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ABSTRACT 17 

Pathogenic multidrug-resistant (MDR) Escherichia coli (E. coli) may be harbored in farm-raised carp, and can be 18 

a serious but not fully recognised public health problem in Pakistan. The aim of this study was to determine the 19 

prevalence, antimicrobial resistance, virulence genes and serotypes of E. coli from the farm-raised carp of Punjab, 20 

Pakistan. Three fish ponds were sampled and a total of 250 samples (gills, muscle, body surface, intestine, and 21 

water). Culture, biochemical tests, serology, antimicrobial susceptibility testing, and multiplex PCR of stx1, stx2, 22 

and eaeA genes were used to identify isolates. The presence of E. coli in samples was observed in 14.8% of the 23 

samples with the highest prevalence in intestine (18.0%) and water (18.0%). The universal resistance to cephalexin 24 

and high resistance to rifampin and penicillin G were seen with a mean MAR index of 0.54. Tobramycin and 25 

amikacin were still totally effective. The isolates contained virulence genes stx1 (83.3%), stx2 (66.6%) and eaeA 26 

(16.6%). All three virulence genes were found in serotype O103. Thus, it is clear from these findings that 27 

antimicrobial stewardship and regular STEC monitoring is a dire need in the aquaculture industry of Pakistan. 28 

Keywords: Shiga toxin-producing Escherichia coli (STEC); virulence genes; antimicrobial resistance; MAR 29 

index; carp aquaculture; Pakistan; One Health; food safety 30 

1. INTRODUCTION 31 

Aquaculture has become the fastest-growing food producing sector worldwide and major contributor to global 32 

aquatic food supply. According to FAO, global aquaculture production reached 130.9 million tonnes in 2022, 33 

while cultured aquatic animals contributed 94.4 million tonnes, representing 51% of total aquatic animal 34 

production [1]. Globally, per capita consumption of aquatic animals increased from 9.1 kg in 1961 to 20.7 kg in 35 

2022 and 89% of aquatic animal production was directly consumed by human [2]. Aquatic foods are prime source 36 

of high-quality proteins, essential fatty acids, vitamins, and minerals contributing 15% of global animal protein 37 

intake and 3.2 billion people directly obtained 20% animal-based protein intake from aquatic animals [3, 4]. Future 38 

projections further emphasize the growing role of aquaculture, as it is expected to account for more than 85% of 39 

additional fisheries and aquaculture output and to supply 61% of fish and other aquatic products available for 40 

human consumption by 2034 (OECD-FAO Agricultural Outlook 2024-2033, 2024; FAO 2025).  41 

Carp species of the family Cyprinidae including Labeo rohita (Rohu), Catla catla (Catla), Cyprinus carpio 42 

(common carp) and Hypophthalmichthys molitrix (silver carp) constitute the most extensively farmed fish groups 43 

in global aquaculture [7]. FAO-based data shows that carps, barbels and other cyprinids were top cultured fish 44 

specie groups in 2022, producing about 32.16 million tonnes while total shared 24.6% in global aquaculture 45 

production [1, 8]. FAO SOFIA 2024 reported that carp group contributed about 18% in total aquatic animal 46 
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production [9]. In Pakistan, aquaculture is based on freshwater culture and carp group is extensively cultured in 47 

Punjab, Sindh and Khyber Pakhtunkhwa. Pakistan has 1,120 km long coastline and 3.1 million hectares inland 48 

waters, which is major contributor of South Asian Aquaculture [10, 11]. Pakistan has strong potential for carp 49 

aquaculture which contributes in food security, rural livelihoods and freshwater aquaculture development for the 50 

sustainable production [12]. 51 

Despite this production potential, Pakistani aquaculture faces persistent bacterial disease challenges [13]. 52 

Escherichia coli, a member of the family Enterobacteriaceae, is a versatile commensal of vertebrate 53 

gastrointestinal tracts whose pathogenic strains particularly Shiga toxin-producing E. coli (STEC) are globally 54 

recognised agents of severe food-borne illness [14]. STEC strains carrying stx1 and/or stx2 genes encoding Shiga 55 

toxins, and the eaeA gene encoding the adhesin intimin, are associated with haemorrhagic colitis (HC) and 56 

haemolytic uraemic syndrome (HUS) a life-threatening complication characterised by microangiopathic 57 

haemolytic anaemia, thrombocytopaenia, and acute renal failure [15, 16]. Globally, STEC O157 and non-O157 58 

serogroups (notably the 'Big Six': O26, O45, O103, O111, O121, O145) account for over 39,787 documented 59 

cases across 1,343 outbreaks since 1982, with the EU reporting 8,565 STEC cases in 2022 alone a 25% increase 60 

from 2021 [16, 17]. 61 

The unsupervised use of broad-spectrum antibiotics in aquaculture both as growth promoters and prophylactics 62 

has accelerated the emergence of antimicrobial-resistant (AMR) E. coli in farmed fish environments (Mohseni et 63 

al. 2025b). Antimicrobial resistance (AMR) bacteria are now well documented throughout Asian aquaculture 64 

systems (El Badawy et al., 2025). Meta-analysis and systematic review have revealed the excessive utilization of 65 

antibiotics in aquaculture and shows high resistance to penicillins and related β-lactams exceeded 60% in 66 

foodborne pathogens from fish [20]. 67 

Alarmingly, global antimicrobial consumption in aquaculture is projected to increase by 33% between 2017 and 68 

2030 if current practices continue [21]. Aquaculture environments serve as hotspots for horizontal gene transfer 69 

(HGT) of resistance genes via mobile genetic elements (MGEs), enabling dissemination to human-pathogenic 70 

bacteria [22, 23]. A 2023 systematic review on ESBL-producing bacteria in retail seafood found a median 71 

contamination prevalence of 19.4%, significantly higher in Asian than European products [24]. 72 

Despite the recognised significance of carp aquaculture in Pakistan and growing the global concern regarding 73 

antimicrobial resistance (AMR), there remains a lack of baseline data on the virulence determinants and 74 

antimicrobial resistance profiles of pathogenic Escherichia coli isolated from farmed fish in Pakistan. The present 75 

study therefore aims to determine E. coli prevalence across anatomical compartments of farm-raised carp, 76 
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calculate multiple antibiotic resistance (MAR) indices, molecularly detect STEC virulence genes (stx1, stx2, eaeA) 77 

by multiplex PCR, and serotype confirmed isolates to inform public health risk. 78 

2. MATERIALS AND METHODS 79 

2.1 Ethical Statement 80 

The present study was conducted in accordance with the guidelines of Society for Prevention of the Cruelty to 81 

Animals (SPCA), Pakistan. Ethical approval was granted by the Bioethical Committee of the Faculty of Fisheries 82 

and Wildlife, University of Veterinary and Animal Sciences Lahore, Pakistan (Approval No. DR/ 358-5, 12-02-83 

2024). Fish were anesthetized by immersion in buffered tricaine methanesulfonate (MS-222, 0.10 g/L) until Stage 84 

III anesthesia was achieved. Following sampling, fish were euthanized by an overdose of MS-222 (300 mg/L) 85 

until cessation of opercular movements for ≥10 minutes. Death was confirmed by absence of heartbeat and loss 86 

of spinal reflexes, in accordance with AVMA Guidelines for the Euthanasia of Animals (2020). 87 

2.2 Study Area and Sample Collection 88 

The study was conducted across three selected fish-pond sites in Punjab, Pakistan during (Fig. 1): Dera Ghazi 89 

Khan, Multan and Kasur. These sites represent intensive freshwater carp aquaculture zones producing an 90 

estimated combined output of ~5,065 tons annually. Five fish were sampled per site per month over four months 91 

using gill nets, giving a total of 60 fish. Fish were handled, anesthetized and euthanized as described in Section 92 

2.1. Samples were transported within 4 hours to the Fisheries & Aquaculture Laboratory, UVAS Ravi Campus 93 

Pattoki, in insulated cool boxes on ice. Species identity was confirmed using standard taxonomic keys (Jayaram 94 

et al., 2024). Total length (cm) and body weight (g) were recorded for each fish.  95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

 103 
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 104 

Fig. 1 Geographic distribution of fish-farm sampling sites in Punjab, Pakistan, across Dera Ghazi Khan, Multan, 105 

and Kasur. Sampling locations (blue dots) are shown within study areas (red), with district (green) and 106 

provincial (blue) boundaries and major rivers for reference; insets indicate the study region within Pakistan. 107 

 108 

 109 

 110 

 111 

Fig. 2 Sample were captured by gill net and transported on ice to the UVAS laboratory. Morphometric 112 

measurements recorded. 113 

2.3 Bacteriological Isolation and Biochemical Identification 114 

Swabs were collected aseptically from gills, body surface, muscle, and intestine (following surface disinfection 115 

with 70% ethanol and red-hot scalpel). Water samples were collected from each pond. All swabs were inoculated 116 

into nutrient broth and incubated at 37°C for 24 h. Subcultures were made onto MacConkey agar and Eosin 117 

Methylene Blue (EMB) agar (37°C, 24 h). Colonies with a characteristic metallic green sheen on EMB were 118 

subjected to Gram staining and a full IMViC biochemical panel (indole, methyl red, Voges-Proskauer, citrate) for 119 

presumptive E. coli identification [25]. Triple sugar iron (TSI) agar, urease, and oxidase tests were performed for 120 

confirmatory identification. 121 

2.4 Antimicrobial Susceptibility Testing and MAR Index 122 

Antimicrobial susceptibility was determined by the Kirby-Bauer disc diffusion method on Mueller-Hinton agar 123 

[26]. Agents tested: Penicillin G (10 µg), Tobramycin (10 µg), Rifampin (5 µg), Ofloxacin (5 µg), 124 

Chloramphenicol (30 µg), Cephalexin (30 µg), Cefotaxime (30 µg), Cefoxitin (30 µg), and Cephalothin (30 µg). 125 

E. coli ATCC 25922 served as quality control. Isolates with intermediate resistance zones were classified as 126 

resistant (conservative approach). The Multiple Antibiotic Resistance (MAR) index was calculated for each 127 

sample type as: MAR index = a / bc, where 'a' is the cumulative number of resistances across all isolates from that 128 

sample type, 'b' is the number of isolates, and 'c' is the number of antibiotics tested. MAR index >0.2 indicates 129 

high-risk antibiotic exposure environments [25]. 130 

2.5 Serological Identification 131 

(A) (B) 
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Confirmed E. coli isolates were serotyped using rapid diagnostic E. coli antisera sets targeting somatic O-antigens 132 

(DENKA SEIKEN Co., Japan), per manufacturer's instructions [27]. Isolates were screened against O26, O44, 133 

O103, O119, O125, O128, O145 and O172 antisera. 134 

2.6 DNA Extraction and Multiplex PCR 135 

DNA was extracted using the QIAamp DNA Mini Kit (Qiagen, Germany) per manufacturer's protocol with an 136 

additional heat-lysis step (100°C, 20 min). Multiplex PCR was performed in 25 µL reactions: 10 µL Emerald 137 

Amp GT PCR Master Mix (Takara, Japan), 3 µL nuclease-free water, 1 µL each forward and reverse primer (20 138 

pmol each), and 6 µL template DNA. Primer sequences for stx1 (614 bp), stx2 (779 bp), and eaeA (890 bp) are 139 

listed in Table 1. PCR conditions: initial denaturation 94°C 5 min; 35 cycles of 94°C 30 s, 60°C 30 s, 72°C 1 min; 140 

final extension 72°C 10 min. Products were resolved on 1.5% agarose gel (100 V, 45 min, ethidium bromide 141 

staining) and visualised under UV. Gel images were analysed using AlphaImager software. 142 

Table 1 Oligonucleotide primer sequences used for multiplex PCR detection of stx1, stx2, and eaeA virulence 143 

genes in E. coli isolates. 144 

Primer Sequence (5′→3′) Product (bp) Reference 

stx1 (F) 5′ ACACTGGATGATCTCAGTGG 3′ 
614 [28] 

stx1 (R) 5′ CTGAATCCCCCTCCATTATG 3′ 

stx2 (F) 5′ CCATGACAACGGACAGCAGTT 3′ 
779 [28] 

stx2 (R) 5′ CCTGTCAACTGAGCAGCACTTTG 3′ 

eaeA (F) 5′ GTGGCGAATACTGGCGAGACT 3′ 
890 [29] 

eaeA (R) 5′ CCCCATTCTTTTTCACCGTCG 3′ 

2.7 Statistical Analysis 145 

All data were expressed as frequency counts and percentages. Chi-square (χ²) tests were used to assess statistical 146 

significance of differences in E. coli prevalence across sample types; a p-value <0.05 was considered statistically 147 

significant. MAR indices were calculated using the Krumperman formula. Analyses were performed using IBM 148 

SPSS Statistics v25.0 (IBM Corp., Armonk, NY, USA). Data were entered and managed in Microsoft Excel 2019. 149 

3. RESULTS 150 

3.1 Morphological and Biochemical Characterisation 151 
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E. coli colonies on EMB agar appeared as dark-centred colonies with a characteristic metallic green sheen, 152 

confirming acid production from lactose with strong gas production. Gram staining revealed Gram-negative, pink-153 

staining, short rod-shaped organisms occurring singly or in pairs. The IMViC profile of all presumptive isolates 154 

was: indole-positive, methyl red-positive, Voges-Proskauer-negative, and citrate-negative fully consistent with E. 155 

coli (++−−). TSI reactions showed an acid butt with gas production and acid slant, urease was negative, and 156 

oxidase was negative, all consistent with the E. coli phenotype. 157 

3.2 Prevalence of E. coli by Sample Type and MAR Index 158 

E. coli was recovered from 37 of 250 samples (14.8% overall prevalence). Intestine and water samples yielded 159 

the highest positivity (18.0% each), followed by gills and body surface (16.0% each), while muscle was lowest 160 

(6.0%). Chi-square analysis showed statistically significant differences in prevalence across sample types (χ² = 161 

9.38, df = 4, p = 0.009). MAR indices for all sample types exceeded 0.2, with intestinal samples yielding the 162 

highest MAR index (0.61), confirming all sample categories derived from high-risk antibiotic exposure 163 

environments. Full data are presented in Table 2. 164 

Table 2. Prevalence of Escherichia coli and MAR index in farm-raised carp fishes from Punjab, Pakistan. 165 

Sample Type No. Examined No. Positive Prevalence (%) MAR Index* 

Gills 50 8 16.0 0.52 

Muscle 50 3 6.0 0.43 

Body Surface 50 8 16.0 0.55 

Intestine 50 9 18.0 0.61 

Water 50 9 18.0 0.58 

Total / Mean 250 37 14.8 0.54 

Note: MAR = multiple antibiotic resistance. MAR index = a/(bc), where a = total number of antibiotic resistances 166 

recorded, b = number of isolates tested, and c = total number of antibiotics evaluated. A MAR index > 0.2 indicates 167 

exposure to a high-risk environment with frequent antibiotic use. 168 

3.3 Antimicrobial Resistance Profile 169 

All 44 E. coli isolates were tested against nine antimicrobial agents. Cephalexin showed universal resistance 170 

(100%), followed by rifampin (95.4%) and penicillin G (90.9%). Cephalothin, Cefoxitin and Chloramphenicol 171 
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showed moderate resistance (86.4%, 70.5% and 29.5% respectively). Ofloxacin showed low resistance (13.6%). 172 

Tobramycin and amikacin retained complete susceptibility (0% resistance). The overall MDR rate (resistance to 173 

≥3 antibiotic classes) was 54.0% of all isolates. Data are presented in Table 3 and Figure 4. 174 

Table 3 Antimicrobial resistance profile of Escherichia coli isolates (n = 44) recovered from farm-raised Labeo 175 

rohita in Punjab, Pakistan. 176 

Antimicrobial Agent Class R (n/44) R (%) Interpretation 

Cephalexin Cephalosporin 44/44 100.0 High MDR risk 

Rifampin Rifamycin 42/44 95.4 High MDR risk 

Penicillin G 
β-Lactam 

(penicillin) 
40/44 90.9 High MDR risk 

Cephalothin Cephalosporin 38/44 86.4 Moderate 

Cefoxitin Cephamycin 31/44 70.5 Moderate 

Chloramphenicol Phenicol 13/44 29.5 Moderate 

Ofloxacin Fluoroquinolone 6/44 13.6 Low 

Tobramycin Aminoglycoside 0/44 0.0 Fully susceptible 

Amikacin Aminoglycoside 0/44 0.0 Fully susceptible 

Note: Red indicates high resistance (≥90% of isolates); yellow indicates moderate resistance (20–89%); and green 177 

indicates complete susceptibility (0% resistance). Values are expressed as the percentage of resistant isolates for 178 

each antimicrobial agent tested. 179 
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 180 

Fig. 3 Antimicrobial resistance profile of E. coli isolates (n = 44) from farm-raised carp in Punjab, Pakistan. Dark 181 

red, orange, blue and green categories represent high resistance (≥90%), moderate resistance (20–89%), low 182 

resistance (<20%), and complete susceptibility (0% resistance), respectively. Tobramycin and amikacin showed 183 

no resistant isolates. Mean MAR index = 0.54; antimicrobial susceptibility was determined by the disc diffusion 184 

method according to CLSI guidelines. 185 

3.4 Serotyping 186 

Five distinct O-serogroups were identified: O44, O103, O119, O125, and O172. O125 was the most prevalent 187 

(20.4%), followed by O119 (18.1%), O103 (16.3%), O172 (14.3%), and O44 (12.2%) 188 

3.5 PCR Detection of Virulence Genes 189 

Multiplex PCR targeting stx1, stx2, and eaeA was performed on all 44 confirmed E. coli isolates. stx1 (614 bp) 190 

was detected in 83.3% of isolates (Figure 5); stx2 (779 bp) in 66.6% (Figure 6); and eaeA (890 bp) in 16.6% 191 

(Figure 7). Serotype O103 harboured all three virulence genes simultaneously meeting molecular EHEC criteria 192 

(Table 4). stx1 and stx2 co-occurred in serotypes O119 and O172, while O44 and O125 carried stx1 only (STEC 193 

phenotype). Virulence gene prevalence across serotypes is summarised in Table 4 and Figure 8. 194 

Table 4. Distribution of virulence genes and assigned pathotypes among E. coli serogroups isolated from farm-195 

raised carp in Punjab, Pakistan. + = gene detected; − = gene not detected. Serogroup O103 (highlighted) harboured 196 

all three genes (EHEC phenotype). 197 
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Serogroup stx1 stx2 eaeA Pathotype 

O44 + − − STEC (stx1 only) 

O103 + + + EHEC (all three genes) 

O119 + + − STEC (stx1 + stx2) 

O125 + − − STEC (stx1 only) 

O172 + + − STEC (stx1 + stx2) 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 
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 212 

 213 

 214 

 215 

M   1   2    3   4    5   6   7   8  

890bp 
eaeA 

(A) 
M  1   2   3   4   5   6   7  8  

614bp  

(B) 

779bp  

(C) 
M  1   2   3   4   5   6   7   8  

stx1 stx2 

Fig. 4 Agarose gel 
electrophoresis showing 
PCR amplification of the 
eaeA intimin gene (890 bp) 
from E. coli isolates. Lane 
M: 100 bp DNA ladder; 
Lanes 1–6: positive isolates 
(890 bp band); Lanes 7–8: 
negative controls. 

Fig. 5 Agarose gel 
electrophoresis showing PCR 
amplification of the stx1 
Shiga toxin 1 gene (614 bp) 
from E. coli isolates. Lane 
M: 100 bp DNA ladder; 
Lanes 1–7: positive isolates 
(614 bp band); Lane 8: 
negative control. 

Fig. 6 Agarose gel 
electrophoresis showing PCR 
amplification of the stx2 Shiga 
toxin 2 gene (779 bp) from E. 

coli isolates. Lane M: 100 bp 
DNA ladder; Lanes 1–5: 
positive isolates (779 bp band); 
Lanes 6–8: negative controls. 
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Fig. 7 Horizontal bar chart showing prevalence of virulence genes (stx1 83.3%, stx2 66.6%, eaeA 16.6%) in E. 216 

coli isolates from farm-raised carp, Punjab, Pakistan. Multiplex PCR; Emerald Amp GT Master Mix (Takara, 217 

Japan). 218 

4. DISCUSSION 219 

4.1 Prevalence of E. coli: Context and Seasonal Considerations  220 

The overall E. coli prevalence of 14.8% recorded in farm-raised carp from Punjab, Pakistan falls within the range 221 

documented in comparable aquaculture systems internationally: Dissasa et al. [30] reported 22.8% from Ethiopian 222 

rift-valley Lakes; Yohans et al. [31] detected 23.5 % in raw fish from Dhaka city of Bangladesh; similar findings 223 

were findings were observed by  Yohans et al. [31] A more recent study from Northwest Ethiopia by Ayalew et 224 

al. [32] demonstrated that E. coli contamination rates in market fish were strongly modulated by hygiene practices 225 

and season, corroborating the view that pond management not geography alone drives contamination burden. The 226 

relatively conservative prevalence in our study likely reflects a winter sampling window (November–February). 227 

Recent evidence from Egyptian aquaculture by El Badawy et al. [33] in Scientific Reports confirmed that both E. 228 

coli pathotype prevalence and AMR gene expression are significantly higher in summer months compared to 229 

winter suggesting our data represent a conservative lower estimate of the true seasonal burden in Punjab carp 230 

farms. 231 

Tissue-specific prevalence showed intestine and pond water as highest-yielding sources (18.0% each), consistent 232 

with E. coli's enteric ecology and its persistence in aquatic environments. The statistically significant difference 233 

across sample types (χ² = 9.38, p = 0.009) confirms that site of collection matters clinically, with muscle being 234 

least contaminated (6.0%). This is consistent with Liao et al. [34], who found muscle tissue acts as a partial barrier 235 

to bacterial penetration in non-septicaemic fish. The high-water positivity (18.0%) and a MAR index of 0.58 from 236 

water samples points to persistent environmental faecal contamination likely from organic manure fertilisation, a 237 

common practice in small-scale Pakistani carp farming. Schar et al. [21] confirmed in their 749-survey meta-238 

analysis that pond water is a critical hotspot for antibiotic-resistant bacteria dissemination in Asian aquaculture. 239 

4.2 Antimicrobial Resistance: Patterns, Mechanisms, and ESBL Concerns 240 

All MAR index values exceeded 0.2 across sample types (mean 0.54), indicating that all sampled farm 241 

environments qualify as high-risk antibiotic exposure settings per the criteria of Krumperman [35]. Universal 242 

resistance to cephalexin (100%) and near-universal resistance to rifampin (95.4%) and penicillin G (90.9%) 243 

represent among the highest AMR rates reported for aquaculture-derived E. coli in South Asia. These findings 244 

align with the global systematic review by Schar et al. [21], which identified penicillin resistance (>60%) as the 245 
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most prevalent AMR phenotype in Asian aquaculture foodborne pathogens. A comprehensive global review of 246 

AMR in E. coli from fish and aquaculture by Rana et al. [36] confirmed that β-lactams, tetracyclines, quinolones, 247 

and sulfonamides dominate resistance profiles globally, with ESBL-producing strains carrying blaTEM, blaCTX-248 

M, and blaSHV genes now representing an urgent food safety concern. 249 

The universal cephalexin resistance (100%) detected here is of particular concern as it phenotypically suggests 250 

ESBL production or AmpC beta-lactamase activity [22, 27]. A recent systematic review by Uhland et al. [37] on 251 

ESBL-producing bacteria in retail seafood found a global median ESBL contamination rate of 19.4% in fish 252 

products significantly higher in Asia with CTX-M (93.6%), TEM (6.7%), and SHV (5.0%) as predominant gene 253 

types. Similar results observed reported from Indian retail market fish detected 48.88% ESBL-producing E. coli, 254 

with CTX-M-15 (47%) as the dominant variant by Sajeev et al. [27] . In the present study, although ESBL 255 

genotyping was not performed, the phenotypic cephalosporin resistance pattern strongly warrants future molecular 256 

confirmation using blaCTX-M, blaTEM, and blaSHV PCR assays a key recommendation for follow-up research. 257 

Near-universal rifampin resistance (95.4%) is an unusual finding in an aquaculture context since rifampin is not 258 

a licensed veterinary aquaculture antibiotic. This might be due to co-selection pressure by other resistance 259 

mechanisms, to acquisition of rpoB mutations by horizontal gene transfer or to indirect exposure of the 260 

environment from clinical discharge of humans into pond catchment areas, documented in Pakistani river systems 261 

[38]. In a similar finding, Lin et al. [39] found that the prevalence of E. coli resistance to rifampin in epizootic 262 

ulcerative syndrome fish in China was 5.46%, which may imply that the prevalence of E. coli resistance to 263 

rifampin in the aquaculture environment in South Asian countries might be systematically underestimated. This 264 

is a significant development from a One Health perspective because rifampin is an anti-tuberculosis cornerstone 265 

drug and any gene pool that gives rise to cross-resistance to rifampin also poses a risk of transferring to 266 

Mycobacterium tuberculosis and therefore requires urgent epidemiological vigilance. 267 

Complete susceptibility to tobramycin and amikacin (0% resistance) means 0% of the isolates were resistant to 268 

these two aminoglycosides, making them effective and therefore they can be used for empirical treatment of severe 269 

infections with STEC, and are rarely used in the fish farming industry in Pakistan. This finding is consistent with 270 

the results obtained by Patterson et al. [40]. The MDR of cultured fish was found to be 86.4 % (resistance to ≥3 271 

drug classes) which is comparable to the MDR E. coli in cultured fish of Bangladesh reported by Islam et al. 272 

(2023) 86.4% of cultured fish were MDR. This study found high MAR index value with 0.54 which is much 273 

higher than each threshold value 0.2 and similar to the range (0.5–0.88) mentioned by high AMR aquaculture 274 
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environment in Southeast Asia [41]. There is an urgency to address the multi-drug resistance of the protein source 275 

food and strictly monitored the utilization of multi-drugs in aquaculture sector.  276 

4.3 Virulence Gene Prevalence and STEC Pathotype Significance 277 

The detection of stx1 (83.3%), stx2 (66.6%), and eaeA (16.6%) confirms the widespread circulation of clinically 278 

dangerous STEC pathotypes in Pakistani carp aquaculture. These prevalence rates are notably higher than those 279 

reported by Begadiya et al. [42] from Indian freshwater fish (stx1 9.3%, stx2 16.3%) and by Mohseni et al. [43] 280 

from Iranian fish and shrimp (triple-gene combination in only 10%). In contrast, a recent multi-seafood survey by 281 

Al Qabili et al. [44] in India detected stx1, stx2, and eae in 1,518 out of 3,742 STEC isolates from fish and coastal 282 

waters, indicating that the burden in intensively farmed environments may be substantially higher than in wild 283 

fish. 284 

The high prevalence of stx2-positive strains (66.6%) is the most clinically significant finding. Shiga toxin 2 is 10–285 

100-fold more potent than Stx1 in damaging renal tubular endothelial cells, and its presence is the primary 286 

molecular risk factor for HUS progression particularly in children under five and the elderly [15]. Similar findings 287 

reported by King et al. [45] confirmed that stx2a the most clinically severe Shiga toxin subtype was detected in 288 

18% of confirmed non-O157 STEC clinical cases in England (2016–2023), where O103:H2 was the sixth most 289 

common non-O157 serogroup [46]. Future subtyping of stx2 in our isolates using the validated PCR is 290 

recommended, as stx2a-positive strains carry a substantially higher public health burden than stx2c or stx2d 291 

subtypes. 292 

The co-detection of stx1, stx2, and eaeA in serotype O103 (Table 4) represents the most alarming finding of this 293 

study. O103 is classified by the USDA as one of the 'Big Six' non-O157 STEC serogroups strains capable of 294 

causing severe haemorrhagic colitis and HUS in humans Rana et al., 2025). Soycan et al. [23] detected O103 as 295 

the most prevalent STEC serogroup (32.6%) across diverse food matrices in Turkey, including fish samples, and 296 

identified O103 as frequently co-carrying stx and eae genes. The intimin encoded by eaeA enables intimate 297 

bacterial adhesion to intestinal epithelial cells via the Locus of Enterocyte Effacement (LEE) pathogenicity island, 298 

amplifying toxin delivery and colonisation efficiency the molecular basis of the EHEC phenotype [36]. Strains 299 

simultaneously positive for stx2 and eaeA are most strongly associated with HUS, making the O103 isolates 300 

identified here among the most pathogenic E. coli strains recoverable from food fish globally. 301 

4.4 Serotype Diversity and Epidemiological Implications 302 

Five O-serogroups were identified O44, O103, O119, O125, O172 with O125 (20.4%) and O119 (18.1%) 303 

predominating. This diversity corroborates findings by Soliman. [48] from Egyptian carp aquaculture, where 304 
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O119 and O125 were similarly predominant. O125 is a well-characterised enteropathogenic serogroup historically 305 

associated with infantile diarrhoea in developing countries [43]. Its high prevalence in pond water and fish 306 

intestines in the present study is consistent with anthropogenic faecal contamination of pond catchments likely 307 

from inadequately treated human sewage, a documented pathway in Pakistani river basins (Iqbal et al., 2017). 308 

The concurrent detection of multiple serogroups simultaneously carrying virulence genes and MDR phenotypes 309 

constitutes a dual risk: direct STEC food-borne disease from consumption of undercooked fish, and indirect 310 

dissemination of resistance genes to human gut microbiota via the food chain [49, 50]. A global comparison of 311 

our findings with published studies is presented in Table 5. 312 

Table 5. Comparative summary of E. coli prevalence, virulence gene detection, and key antimicrobial resistance 313 

findings in farm-raised and market fish across published studies. NR = not reported. Present study values are 314 

highlighted. 315 

Study (Country) Fish/Source E. coli Prev. (%) Virulence Genes Key AMR Finding 

Present study 

(Pakistan) 

Carp (Labeo 

rohita) 
14.8 stx1, stx2, eaeA 

Cephalexin 100%; 

Penicillin 90.9% 

Begadiya et al. (2018, 

India) 
Freshwater fish NR stx1 9.3%, stx2 16.3% 

Ampicillin 67%; 

Streptomycin 32% 

Yohans et al. (2022, 

Ethiopia) 
Market fish NR STEC detected Ampicillin resistant 

Behshood et al. (2022, 

Iran) 
Fish & shrimp 17.5 stx1+eaeA 20% Multi-drug resistant 

Sajeev et al. (2023, 

India) 

Retail market 

fish 
39.8 ESBL-producing CTX-M-15 dominant 

Liao et al. (2021, China) Rainbow trout 76.5 STEC, EPEC, EHEC 
blaTEM 14.2%; 

MDR 

El Badawy et al. (2025, 

Egypt) 
Nile tilapia NR stx1, stx2, eaeA, bfpA 

β-lactamase + 

carbapenemase 

4.5 Public Health and One Health Perspective 316 
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The concurrent detection of MDR phenotypes (MAR mean 0.54) and STEC virulence genes in farm-raised Punjab 317 

carp represents a convergent public health hazard demanding urgent One Health intervention. The WHO has 318 

identified AMR as one of the ten greatest global health threats, with an estimated 1.27 million deaths directly 319 

attributable to AMR bacteria in 2019 with LMICs including Pakistan disproportionately affected (Naghavi et al., 320 

2024). Consuming raw or undercooked contaminated carp can directly transmit STEC to humans, with a 5–10% 321 

risk of HUS progression carrying up to 5% mortality even with intensive medical care [36]. Children under five 322 

a major consumer demographic for family-prepared freshwater fish in rural Punjab face the highest risk of life-323 

threatening HUS sequelae. 324 

Aquaculture ponds act as established hotspots for HGT of resistance genes carried on MGEs (integrons, 325 

conjugative plasmids, transposons) between fish pathogens, environmental bacteria, and human-pathogenic E. 326 

coli (Cho et al., 2023). ESBL-producing E. coli in aquatic environments can persist for months in pond sediments 327 

and re-enter human exposure pathways through water, vegetable irrigation, or farm worker contact. Caputo et al. 328 

(2023) identified aquaculture as a globally critical AMR dissemination source, with global antimicrobial 329 

consumption in aquaculture projected to rise 33% by 2030 under current trends. WorldFish [51], which leads One 330 

Health AMR surveillance in Pakistan, Bangladesh, Nepal, and Sri Lanka, has explicitly flagged the lack of 331 

standardised AMR frameworks and limited laboratory capacity in Pakistan as the primary barriers to evidence-332 

based aquaculture AMR management. 333 

4.6 Study Limitations 334 

The present study has several limitations that should be acknowledged. First, sampling was restricted to the winter 335 

season (November–February), which may underestimate peak warm-season E. coli burdens. Second, ESBL 336 

genotyping (blaCTX-M, blaTEM, blaSHV) and stx subtyping were not performed key analyses recommended in 337 

follow-up research. Third, the sample size (250 samples from 60 fish) and three-site design limits statistical power 338 

for sub-group analyses. Fourth, fish from only one dominant species (Labeo rohita) were sampled, limiting 339 

generalisability to other carp species (Catla catla, Cyprinus carpio, Hypophthalmichthys molitrix). Fifth, 340 

minimum inhibitory concentrations (MICs) were not determined, limiting mechanistic resistance interpretation. 341 

Future studies should incorporate whole-genome sequencing (WGS) for complete resistance gene 342 

characterisation, stx subtyping, and seasonal sampling. 343 

5. CONCLUSION 344 

This study provides the first comprehensive baseline molecular evidence that farm-raised carp fishes in Punjab, 345 

Pakistan harbour pathogenic, multi-drug-resistant E. coli strains carrying critical STEC virulence determinants. 346 
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The concurrent detection of stx1 (83.3%), stx2 (66.6%), and eaeA (16.6%) particularly the EHEC phenotype in 347 

serotype O103 signals a tangible and immediate public health risk in a region where carp is a dietary staple. A 348 

mean MAR index of 0.54 confirms that all sampled farm environments operate as high-risk antibiotic exposure 349 

zones. The findings make a compelling case for: (i) urgent implementation of evidence-based antimicrobial 350 

stewardship programmes in Pakistani aquaculture; (ii) mandatory pre-market STEC/EHEC screening for pond-351 

raised carp; (iii) stx subtyping and ESBL genotyping in follow-up surveillance; (iv) whole-genome sequencing of 352 

EHEC O103 isolates to characterise resistance gene content and clonal relatedness to clinical strains; and (v) a 353 

national One Health AMR action plan for the fisheries and aquaculture sector, aligned with WHO and FAO global 354 

frameworks. 355 
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