.06* 5.58 ± 0.33 5.21 ± 0.10
72 5.92 ± 0.12 6.15 ± 0.12* 6.09 ± 0.11* 5.81 ± 0.38
96 4.27 ± 0.06** 4.88 ± 0.27 4.85 ± 0.08** 4.72 ± 0.23**

KCTC 11533 24 4.20 ± 0.09** 4.97 ± 0.14 4.78 ± 0.10 4.70 ± 0.12
48 5.33 ± 0.10 5.40 ± 0.10 5.61 ± 0.06* 5.25 ± 0.06
72 6.02 ± 0.09* 5.47 ± 0.12 5.98 ± 0.27** 5.69 ± 0.22
96 4.18 ± 0.09** 4.78 ± 0.07 4.64 ± 0.07** 4.15 ± 0.05**

Statistical Analysis Using Pairwise t-tests was done.
* indicates that the biofilm formation is significantly different (P < 0.05) when compared to other surfaces or time points within the same strain.
** indicates that the biofilm formation is significantly lower (P < 0.05) compared to the highest observed value for the same strain across all surfaces.SS, stainless 

steel; SR, silicon rubber; PET, polyethylene; HDPE, high-density polyethylene.
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was observed, suggesting biofilm degradation or detachment. This 
decline indicates that the biofilm had progressed to its final develop
mental stage, where cell death and dispersal occur, enabling the release 
of biofilm cells to colonize new surfaces. Such behavior aligns with the 
natural biofilm life cycle, where aging biofilms undergo cellular turn
over and release planktonic cells, facilitating the establishment of new 
biofilm communities. This dynamic process underscores the balance 
between biofilm stability and renewal, driven by environmental and 
biological factors. This observation aligns with the standard biofilm 
development cycle outlined in the relevant literature. In particular, 
Elhariry recorded A. hydrophila biofilms ranging from 2.85 to 3.95 log 
CFU/cm² at 24 h, a finding that mirrors the results of our study (Elhariry, 
2011).

Antibiotic resistance test

The antibiotic susceptibility testing of four A. hydrophila 
strains—ATCC 15467, ATCC 7966, KCTC 2358, and KCTC 
11533—unveiled unique resistance patterns across a spectrum of 20 
antibiotics, as evidenced by their MAR indices (Table 3). Except for 
ATCC 7966 and KCTC 2358, which exhibited a MARI of 0.65, the other 
strains demonstrated a higher level of resistance, with a MARI of 0.80. 
The antibiotic resistance patterns revealed significant variability among 
the tested strains. ATCC 15467 demonstrated resistance to 16 antibi
otics, including critical agents such as ampicillin, cefotaxime, and 
meropenem, while showing susceptibility to amikacin, doxycycline, 
minocycline, and nalidixic acid. In contrast, ATCC 7966 exhibited 
resistance to 13 antibiotics, including ampicillin and clindamycin, but 
remained susceptible to amikacin, chloramphenicol, cefotaxime, and 
doxycycline. Similarly, KCTC 2358 displayed resistance to 13 antibi
otics, particularly against ampicillin, cefepime, and meropenem, while 
retaining susceptibility to amikacin, chloramphenicol, and doxycycline. 
KCTC 11533 demonstrated resistance to 16 antibiotics, including 

clindamycin, tetracycline, and cefotaxime, while retaining susceptibility 
to chloramphenicol, doxycycline, and levofloxacin..

The present study underscores the critical issue of multidrug resis
tance in A. hydrophila. Our findings of high-level resistance to beta- 
lactams, carbapenems, lincosamides, and tetracyclines are consistent 
with the established intrinsic resistance profile of this genus (Martins, 
et al., 2023). The co-occurrence of multiple resistance mechanisms, 
including chromosomally encoded beta-lactamases, metal
lo-beta-lactamases, methyltransferases, efflux pumps, and ribosomal 
protection proteins, as previously reported (Bahr, et al., 2021; Hernould, 
et al., 2008; Ma, et al., 2023; ROSSOLINI, et al., 1996), likely contributes 
significantly to this broad-spectrum resistance phenotype.

Motility

The swimming and swarming motility of four A. hydrophila strains 
were assessed. Strain ATCC 15467 exhibited relatively low swimming 
motility, averaging 10.0 ± 2.0 mm, and minimal swarming motility, 
consistently measuring 2.0 ± 0.0 mm. Strain ATCC 7966 showed mod
erate motility, with average swimming and swarming motilities of 39.0 
± 3.6 and 21.7 ± 3.2 mm, respectively. The KCTC 2358 strain demon
strated relatively higher motility, with an average swimming motility of 
55.3 ± 4.9 mm and an average swarming motility of 47.7 ± 3.5 mm. 
Finally, KCTC 11533 exhibited the highest motility among the strains 
tested, with average swimming and swarming motilities of 76.0 ± 6.6 
and 31.0 ± 3.6 mm, respectively. These results highlight significant 
strain-specific differences in both swimming and swarming capabilities, 
with KCTC 11533 and 2358 being the most motile. In the qualitative 
observations, ATCC 15467 showed a featureless mat in both assays, 
consistent with its low motility scores. ATCC 7966 formed a featureless 
mat in the swimming assay but exhibited a small, centralized colony in 
the swarming assay, indicating limited swarming capability. In contrast, 
KCTC 2358 formed a distinct "bull’s eye" pattern in both assays, 
reflecting its strong motility. Similarly, KCTC 11533 displayed a vortex- 
like pattern, particularly prominent in the swarming assay, indicating 
robust motility (Fig. 1).

The observed variations in swimming and swarming motility among 
the four A. hydrophila strains underscore the phenotypic diversity within 
this species. These motility patterns are similar to those published by 
(Kearns, 2010). Motility is a critical virulence factor, enabling bacteria 
to colonize different host niches, invade tissues, and evade the immune 
system (Janda and Abbott Sharon, 2010). The significantly higher 
motility exhibited by KCTC 2358 and 11533 suggests a potentially 
enhanced ability to colonize and disseminate within a host compared to 
the other strains.

The distinct colony morphologies observed in the swarming assay 
correlate with the quantitative motility data. The "bull’s eye" pattern 
displayed by KCTC 2358 is characteristic of highly motile bacteria and is 
often associated with the production of surface-active compounds 
(O’Toole and Kolter, 1998). The vortex-like pattern exhibited by KCTC 
11533 suggests a complex interplay of flagellar-mediated movement 
and hydrodynamic forces, possibly contributing to its exceptional 
swarming ability.

Gel electrophoresis

The gel electrophoresis profile clearly demonstrated the presence 
and distribution of specific genes across four bacterial strains: ATCC 
15467, ATCC 7966, KCTC 2358, and KCTC 11533 (Fig. 2). The ampli
fication of the 16S rRNA gene (PCR product band at 153 bp) across all 
strains confirmed DNA’s successful extraction and amplification, serving 
as a reliable positive control. The luxS gene (PCR product band at 121 
bp) was present in all four strains, indicating its conserved role in QS 
among these bacteria. Similarly, the ahyR gene, detected at 72 bp, was 
consistently found in all strains, further underscoring its involvement in 
regulatory processes common to these species. Interestingly, the csgA 

Table 3 
Antimicrobial susceptibility profiles and MARI of four Aeromonas strains against 
20 antibiotics.

Sl. 
No.

Name of 
Antibiotics

Antibiotic 
Contents 
per disc 
(µg)

ATCC 
15467

ATCC 
7966

KCTC 
2358

KCTC 
11533

1 Amikacin (AN) 30 R S S R
2 Ampicillin (AM) 10 R R R R
3 Cefepime (FEP) 30 S I R I
4 Cefotaxime (CTX) 30 R I R R
5 Ceftazidime 

(CAZ)
30 I I R R

6 Ceftriaxone 
(CRO)

30 I I R R

7 Chloramphenicol 
(C)

30 I S S S

8 Ciprofloxacin 
(CIP)

5 I S S I

9 Clindamycin (CC) 2 R R R R
10 Doxycycline (D) 30 S S S S
11 Erythromycin (E) 15 R R R R
12 Gentamicin (GM) 10 R S S R
13 Imipenem (IPM) 10 I R I R
14 Kanamycin (K) 30 I S I R
15 Levofloxacin 

(LVX)
5 I I S S

16 Meropenem 
(MEM)

10 R R R R

17 Minocycline (MI) 30 S I I S
18 Nalidixic acid 

(NA)
30 S S I R

19 Penicillin (P) 10 R R R R
20 Tetracycline 

(TTX)
30 I I S I

​ MARI 0.80 0.65 0.65 0.80
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gene, expected at 325 bp, was only present in ATCC 7966, not in ATCC 
15467, KCTC 2358, and KCTC 11533, thus highlighting a potential 
divergence in the genetic makeup and functional capabilities of these 
bacteria. It may be that csgA plays a unique role in ATCC 7966, possibly 
related to biofilm formation or other structural functions not shared by 
the other strains. These results highlight the variations in the distribu
tion of QS and biofilm-related genes across different bacterial strains, 
providing insights into their potential roles in microbial behavior and 
adaptation.

The successful amplification of the universal bacterial marker, the 
16S rRNA gene, in all strains, serves as a robust positive control, vali
dating the quality of DNA extraction and PCR amplification (Gutell, 
et al., 1994). The consistent presence of the luxS gene across all strains 
strongly implies its conserved role in QS within this bacterial group (Ali, 
Yao, Li, Sun, Lin and Lin, 2018), as it suggests the potential for 
cell-to-cell communication, a critical factor in biofilm development 
(Wang, et al., 2019). Similarly, the detection of the ahyR gene in all 

strains points to its conserved involvement in regulatory functions and 
its role in the regulation of virulence (Bi, Liu and Lu, 2007). This gene is 
likely integral to maintaining cellular homeostasis and responding to 
environmental cues.

The most intriguing finding was the exclusive presence of the csgA 
gene in the ATCC 7966 strain. This strain-specific occurrence suggests a 
unique adaptive strategy employed by ATCC 7966. Given the associa
tion of csgA with biofilm formation in many bacteria, mainly in 
Escherichia coli (Lv, et al., 2020), it is plausible that this strain exhibits 
enhanced biofilm-forming capabilities compared to the other strains. 
This could provide ATCC 7966 with a competitive advantage in certain 
environments by facilitating colonization and protection from external 
stressors. The absence of csgA in the remaining strains highlights po
tential differences in their ecological niches and lifestyles. These strains 
may rely on alternative mechanisms for surface attachment and com
munity formation.

Fig. 1. Comparative analysis of swimming and swarming motility among A. hydrophila strains (ATCC 15467, ATCC 7966, KCTC 2358, KCTC 11533) using two-way 
ANOVA followed by tukey’s multiple comparison, represented by motility diameters (mm). Asterisks indicate significance levels: *P < 0.05, **P < 0.01.
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Gene expression

In this study, we investigated the effects of various surface materials 
(SS, SR, PET, and HDPE) on the expression of the luxS, ahyR, and csgA 
genes across four bacterial strains (ATCC 15467, ATCC 7966, KCTC 
2358, and KCTC 11533). Biofilm cells of ATCC 15467 on SS, SR, and 
HDPE surfaces showed significant downregulation of luxS, with mod
erate suppression observed when the biofilm was grown on PET. In 
contrast, ahyR showed slight upregulation (SS surface), moderate 
downregulation (SR and HDPE surfaces), or significant upregulation 
(PET surface). These results suggest that gene expression in biofilm cells 
is substantially influenced by the surface material, with biofilm on PET 
showing enhanced ahyR activity, whereas biofilm on SS and HDPE 
surfaces generally displays suppressed luxS (Fig. 3).

In biofilm cells of ATCC 7966, luxS remained relatively stable irre
spective of the surface, with only slight downregulation (SS and SR 
surfaces) or minor variations (PET and HDPE surfaces) observed. Biofilm 
formed on SS and SR showed moderate downregulation of the ahyR 
gene, whereas this same gene was moderately and significantly upre
gulated in biofilm cells grown on HDPE and PET, respectively, indi
cating heightened QS activity on PET. The csgA gene was largely 
suppressed when biofilm was formed on SS, SR, and PET surfaces, with 
minimal expression detected in the biofilm cells grown on HDPE, sug
gesting that the surface material significantly affects csgA expression; the 
differential expression of ahyR and csgA in biofilm on PET surface as a 
case in point.

For KCTC 2358, the surface material profoundly affected the regu
lation of QS genes. The luxS gene was strongly upregulated when biofilm 
was formed on SS, suggesting that SS promotes QS activities that could 
enhance biofilm formation and pathogenicity. In contrast, SR, PET, and 
HDPE surfaces led to the downregulation of luxS, indicating a suppres
sive effect on QS. The ahyR gene mirrored this trend; its highest 
expression occurred in biofilm formed on SS surface, whereas it was 
moderately upregulated in biofilm formed on SR, PET, and HDPE sur
faces, highlighting the potential of SS to enhance QS, while other sur
faces might inhibit these activities.

In KCTC 11533, luxS expression was strongly upregulated in the 
biofilm cells formed on SS and SR surfaces, potentially enhancing QS 
and biofilm formation. In comparison, PET and HDPE surfaces resulted 

in more moderate upregulation of luxS. The ahyR gene showed mild 
upregulation irrespective of the surface on which the biofilm was grown, 
with SS surface having the most pronounced effect. These findings 
suggest that SS and SR surfaces have the most substantial impact on luxS 
expression, while ahyR remains relatively consistent across different 
materials.

The surface material strongly influences bacterial gene expression. 
SS often stimulates QS (Chen, et al., 2020; Dula, et al., 2021; Zanzan, 
et al., 2024), whereas PET shows mixed effects. SR and HDPE generally 
suppress gene activity (Gu and Ren, 2014). These findings suggest that 
surface properties play a crucial role in biofilm formation and bacterial 
behavior. Further research is needed to understand the underlying 
mechanisms.

Overall, the analysis indicates that the surface material plays a 
critical role in modulating the expression of QS and biofilm-related 
genes across these bacterial strains. SS and PET surfaces, in particular, 
demonstrate significant potential to influence these regulatory mecha
nisms, highlighting their importance in bacterial biofilm dynamics and 
pathogenicity.

CLSM

The CLSM images provided a comprehensive analysis of the struc
tural and functional dynamics of four bacterial strains—ATCC 15467, 
ATCC 7966, KCTC 2358, and KCTC 11533—over four time frames: 24, 
48, 72, and 96 h. For ATCC 15467, at 24 h (Fig. 4A), scattered cells with 
low fluorescence intensity suggest the initial colonization phase. By 48 h 
(Fig. 4B), increased cell density and fluorescence indicate active biofilm 
growth. At 72 h (Fig. 4C), a dense biofilm structure with high green 
fluorescence reflects the mature biofilm phase, signifying peak biofilm 
development. By 96 h (Fig. 4D), the presence of red fluorescence marks 
biofilm aging and cell death, suggesting a shift from growth to biofilm 
degradation and detachment, a process that potentially promotes the 
formation of new biofilm colonies. For ATCC 7966, early biofilm for
mation is evident at 24 h (Fig. 4E), with moderate fluorescence 
reflecting the early adhesion phase. By 48 h (Fig. 4F), dense clustering 
and higher fluorescence indicate rapid biofilm development. At 72 h 
(Fig. 4G), the biofilm appears fully developed with strong green fluo
rescence, corresponding to its maturation phase. By 96 h (Fig. 4H), 

Fig. 2. PCR amplification results of four A. hydrophila strains (ATCC 15467, ATCC 7966, KCTC 2358, KCTC 11533) for the detection of four genes: 16S (153 bp), luxS 
(121 bp), ahyR (72 bp), and csgA (325 bp). The 100 bp ladder was used in this experiment.
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widespread red fluorescence signifies the final stage of biofilm devel
opment, with substantial cell death and detachment, facilitating po
tential release of planktonic cells for new biofilm initiation.

For KCTC 2358, at 24 h (Fig. 4I), sparse cell adhesion and low 
fluorescence are observed, indicative of the initial attachment stage. By 
48 h (Fig. 4J), increased clustering and moderate fluorescence reflect 
active biofilm formation and growth. At 72 h (Fig. 4K), a dense and 
mature biofilm structure emerges with strong fluorescence, representing 
the peak development phase. By 96 h (Fig. 4L), prominent red fluores
cence indicates localized biofilm disassembly and cell death, suggesting 
that biofilm detachment may be driving the release of cells for recolo
nization on other surfaces. For KCTC 11533, minimal fluorescence and 
scattered cells are observed at 24 h (Fig. 4M), suggesting slow initial 
growth. By 48 h (Fig. 4N), progression remains limited, with slight 
fluorescence and cell clustering increases. At 72 h (Fig. 4O), moderate 
fluorescence reflects the formation of a partially mature biofilm, though 
less dense than those of other strains. By 96 h (Fig. 4P), clusters with 
prominent red fluorescence mark biofilm aging, cell death, and 
detachment, reinforcing the cyclic nature of biofilm development where 
dead cells provide space or signaling for new biofilm formation.

The results from CLSM underscore the dynamic nature of biofilm 
development for each strain. The transition from initial attachment (24 
h) to active growth (48 h), followed by maturation (72 h) and 

subsequent detachment or degradation (96 h), reflects the natural bio
film lifecycle. The red fluorescence at 96 h signifies the cell death stage, 
facilitating the release of planktonic cells to form new biofilm colonies. 
The observed differences in fluorescence patterns, intensities, and 
structural organization among the four strains provide critical insights 
into the biofilm development process. Confocal microscopy unveiled 
marked disparities in biofilm architecture among ATCC 15467, ATCC 
7966, KCTC 2358, and KCTC 11533. While ATCC 15467 and KCTC 
11533 demonstrated delayed biofilm initiation followed by rapid 
maturation, resembling patterns observed by (Jayaraman, et al., 2024) 
in A. hydrophila strains, their subsequent architectural development 
diverged from previous findings.

SEM

The SEM images presented in Fig. 5 offered a detailed visualization of 
both individual cell morphology and biofilm structures for the four 
A. hydrophila strains—ATCC 15467, ATCC 7966, KCTC 2358, and KCTC 
11533. Panels on the left side of the Fig. 5 (A, C, E, and G) depict the 
individual cells, while the right-side panels (B, D, F, and H) illustrate the 
corresponding biofilm formations. For ATCC 15467, Panel A shows well- 
defined, rod-shaped cells with distinct cellular boundaries, typical of 
Aeromonas morphology. The corresponding biofilm in Panel B reveals a 

Fig. 3. Relative gene expression of luxS, ahyR, and csgA in biofilms of A. hydrophila strains (ATCC 15467, ATCC 7966, KCTC 2358, KCTC 11533) formed on various 
food contact surfaces (SS, SR, PET, HDPE) compared to control conditions, analyzed using two-way ANOVA followed by tukey’s multiple comparison to determine 
significant differences. Asterisks indicate significance levels: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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densely packed, aggregated structure, indicating a strong biofilm- 
forming ability on PET surfaces. In contrast, ATCC 7966, depicted in 
Panel C, exhibits slightly elongated cells with smooth surfaces. The 
biofilm shown in Panel D is more dispersed, with visible ECM compo
nents, suggesting a well-organized biofilm. KCTC 2358 (Panel E) dis
plays similarly shaped rod-like cells of consistent size with smooth 
surfaces. The biofilm formation in Panel F, however, is notably robust, 
with a large, rounded structure and cells embedded within a substantial 
ECM, indicating a highly developed biofilm. Lastly, KCTC 11533 (Panel 
G) consists of slightly larger and more robust cells. The biofilm in Panel 
H is complex, characterized by multiple layers and dense clusters of cells 
within a thick ECM, reflecting an advanced stage of biofilm maturation.

These SEM images underscore the biofilm-forming capabilities of all 
four A. hydrophila strains, each exhibiting distinct structural character
istics. The SEM images reveal that ATCC 15467 forms densely packed 
biofilms with well-defined rod-shaped cells, ATCC 7966 produces more 
dispersed biofilms with visible ECM components, KCTC 2358 creates 
robust biofilms with large, rounded structures, and KCTC 11533 

develops complex, multi-layered biofilms with dense cell clusters. These 
variations in biofilm architecture—ranging from dense, compact for
mations to more complex, multi-layered structures—are consistent with 
previous studies (De Sousa, et al., 2015; Jahid, et al., 2014, 2013) that 
have highlighted the robust biofilm formation capabilities of each 
A. hydrophila strain.

Conclusion

This study highlights the strain-specific differences in biofilm for
mation, antibiotic resistance, motility, and gene expression among 
A. hydrophila strains ATCC 15467, ATCC 7966, KCTC 2358, and KCTC 
11533. PET and SR surfaces were most conducive to biofilm formation, 
with ATCC 7966 exhibiting the highest biofilm density at 72 h, while 
HDPE demonstrated the lowest biofilm levels, indicating its potential as 
a biofilm-resistant material. The strains demonstrated notable resistance 
to multiple antibiotics, with specific agents remaining effective against 
certain strains.. Motility assays identified KCTC 11533 as the most 

Fig. 4. Confocal images of four A. hydrophila strains ATCC 15467 (A-D), ATCC 7966 (E-H), KCTC 2358 (I-L), and KCTC (M-P).
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motile strain, exhibiting the highest swimming motility, while KCTC 
2358 displayed superior swarming motility. Gene expression analysis 
revealed that SS enhanced luxS expression, while PET upregulated ahyR, 
promoting biofilm maturation. These findings underscore the critical 
influence of surface material on biofilm formation, resistance, and gene 
expression, providing valuable insights for designing strategies to miti
gate biofilm formation and enhance food safety in processing 
environments.
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