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Original Research Article

Antibiotic resistance profiling of bacterial pathogens isolated from different tissues of Indian major carp (Labeo rohita) 
Abstract
Infectious diseases caused by bacterial pathogens are increasing in freshwater aquaculture. Freshwater fishes including Labeo rohita collected from aquafarms serve as the reservoirs of antibiotic-resistant bacterial pathogens that can cause serious disease outbreaks. The study aimed to identify the prevalent pathogenic bacterial strains isolated from different tissues of Labeo rohita to elucidate their antimicrobial resistance profiles. Bacterial pathogens were isolated from gills, cecum and skin of Labeo rohita collected from aquafarms in Padampur, Bargarh district, Odisha. Biochemical characterization of bacterial isolates was carried out followed by identification using 16s rRNA ribotyping. Antibiotic resistant profiling was performed using Kirby-Bauer’s method and analyzed using WHONET software, which showed wide variations among the bacterial isolates. Phylogenetic analysis revealed that bacterial isolates exhibited close similarity to Aeromonas hydrophila, Aeromonas caviae, Enterobacter cloacae, Enterobacter mori, Providencia stuartii, Escherichia coli and Mammaliicoccus sciuri. The study revealed that Aeromonas hydrophila, Enterobacter mori and Aeromonas caviae were resistant to ampicillin/sulbactum whereas Enterobacter cloacae showed resistance to cefoxitin. E. coli and Providencia stuartii revealed multidrug resistance profiles. Differential pattern of resistance was exhibited by Mammaliicoccus sciuri against penicillin, linezolid, tetracycline, oxacillin and cefoxitin. Identification of multidrug resistant bacterial strains have substantiated the discovery of tailored antimicrobial strategies and further genetic investigation to elucidate the underlying resistance mechanisms.
Keywords: Labeo rohita, bacterial pathogens, antibiotics, antibiotic resistance profiling.
Introduction
Aquaculture industry has gained wide economic significance globally (Verdegem et al, 2023). Emergence of various infectious disease outbreaks in freshwater aquaculture led to significant economic loss due to high mortality rate over few decades (Ramesh and Souissi, 2018; Mzula et al, 2021). Using antibiotics is common practice to control infections, which have been frequently used as prophylactic and growth promoting agents in aquafarming (Bhat et al, 2022). Such strategies offer short-term benefits in controlling infectious diseases and improve production efficacy, but pose long-term risks to aquatic ecosystem, public healthcare and sustainable aquafarming (Hossain et al, 2022). The partially metabolized antibiotics are released to water bodies prior to primary treatment, which get bioaccumulated inside fishes. The indiscriminate overuse of antibiotics in aquafarms has contributed to the gradual rise of antibiotic-resistant bacterial pathogens and antibiotic-resistant genes that has raised greater environmental concerns for aquaculture researchers (Preena et al, 2020). 
Growing intensification of freshwater aquaculture has significantly contributed to fish production and economic progress. Overproduction coupled with indiscriminate antibiotics usage and inadequate management strategies led to emergence of serious disease outbreaks in aquafarms (Chandra et al, 2023). Several bacterial pathogens including Aeromonas sobria, Aeromonas hydrilla, Aeromonas caviae, Kocuria sp., Pseudomonas putida, Pseudomonas aeruginosa and Pseudomonas fluorescens have been reported to cause infectious diseases in freshwater fishes (Pękala-Safińska, 2018; Nair et al, 2021). The incidences of haemorrhagic septicemia, furunculosis, shewanellosis, skin ulcers, strawberry infection, rainbow trout fry syndrome, fin and gill lesions have been prominent in freshwater aquaculture (Matter et al, 2018; Zaheen et al, 2022). The pathogenicity mediated by bacteria is due to presence of several virulence factors including structural and secretory components such as lipopolysaccharides, flagella, outer membrane proteins and pili that transmit infections (Ramesh and Souissi, 2018; Sarkar et al, 2021). Besides, the identification of MDR bacterial pathogens in aquafarm is not only crucial to avoid economic loss but also pre-requisite for the implementation of effective control strategies to combat infection disease outbreaks, limiting the antimicrobial usage and ensuring sustainable fish farming (Ramesh and Souissi, 2018). Keeping in view, the present study was designed to isolate pathogenic bacterial strains from the gills, cecum and skin of Labeo rohita, followed by their biochemical characterization. Antibiotic resistance profiling of the bacterial pathogens was performed using Kirby-Bauer’s method and analyzed using the WHONET software. Further, antibiotic-resistant pathogenic bacterial strains were identified through 16s rRNA ribotyping.
Materials and Methods
Study site and sampling
The freshwater fish (Labeo rohita) was collected aseptically from aquafarms located in Padampur block in Bargarh district, Odisha (Geographical location: 21.000718° latitude, 83.057055° longitude at about 202m altitude). The study site experienced three distinct seasonality such as summer, rainy and winter with annual rainfall ranging from 1042 mm to 2194 mm with an average of 1530 mm during 2024. Besides, the mean annual temperature and relative humidity is around 22°C (72°F) and 60% respectively. The geotag photograph of the selected aquafarms has been depicted (Fig. 1). 
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Figure 1: Sampling site of Labeo rohita located at Padampur block, Bargarh, Odisha.
Isolation and screening of bacterial pathogens

About six fish samples were randomly selected, anesthetized using 0.2% tricaine and surface-sterilized with 70% ethanol for 2 min, followed by 1x PBS wash. Each tissues (gills, cecum, skin) were dissected carefully and homogenised for bacterial isolation. About 20µl of each tissue homogenate were spread on plates containing selective media. Bacterial strains were classified into three categories such as (a) Group-1: gram-negative bacterial pathogens isolated from gills, (b) Group-2: gram-negative opportunistic bacterial pathogens isolated from the cecum, and (c) Group-3: gram-positive pathogenic bacterial strains isolated from skin. Accordingly, the following selective culture media were used for isolation and screening of bacterial isolates. Ampicillin dextrin agar [tryptose: 5g, dextrin: 10g, yeast extract: 2g, ferric chloride: 0.1g, sodium chloride: 3g, potassium chloride: 2g, magnesium sulfate: 0.2g, bromothymol blue: 0.08% and agar: 15g] supplemented with 0.5% vancomycin and 0.5% ampicillin was used for the isolation of Group-1 gram-negative bacterial pathogens isolated from gills followed by incubation at 37ºC for 24 hrs for development of colonies. Levine eosin-methylene blue agar [peptone: 10g, dipotassium hydrogen phosphate: 2g, lactose: 10g, methylene blue: 0.065g, eosin Y: 0.4g and agar: 15.0g] was used for the isolation of Group-2 gram-negative opportunistic bacterial pathogens from cecum followed by incubation at 37ºC for 24 hrs for development of colonies. Baird Parker agar [tryptone: 10g, beef extract: 5g, yeast extract: 1g, glycine: 12g, sodium pyruvate: 10g, lithium chloride: 5g and agar: 20g] supplemented with 5% egg yolk and 3.5% potassium tellurite was used for the isolation of Group-3 gram-positive bacterial pathogens from skin followed by incubation at 37ºC for 48 hrs for the development of colonies. Thereafter, the morphologically distinct colonies were selected and sub-cultured to obtain the pure culture of the respective bacterial isolates. Negative control was prepared to ensure that petridishes were not contaminated. Screening of isolates were carried out following biochemical tests including citrate test, urease test, DNase agar test, MR test, VP test, gelatin hydrolysis test and carbohydrate fermentation test (Matter et al, 2018).
Antibiotic susceptibility test 
Preliminary screening of bacterial isolates, along with antibiotic sensitivity assay was evaluated using Kirby-Bauer disc diffusion method following Clinical Laboratory Standards Institute guidelines (Laltlanmawia et al, 2023). The bacterial inoculum was uniformly spread over petridishes containing Muller-Hilton agar (Hi-Media). Different commercial antibiotic discs were aseptically placed in triplicates over MH agar individually and incubated at 37°C for 24 hrs. The diameters of zone of inhibition exhibited by the bacterial isolates against different antibiotics were measured and recorded for comparative analysis. Different antibiotics were selected for different categories of bacterial isolates to determine their sensitivity patterns. Further, antibiotic resistance profiling of the bacterial isolates was performed by analyzing the zone of inhibition using WHONET 5.6 software, based on CLSI breakpoints of antibiotics with respect to the isolated bacterial strains (NIHR, 2020) (ST 1-3).   
Molecular identification of bacterial isolates
The genomic DNA was extracted using Quick-DNA™ fungal/ bacterial miniprep kit (Zymo Research; Catalogue No.: D6005). The integrity of the extracted DNA was quantified using Nanodrop and 1.8% agarose gel. Amplification of the 16S rRNA gene was performed using reaction mixture (forward/reverse primers: 10 pmol, 200 μM each dNTPs, MgCl2: 2.5 mM; Taq DNA polymerase: 0.5 U, 1X PCR buffer (Invitrogen) and 50-100 ng DNA) and specific primers including 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-TACGGTTACCTTGTTACGACTT-3′) using Veriti® 96 well Thermal cycler. Thereafter, the PCR amplicon was bead purified and subjected to Sanger sequencing. Bi-directional DNA sequencing reaction of PCR amplicon was carried out with the 27F and 1492R primers using BDT v3.1 cycle sequencing kit on ABI 3500Dx Genetic analyzer (El-Barbary et al, 2016, Gopakumar et al, 2024).  
Phylogenetic analysis
The phylogenetic analysis was performed for evolutionary analyses using Neighbor-Joining method (Saitou and Nei, 1987). Bootstrap consensus tree derived from 500 replicates represented the evolutionary relationship among bacterial taxa analysed (Felsenstein, 1985). Evolutionary distances were estimated using Maximum Composite Likelihood model (Tamura and Nei, 1993). All ambiguous positions were eliminated (pairwise deletion option). Evolutionary analysis of 16S rRNA gene sequence exhibited by the bacterial isolates were carried out using MEGA 11 (Tamura et al, 2021). Then, 16S rRNA gene partial sequences were submitted to GenBank to obtain accession number. 

Results
Screening of bacterial isolates

Twelve bacterial morphotypes were screened from different tissues of Labeo rohita such as (a) Group-1 gram-negative bacterial pathogens isolated from gills (FPA-1, FPA-2, FPA-3, FPA-4), (b) Group-2 gram-negative opportunistic bacterial pathogens isolated from cecum (FPE-5, FPE-6, FPE-7, FPE-8), and (c) Group-3 gram-positive bacterial pathogens isolated from skin (FPS-9, FPS-10, FPS-11, FPS-12) using selective media. No colonies were observed in negative control plate representing proper surface sterility. The study revealed that the best countable colonies were observed in 10-2 dilution of tissue lysates. 

Biochemical characterization

Biochemical profiling of twelve bacterial strains isolated from Labeo rohita revealed significant variations (Table 1). The study revealed that both Group-1 and Group-3 bacterial pathogens were able to utilize citrate (Citrate positive). Five bacterial isolates (FPE-7, FPS-9, FPS-10, FPS-11, FPS-12) were observed to be urease positive. Bacterial isolates (FPA-1, FPA-4, FPE-7, FPS-9, FPS-10, FPS-11 and FPS-12) were found to be DNase positive, while remaining showed negative results. All the Group-2 and Group-3 bacterial isolates showed positive results for methyl red test (MR positive), while FPA-2 and FPA-3 were found to be MR negative. Besides, the Group-1 and Group-3 bacterial isolates were observed to produce acetoin and showed positive results for Voges Proskauer test whereas the Group-2 bacterial isolates were observed to be VP negative. In addition, all the Group-1 and Group-3 bacterial isolates were able to produce gelatinase enzyme (GH positive). The study indicated wide variations in carbohydrate fermentation pattern exhibited by bacterial isolates (Table 1). Based on biochemical characterization, the bacterial pathogens isolated from different tissues of Labeo rohita were identified according to the Bergey’s manual of bacteriology.
Table 1: Biochemical characterization of the bacterial pathogens isolated from different tissues (gills, cecum and skin) of freshwater fish i.e. Labeo rohita. 
	Bacterial isolates
	Cit test
	Ure test
	 DNase test
	MR test
	VP test
	GH test
	CF test
	Bacterial pathogens identified

	
	
	
	
	
	
	
	G
	F
	L
	S
	

	Group-1
	FPA-1
	+
	-
	+
	+
	+
	+
	+
	+
	+
	+
	Aeromonas sp.

	
	FPA-2
	+
	-
	-
	-
	+
	+
	+
	+
	+
	+
	Enterobacter sp.

	
	FPA-3
	+
	-
	-
	-
	+
	+
	+
	-
	+
	+
	Enterobacter sp.

	
	FPA-4
	+
	-
	+
	+
	+
	+
	+
	-
	+
	+
	Aeromonas sp.

	Group-2
	FPE-5
	-
	-
	-
	+
	-
	-
	+
	-
	+
	+
	E. coli

	
	FPE-6
	-
	-
	-
	+
	-
	-
	+
	-
	+
	+
	E. coli

	
	FPE-7
	+
	+
	+
	+
	-
	+
	+
	+
	-
	+
	Providencia sp.

	
	FPE-8
	-
	-
	-
	+
	-
	-
	+
	-
	+
	+
	E. coli

	Group-3
	FPS-9
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	Mammaliicoccus sp.

	
	FPS-10
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	Mammaliicoccus sp.

	
	FPS-11
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	Mammaliicoccus sp.

	
	FPS-12
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	Mammaliicoccus sp.


NB: Citrate test (Cit test); Urease test (Ure test); Deoxyribonuclease agar test (DNase test); Methyl Red test (MR test); Voges-Proskauer test (VP test); Gelatin hydrolysis test (GH test); Carbohydrate fermentation test (CF test; G: Glucose, F: Fructose, L: Lactose, S: Sucrose).
Antibiotic sensitivity patterns

Antibiotic resistance patterns exhibited by the bacterial isolates were evaluated and corresponding zones of inhibition (in mm) were depicted. The bacterial pathogens isolated from different tissues of Labeo rohita were categorized based on the diameter of zone of inhibition as resistant, intermediate and sensitive following CLSI guidelines. Bacterial isolate (FPA-1) was found to be sensitive to all tested antibiotics except ampicillin/sulbactum and imipenem (Fig. 2). Similarly, the study indicated that FPA-2 was found to be sensitive to all tested antibiotics except cefoxitin. Besides, the bacterial isolate (FPA-3) was observed to be sensitive to all the tested antibiotics expect ampicillin/sulbactum and chloramphenicol. Moreover, the bacterial isolate (FPA-4) was found to be resistant against cefoxitin and ampicillin/sulbactum. The study revealed the consistent patterns of intermediate susceptibility exhibited by Group-1 bacterial pathogens against different antibiotics such as amikacin, tetracycline, amoxicillin/clavulanic acid, and trimethoprim/sulfamethoxazole.
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(a) FPA-1 (Samr Ipmr)
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(b) FPA-2 (Foxr)
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(c) FPA-3 (Samr Chlr)
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(d) FPA-4 (Samr Foxr)


Figure 2. Antibiotic sensitivity patterns exhibited by group-1 gram-negative bacterial pathogens isolated from gills of Labeo rohita such as (a) FPA-1; (b) FPA-2; (c) FPA-3 and (d) FPA-4 against different antibiotics. (AMK: Amikacin; SAM: Ampicillin/Sulbactum; AMC: Amoxicillin/Clavulanic acid; FEP: Cefepime; FOX: Cefoxitin; CAZ: Ceftazidime; CTX: Cefotaxime; CRO: Ceftriaxone; CIP: Ciprofloxacin; CHL: Chloramphenicol; IPM: Imipenem: TCY: Tetracycline; SXT: Trimethoprim/Sulfamethoxazole)
The bacterial isolates FPE-5, FPE-6 and FPE-7 exhibited multidrug resistance profile against ampicillin, tetracycline and trimethoprim/sulfamethoxazole (Fig. 3). Besides, the bacterial isolate FPE-8 was found to be resistant against cefoxitin only, but retained high sensitivity to trimethoprim/sulfamethoxazol whereas intermediate sensitivity to ampicillin and tetracycline (Fig. 3). The study indicated that all bacterial isolates displayed remarkable sensitivity to aztreonam, cefotaxime and ceftriaxone. Among bacterial strains, the broad trend of intermediate sensitivity was observed for amikacin, amoxicillin/clavulanic acid and nalidixic acid, which suggested their limited therapeutic efficacies against Group-2 bacterial pathogens isolated from cecum of Labeo rohita.
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(a) FPE-5 (Ampr Sxtr Tcyr)
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(b) FPE-6 (Ampr Sxtr Tcyr)
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(c) FPE-7 (Ampr Sxtr Tcyr)
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Figure 3. Antibiotic resistant patterns exhibited by group-2 gram-negative opportunistic bacterial strains isolated from cecum of Labeo rohita such as (a) FPE-5, (b) FPE-6, (c) FPE-7 and (d) FPE-8 against different antibiotics. (AMK: Amikacin; AMP: Ampicillin; ATM: Aztreonam; AMC: Amoxicillin/Clavulanic acid; FOX: Cefoxitin; CAZ: Ceftazidime; CTX: Cefotaxime; CRO: Ceftriaxone; CPD: Cefpodoxime; CHL: Chloramphenicol; ENR: Enrofloxacin; IPM: Imipenem; NAL: Nalidixic acid; TCY: Tetracycline; SXT: Trimethoprim/Sulfamethoxazole.

Bacterial isolate FPS-9 exhibited wide range of resistance against multiple antibiotics such as penicillin, cefoxitin, tetracycline, oxacillin and linezolid (Fig. 4). Besides, bacterial isolate FPS-10 was found to be sensitive to linezolid and trimethoprim/sulfamethoxazole but resistant against tetracycline. The study revealed that FPS-11 exhibited highest sensitivity to ciprofloxacin while remained resistant against penicillin and linezolid (Fig.4). Moreover, FPS-12 exhibited sensitivity to all tested antibiotics except penicillin. The results underscore heterogeneous antibiotic resistance patterns exhibited by Group-3 bacterial pathogens isolated from the skin of Labeo rohita emphasizing the importance of tailored antimicrobial strategies and further genetic investigation to elucidate the underlying resistance mechanisms exhorted by bacterial pathogens isolated from freshwater aquafarms.
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Figure 4. Antibiotic resistant patterns exhibited by group-3 gram-positive pathogenic bacterial strains isolated from skin of Labeo rohita such as (a) FPS-9, (b) FPS-10, (c) FPS-11 and (d) FPS-12 against different antibiotics. (FOX: Cefoxitin; CIP: Ciprofloxacin; CHL: Chloramphenicol; ENR: Enrofloxacin; GEN: Gentamicin; TCY: Tetracycline; SXT: Trimethoprim/Sulfamethoxazole; OXA: Oxacillin; PEN: Penicillin G; LNZ: Linezolid.
Antibiotic resistance profiling
The study revealed wide variations in antibiotic resistance patterns exhibited by the bacterial pathogens isolated from the different tissues of Labeo rohita. Antibiotic resistance profile of the isolated bacterial strain was interpreted based on the zone of inhibition against different commercial antibiotics using WHONET 5.6 software depending on their breakpoint values following CLSI guidelines. According to WHONET-5.6 analysis, the group-1 gram-negative bacterial pathogen FPA-1 exhibited complete resistance against ampicillin/ sulbactum and imipenem while FPA-2 was found to be resistant against cefoxitin (Fig. 5). Bacterial isolate FPA-3 showed resistance against ampicillin/sulbactum and chloramphenicol whereas FPA-4 displayed resistance against ampicillin/sulbactum and cefoxitin. 
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(a)FPA-1
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(c) FPA-3
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Figure 5. Resistance percentage exhibited by group-1 gram-negative bacterial pathogens such as (a) FPA-1, (b) FPA-2, (c) FPA-3 and (d) FPA-4 isolated from gills of Labeo rohita against different antibiotics analyzed using WHONET-5.6 software.

The group-2 gram-negative opportunistic bacterial isolates (FPE-5, FPE-6, FPE-7) exhibited resistance against ampicillin, tetracycline and trimethoprim/sulfamethoxazole that revealed strong multidrug resistant profiles (Fig. 6). In contrast, the bacterial isolate FPE-8 displayed resistance against cefoxitin only. 
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(b) FPE-6
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(d) FPE-8


Figure 6. Resistance percentage exhibited by group-2 gram-negative opportunistic bacterial pathogens such as (a) FPE-5, (b) FPE-6, (c) FPE-7 and (d) FPE-8 isolated from cecum of Labeo rohita against different antibiotics using WHONET-5.6 software.
Further, the group-3 gram-positive bacterial pathogens isolated from the skin of Labeo rohita exhibited wide variations in antibiotic resistance patterns. The study showed that bacterial isolate FPS-9 exhibited resistance against five antibiotics such as penicillin, oxacillin, cefoxitin, linezolid and tetracycline characterizing its multidrug phenotype (Fig. 7). Besides, the FPS-10 displayed resistance solely against tetracycline whereas FPS-11 showed resistance against penicillin and linezolid. Antibiotic susceptibility patterns exhibited by bacterial isolates by Kirby-Bauer method coincided with data interpreted with WHONET-5.6. The findings highlighted critical issues associated with antimicrobial resistance in freshwater aquaculture, which necessitate the periodic monitoring, prudent antibiotics usage and development of sustainable alternative control strategies to combat against the infectious diseases caused by the bacterial pathogens.
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(b) FPS-10
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(c) FPS-11
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(d) FPS-12


Figure 7. Resistance percentage exhibited by group-3 gram-positive bacterial pathogens such as (a) FPS-9, (b) FPS-10, (c) FPS-11 and (d) FPS-12 isolated from the skin of Labeo rohita against different antibiotics using WHONET-5.6 software.
Molecular identification and phylogenetic analysis 
Phylogenetic analyses of group-1 bacterial isolates were performed using Neighbor-Joining method based on Maximum composite likelihood model. The study clearly indicated that group-1 gram-negative bacterial pathogens isolated from the gills of Labeo rohita FPA-1 (PQ475925), FPA-2 (PQ475930), FPA-3 (PQ475935), FPA-4 (PQ475937) showed close proximity with Aeromonas hydrophila with 86% bootstrap value (Fig. 8a), Enterobacter cloacae with 95% bootstrap value (Fig. 8b), Enterobacter mori with 85% bootstrap value (Fig. 8c) and Aeromonas caviae with 93% bootstrap value (Fig. 8d) respectively.
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Figure 8. Phylogenetic analysis of bacterial strains isolated from gills of Labeo rohita such as (a) FPA-1; (b) FPA-2; (c) FPA-3 and (d) FPA-4. Evolutionary distances were inferred by Neighbor-Joining method based on Maximum composite likelihood model using MEGA 11.
Besides, the phylogenetic analyses of group-2 gram-negative opportunistic bacterial pathogens isolated from the cecum of Labeo rohita revealed that the bacterial isolates FPE-5 (PQ475899), FPE-6 (PQ475908), FPE-7 (PQ475954) and FPE-8 (PQ475909) aligned closely with Escherichia coli with 84% bootstrap value (Fig. 9a), Escherichia coli with 94% bootstrap value (Fig. 9b), Providencia stuarti with 94% bootstrap value (Fig. 9c) and Escherichia coli with 92% bootstrap value (Fig. 9d) respectively.
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(c) FPE-7
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(d) FPE-8


Figure 9. Phylogenetic analysis of bacterial strains isolated from cecum of Labeo rohita such as (a) FPE-5, (b) FPE-6, (c) FPE-7 and (d) FPE-8. Evolutionary distances were inferred by Neighbor-Joining method based on Maximum composite likelihood model using MEGA 11.
Phylogenetic analysis of gram-positive opportunistic bacterial strains isolated from skin of Labeo rohita revealed that bacterial isolate FPS-9 (PQ475939), FPS-10 (PQ475946), FPS-11 (PQ481960) and FPS-12 (PQ475949) showed direct branching with Mammaliicoccus sciuri with 92%bootstrap value  (Fig. 10a), Mammaliicoccus sciuri with 94%bootstrap value  (Fig. 10b), Mammaliicoccus sciuri with 70% bootstrap value (Fig. 10c) and Mammaliicoccus sciuri with 96% bootstrap value 96% (Fig. 10d) respectively.
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(a) FPS-9
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(b) FPS-10
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(c) FPS-11
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(d) FPS-12


Figure 10. Phylogenetic analysis of bacterial strains isolated from skin of Labeo rohita such as (a) FPS-9, (b) FPS-10, (c) FPS-11 and (d) FPS-12. Evolutionary distances were inferred by Neighbor-Joining method based on Maximum composite likelihood model using MEGA 11.

The 16s rRNA partial sequences of bacterial pathogens isolated from gills, cecum and skin of freshwater Labeo rohita were submitted to NCBI and the following GenBank accession number were obtained (Table 2).
Table 2: Details of bacterial pathogens isolated from different tissues (gills, cecum, skin) of Labeo rohita using 16s rRNA ribotyping along with GenBank accession number.
	Group
	Bacterial isolates 
	Accession Number
	Identification

	Group-1
	Gram-negative pathogens (gills)
	FPA-1

FPA-2

FPA-3

FPA-4
	PQ475925

PQ475930

PQ475935

PQ475937
	Aeromonas hydrophila

Enterobacter cloacae

Enterobacter mori

Aeromonas caviae

	Group-2
	Gram-negative opportunistic pathogens (cecum)
	FPE-5

FPE-6

FPE-7

FPE-8
	PQ475899

PQ475908

PQ475954

PQ475909
	Escherichia coli

Escherichia coli

Providencia stuarti

Escherichia coli

	Group-3
	Gram-positive pathogens (skin)
	FPS-9

FPS-10

FPS-11

FPS-12
	PQ475939

PQ475946

PQ481960

PQ475949
	Mammaliicoccus sciuri

Mammaliicoccus sciuri

Mammaliicoccus sciuri

Mammaliicoccus sciuri


Discussion
             Widespread antibiotics usage is considered as the common strategy to combat infectious diseases caused by bacterial pathogens in both human and animals (Rahman et al, 2022). Antibiotics are routinely used in freshwater aquafarming not only to combat bacterial infections but also supplemented as prophylactic agents (Bondad‐Reantaso, 2023). However, the indiscriminate overuse of antibiotic application significantly contributed to the emergence and proliferation of antibiotic-resistant opportunistic bacterial pathogens (Sherif et al, 2021). Such bacterial strains facilitate horizontal transfer of resistance genes to commensal bacterial colony, which increases the risk of multidrug resistance exhibited by bacterial pathogens and pose significant risk to public healthcare and environmental (Fu et al, 2022). The gradual rise towards acquisition of antibiotic resistance by bacterial pathogens is multifactorial including the overuse of antibiotics in fish farming, disposal of inadequately treated pharmaceutical industry effluents, inadequate infection control strategies in clinical trials, lack of proper sanitation and poor hygiene (Andleeb et al, 2020). 

The present study dealt with the molecular identification of major fish pathogenic bacterial strains isolated from different tissues (gills, cecum and skin) of Labeo rohita reared in freshwater aquafarms. Precise identification of bacterial pathogens associated with freshwater aquafarms is crucial to design effective management strategies to mitigate the outbreaks of infectious diseases caused by bacterial pathogens, fish mortality and economic loss in commercial freshwater aquafarms (Assefa and Abunna, 2018; Marijani, 2022). Twelve bacterial strains were isolated from the gills, cecum and skin of freshwater Labeo rohita. The study revealed the dominance of gram-negative bacterial isolates belonging to genera Aeromonas and Enterobacter. Several studies reported that Aeromonas sp. are the primary fish pathogens associated with many virulence factors, which cause ulcerative infections in freshwater fishes including epizootic ulcerative syndrome and red-sore disease (Sherif et al, 2021; Ksepka et al, 2021; Sarkar et al, 2021). Besides, the bacterial pathogens such as Aeromonas hydrophila and Aeromonas caviae comprise of an array of antigenic lipopolysaccharides that cause severe infectious diseases in freshwater aquafarms (Ramesh and Souissi, 2018; Lavanya et al, 2021). Several studies reported that Enterobacter cloacae and Enterobacter mori are highly prevalent in the freshwater aquafarms causing septicemia haemorrhage (Nair et al, 2021). Moreover, the acquisition of antibiotic resistance exhibited by bacterial pathogens including Aeromonas sp. and Enterobacter sp. in freshwater commercial aquafarms is alarming that led to severe economic loss globally (Ferri et al, 2022; Begum, 2024). 
Besides, several opportunistic pathogenic bacterial strains such as Escherichia coli and Providencia stuarti were reported to cause infectious diseases in freshwater fishes (Ramesh and Souissi, 2018; Cardoso et al, 2021). The relative distribution and dominance of such bacterial pathogens in freshwater aquafarms reflects the quantum of pollutants in water resources and environmental contamination leading to the gradual rise in acquiring antibiotic resistance by bacterial pathogens and zoonotic transmission (Marijani, 2022; Haenen et al, 2023). Accordingly, the bacterial isolates exhibited high prevalence of resistance against the commonly used standard antibiotics such as ampicillin, trimethoprim/sulfamethoxazole, tetracycline and cefoxitin, which can be connected to the indiscriminate usage of drugs in commercial freshwater aquafarms, which have been substantiated by several workers (Preena et al, 2020; Chowdhury et al, 2021). Nevertheless, the gram-positive pathogenic bacterial strains belonging to Staphylococcaceae family have been identified, which is an indicative of the long-term mishandling of freshwater fish aquafarms (Mhango et al, 2010). Further, the pathogenicity mediated by Mammaliicoccus sp. in causing skin lesions, systemic septicemia fin and tail rot are prevalent in freshwater aquafarms (Jalal et al, 2017; Cardoso et al, 2021). Therefore, the implementation of precise diagnosis, periodic monitoring and adoption of prompt biosafety measures is most relevant to prevent the outbreaks of infectious diseases caused by bacterial pathogens (Cardoso et al, 2021; Hedge et al, 2023).
Conclusion


The study emphasized the alarming prevalence of antibiotic-resistant pathogenic bacterial strains isolated from freshwater aquafarms. Indeed, the antibiotic resistance profiling revealed higher resistance level against standard antibiotics such as ampicillin, tetracycline, cefoxitin and trimethoprim/sulfamethoxazole, which underscore urgency to ensure sustainable stewardship of antimicrobials in all practical aspects of freshwater aquaculture. The results highlighted the need of susceptibility monitoring of antibiotics, adherence to regulations on antibiotic usage, research innovations, biosecurity and alternative strategies including the use of probiotics, phage therapy and immunostimulants not only to control infectious diseases caused by bacterial fish pathogens but also for treatment of bacterial infections. The study highlighted adverse impacts of antibiotics usage leading towards the emergence of multidrug resistant bacterial pathogens, which help in safeguarding the health of aquatic animals from infectious diseases caused by bacterial pathogens that enable sustainable aquaculture. 
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Supplementary Table
Supplementary Table 1: Breakpoint value of different antibiotics used for the antibiotic susceptibility assay of FPA-1 to FPA-4 according to CLSI guidelines.

	Code
	Antibiotic
	Breakpoints

	AMC_ND20
	Amoxicillin/Clavulanic acid
	14 - 17

	SAM_ND10
	Ampicillin/Sulbactam
	12 - 14

	CAZ_ND30
	Ceftazidime
	18 - 20

	CRO_ND30
	Ceftriaxone
	20 - 22

	CTX_ND30
	Cefotaxime
	23 - 25

	FEP_ND30
	Cefepime
	19 - 24

	FOX_ND30
	Cefoxitin
	15 - 17

	IPM_ND10
	Imipenem
	20 - 22

	AMK_ND30
	Amikacin
	15 - 16

	CIP_ND5
	Ciprofloxacin
	22 - 25

	SXT_ND1.2
	Trimethoprim/Sulfamethoxazole
	11 - 15

	CHL_ND30
	Chloramphenicol
	13 - 17

	TCY_ND30
	Tetracycline
	12 - 14


Supplementary Table 2: Breakpoint value of different antibiotics used for the antibiotic susceptibility assay of FPE-5 to FPE-8 according to CLSI guidelines.

	Code
	Antibiotic
	Breakpoints

	AMP_ND10
	Ampicillin
	14 - 16

	AMC_ND20
	Amoxicillin/Clavulanic acid
	S >= 18

	CAZ_ND30
	Ceftazidime
	18 - 20

	CRO_ND30
	Ceftriaxone
	20 - 22

	CTX_ND30
	Cefotaxime
	23 - 25

	FOX_ND30
	Cefoxitin
	15 - 17

	CPD_ND10
	Cefpodoxime
	18 - 20

	ATM_ND30
	Aztreonam
	18 - 20

	IPM_ND10
	Imipenem
	20 - 22

	AMK_ND30
	Amikacin
	15 - 16

	NAL_ND30
	Nalidixic acid
	14 - 18

	ENR_ND5
	Enrofloxacin
	17 - 22

	ENR_ND5
	Enrofloxacin
	17 - 22

	SXT_ND1.2
	Trimethoprim/Sulfamethoxazole
	11 - 15

	CHL_ND30
	Chloramphenicol
	13 - 17

	TCY_ND30
	Tetracycline
	12 - 14


Supplementary Table 3: Breakpoint value of different antibiotics used for the antibiotic susceptibility assay of FPS-9 to FPS-12 according to CLSI guidelines.
	Code
	Antibiotic
	Breakpoints

	PEN_ND10
	Penicillin G
	S >= 29

	OXA_ND1
	Oxacillin
	S >= 18       

	FOX_ND30
	Cefoxitin
	S >= 25

	GEN_ND10
	Gentamicin
	13 - 14

	CIP_ND5
	Ciprofloxacin
	16 - 20

	ENR_ND5
	Enrofloxacin
	17 - 22

	SXT_ND1.2
	Trimethoprim/Sulfamethoxazole
	11 - 15‑

	LNZ_ND30
	Linezolid
	S >= 21

	CHL_ND30
	Chloramphenicol
	13 - 17

	TCY_ND30
	Tetracycline
	18 - 22
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