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Abstract 
The emergence of multidrug-resistant (MDR) bacterial pathogens poses a major challenge to freshwater 
aquaculture by compromising fish health, production sustainability and antimicrobial stewardship. This study 
investigated the phenotypic and molecular characteristics of multidrug-resistant members of the Enterobacter 
cloacae complex isolated from naturally diseased fish of two cyprinid carps (Labeo rohita and Catla catla) and 
evaluated the in vitro antibacterial activity of aqueous Curcuma longa extract. Eight naturally diseased fish 
belonging to two cyprinid carp species were collected from three independent disease outbreaks and 
subjected to bacteriological examination. Morphological and biochemical analyses, together with 16S rRNA 
gene sequencing, identified all isolates as members of the E. cloacae complex with 99.86–100% 16S rRNA gene 
sequence similarity to reference sequences in the NCBI GenBank database. Antimicrobial susceptibility testing 
against 12 antibiotics demonstrated that all isolates were multidrug resistant, with multiple antibiotic 
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resistance (MAR) indices ranging from 0.25 to 0.33. Universal resistance to tetracycline was observed, whereas 
all isolates remained susceptible to chloramphenicol, levofloxacin and ofloxacin. PCR analysis detected 
multiple antimicrobial resistance genes, while phenotypic characterisation revealed isolate-dependent 
variation in biofilm formation, protease and lipase activities. The aqueous C. longa extract exhibited significant 
concentration-dependent antibacterial activity, producing inhibition zones of 18.0–20.0 mm at 100 mg mL⁻¹ 
and minimum inhibitory concentration values of 12.5–25 mg mL⁻¹. These findings identify MDR members of 
the E. cloacae complex as emerging opportunistic pathogens of two cyprinid carps and highlight the potential 
of aqueous C. longa extract as a sustainable plant-derived antibacterial agent for freshwater aquaculture.   
 
Keywords: antibacterial activity; Catla catla; Curcuma longa; Enterobacter cloacae complex; freshwater aqua-
culture; Labeo rohita; multidrug resistance 

 

1 | INTRODUCTION 
Aquaculture is one of the fastest-growing food-producing 
sectors globally and plays a critical role in food security, 
nutrition and rural livelihoods. According to the Food and 
Agriculture Organization (FAO), aquaculture now supplies 
more than half of the aquatic animals consumed world-
wide, with freshwater aquaculture contributing substan-
tially to global production (FAO 2024). India is among the 
world's leading freshwater fish-producing countries, 
where Indian major carps, including Labeo rohita, Catla 
catla and Cirrhinus mrigala, are the principal cultured 
species because of their rapid growth, high market de-
mand and economic importance (Jayasankar 2018; FAO 
2024). However, production intensification through high 
stocking densities and intensive farming practices has 
increased the frequency of infectious disease outbreaks, 
posing major challenges to fish production, farm profita-
bility and aquaculture sustainability (Bondad-Reantaso et 
al. 2023). Bacterial diseases remain a major constraint, 
causing mortality, impaired growth, poor feed utilisation 
and increased production costs. Environmental stressors, 
including deteriorating water quality, elevated organic 
loading and husbandry-related stress, further compro-
mise fish immunity and predispose cultured fish to oppor-
tunistic bacterial infections (Bondad-Reantaso et al. 
2023). Among Gram-negative bacteria, members of the 
family Enterobacteriaceae have emerged as important 
opportunistic pathogens in aquaculture. Enterobacter 
cloacae, a member of the Enterobacter cloacae complex 
(ECC), has gained increasing attention because of its ge-
nomic plasticity, environmental adaptability and broad 
host range. It has been isolated from diseased freshwater 
and marine fish, ornamental fish and crustaceans exhibit-
ing haemorrhagic septicaemia, ulcerative lesions, ascites 
and high mortality, highlighting its growing significance in 
aquatic animal health (Kumar et al. 2013; Dong et al. 
2020; Preena et al. 2021; Anifowose et al. 2024; Mabrok 
et al. 2024). 

The emergence of E. cloacae has coincided with the 
rapid spread of antimicrobial resistance (AMR), posing a 
serious threat to aquaculture sustainability and public 
health. Extensive antibiotic use has accelerated the selec-
tion of multidrug-resistant (MDR) bacteria and the dis-

semination of antimicrobial resistance genes (ARGs) with-
in aquatic ecosystems (Cabello et al. 2016; FAO 2024). 
Owing to its genomic plasticity, E. cloacae readily acquires 
resistance determinants through plasmids, integrons, 
transposons and other mobile genetic elements, confer-
ring resistance to β-lactams, tetracyclines, aminoglyco-
sides, sulfonamides and fluoroquinolones (Davin-Regli 
and Pagès 2019; Qiu et al. 2024). The dissemination of 
resistance genes such as tet, sul and bla represents a ma-
jor One Health concern because these determinants can 
be horizontally transferred among environmental, animal 
and human-associated bacteria (WHO 2023; FAO 2024). 
Continuous surveillance of antimicrobial susceptibility, 
multidrug resistance, MAR indices and resistance-
associated genes is therefore essential for effective dis-
ease management and antimicrobial stewardship. In addi-
tion to AMR, the pathogenicity of E. cloacae is mediated 
by virulence determinants that promote bacterial persis-
tence and host colonisation. Biofilm formation enhances 
survival under adverse conditions and antimicrobial toler-
ance, whereas extracellular enzymes, including proteases 
and lipases, facilitate tissue invasion and disease progres-
sion (Costerton et al. 1999; Flemming et al. 2016). How-
ever, the relationship between antimicrobial resistance 
and virulence-associated traits in E. cloacae infecting In-
dian major carps remains poorly understood. 

The increasing prevalence of MDR bacterial patho-
gens has stimulated interest in plant-derived therapeutics 
as sustainable alternatives to antibiotics. Curcuma longa 
L. (turmeric) possesses broad-spectrum antibacterial, an-
tioxidant, anti-inflammatory and immunomodulatory 
properties, largely attributed to curcumin and other bio-
active phenolic compounds (Adamczak et al. 2020; Dai et 
al. 2022). These compounds inhibit bacterial growth by 
disrupting cell membranes, suppressing quorum sensing 
and biofilm formation, interfering with essential metabol-
ic pathways and attenuating bacterial virulence (Dai et al. 
2022). Although C. longa has demonstrated antibacterial 
activity against several fish pathogens, including Aer-
omonas hydrophila, Edwardsiella tarda and Enterobacter 
spp., its efficacy against MDR E. cloacae isolated from 
Indian major carps remains poorly understood (Harikrish-
nan and Balasundaram 2008; Al-Niaeem et al. 2021; Soni 
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et al. 2025). Despite these advances, studies integrating 
molecular identification, antimicrobial susceptibility pro-
filing, AMR gene detection, phenotypic virulence charac-
terisation and evaluation of the antibacterial efficacy of C. 
longa against E. cloacae isolated from naturally diseased 
Indian major carps remain scarce. Therefore, the present 
study aimed to isolate and molecularly characterise E. 
cloacae from naturally diseased Indian major carps; de-
termine their antimicrobial susceptibility profiles, multi-
drug resistance status, MAR indices, antimicrobial re-
sistance genes and phenotypic virulence-associated traits; 
and evaluate the in vitro antibacterial efficacy and mini-
mum inhibitory concentration (MIC) of aqueous C. longa 
extract. Collectively, this study provides novel insights 
into the emergence, antimicrobial resistance and viru-
lence characteristics of E. cloacae associated with Labeo 
rohita and Catla catla while highlighting the potential of 
C. longa as a sustainable plant-derived antibacterial agent 
for disease management in freshwater aquaculture. 
 
 

2 | METHODOLOGY 
2.1 Sample collection and bacterial isolation 
Disease investigations were conducted during natural 
outbreaks of bacterial disease in cultured Indian major 

carps reared in commercial earthen ponds in Ladwa and 
Sultanpur villages, Hisar district, Haryana, India (Figure 1). 
A total of eight naturally diseased fish, comprising five 
rohu (Labeo rohita) and three catla (Catla catla), were 
collected from three independent disease outbreaks: two 
fish from Ladwa in August, three fish from Ladwa in De-
cember, and three fish from Sultanpur in December. The 
sampled fish included L. rohita and C. catla exhibiting 
characteristic clinical signs, including haemorrhagic 
patches and ulcerative skin lesions. Fish weighing approx-
imately 85–210 g were transported alive to the laboratory 
in aerated containers for immediate bacteriological exam-
ination. The external surface surrounding each lesion was 
disinfected with 70% ethanol and lesion samples were 
aseptically collected using sterile cotton swabs. Each 
sample was streaked individually onto Nutrient Agar (NA; 
HiMedia Laboratories Pvt. Ltd., Mumbai, India) and incu-

bated at 32±2C for 24–48 h. The predominant bacterial 
colony morphotype from each lesion sample was selected 
and purified by repeated streaking on fresh NA plates to 
obtain pure cultures. Purified isolates were maintained on 

NA slants at 4C for routine laboratory use and preserved 

in sterile 20% (v/v) glycerol at −80C for long-term stor-
age.  

 
 

 
FIGURE 1 Fish sampling locations in Hisar District of Haryana, India. 
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2.2 Morphological and biochemical characterisation 
All eight bacterial isolates recovered from the diseased 
fish were initially subjected to preliminary phenotypic 
characterisation based on colony morphology, including 
colony size, colour, pigmentation, opacity, surface tex-
ture, elevation and margin, after incubation on Nutrient 

Agar at 32±2C for 24 h. Gram reaction was determined 
by Gram staining and the potassium hydroxide (KOH) 
string test. Preliminary phenotypic identification was per-
formed according to Brenner et al. (2005) using conven-
tional biochemical tests, including catalase, oxidase, mo-
tility, citrate utilisation, urease, indole production, methyl 
red (MR), Voges–Proskauer (VP), nitrate reduction and 
triple sugar iron (TSI) test. Following this initial screening, 
one isolate from each of the three epidemiologically dis-
tinct outbreak events was selected for further investiga-
tion. This selection strategy was adopted to ensure repre-
sentation of all three outbreak events while avoiding re-
dundant detailed characterisation of multiple isolates 
from the same outbreak. The three selected isolates were 
designated EC-LA1, EC-LD1 and EC-ST1 and were subject-
ed to further molecular and antimicrobial characterisa-
tion. 

 
2.3 Molecular identification by 16S rRNA gene sequenc-
ing 
Genomic DNA was extracted from purified bacterial iso-
lates using the HiPurA® Bacterial Genomic DNA Purifica-
tion Kit (MB505, HiMedia Laboratories Pvt. Ltd., Mumbai, 
India) according to the manufacturer's instructions. The 
concentration and purity of the extracted DNA were de-
termined using a NanoDrop spectrophotometer prior to 
PCR amplification. The nearly full-length 16S rRNA gene 
was amplified using the universal bacterial primers 27F 

(5-AGAGTTTGATCMTGGCTCAG-3) and 1492R (5-

TACGGYTACCTTGTTACGACTT-3) (Weisburg et al. 1991) 
procured from HiMedia Laboratories Pvt. Ltd., Mumbai, 
India. PCR amplification was performed in a 50 μL reac-
tion mixture containing 25 μL of 2× PCR Master Mix 
(HiMedia Laboratories Pvt. Ltd., Mumbai, India), 0.2 μM 
of each primer, 2 μL of genomic DNA template and nucle-
ase-free water to the final volume. Amplification consist-

ed of an initial denaturation at 94C for 5 min, followed 

by 35 cycles of denaturation at 94C for 30 sec, annealing 

at 55C for 30 sec and extension at 72C for 45 sec, with a 

final extension at 72C for 5 min. PCR products were re-
solved by electrophoresis on 1.5% agarose gel, visualised 
using a gel documentation system and the purified ampli-
cons were commercially sequenced by the Sanger meth-
od (HiMedia Laboratories Pvt. Ltd., Mumbai, India). The 
obtained sequences were analysed using the BLASTn al-
gorithm against the NCBI GenBank database for species-
level identification. Phylogenetic analysis was performed 
in MEGA 12. Sequences were aligned using MUSCLE, and 

the final alignment comprised 1,160 nucleotide positions. 
Phylogenetic relationships were inferred using the Neigh-
bor-Joining method (Saitou and Nei 1987) with the Ki-
mura two-parameter model and 1,000 bootstrap repli-
cates. Reference sequences were retrieved from NCBI 
GenBank based on BLASTn sequence identity and query 
coverage. Gaps and missing data were handled by pair-
wise deletion. 

 
2.4 Antibiotic susceptibility testing 
Antimicrobial susceptibility of the bacterial isolates was 
evaluated using the Kirby–Bauer disc diffusion method on 
Mueller–Hinton Agar (MHA) according to the standard 
procedure described by Bauer et al. (1966). Fresh over-
night bacterial cultures were adjusted to the 0.5 McFar-
land turbidity standard (approximately 1.5×10⁸ CFU mL⁻¹) 
and uniformly spread onto MHA plates using sterile cot-
ton swabs. Commercial antibiotic discs (HiMedia Labora-
tories Pvt. Ltd., Mumbai, India) were aseptically placed on 
the inoculated agar surface and the plates were incubat-

ed at 32±2C for 24 h. A total of 12 antibiotics represent-
ing different antimicrobial classes were evaluated: ampi-
cillin (10 µg), ciprofloxacin (5 µg), chloramphenicol (30 
µg), gentamicin (10 µg), levofloxacin (5 µg), tetracycline 
(30 µg), amikacin (30 µg), tobramycin (10 µg), cefotaxime 
(30 µg), nalidixic acid (30 µg), ofloxacin (5 µg) and cefix-
ime (5 µg). Following incubation, the diameters of the 
inhibition zones were measured in millimetres and inter-
preted as susceptible (S), intermediate (I), or resistant (R) 
according to the Clinical and Laboratory Standards Insti-
tute (CLSI) M100, 33rd edition (2023) guidelines. The Mul-
tiple Antibiotic Resistance (MAR) index was calculated as 
per Krumperman (1983) and multidrug-resistance (MDR) 
classification was determined according to the criteria of 
Magiorakos et al. (2012). 

 
2.5 Detection of antimicrobial resistance (AMR) genes 
The presence of selected antimicrobial resistance (AMR) 
genes, including tetracycline resistance genes (tetA, tetC 
and tetS), sulfonamide resistance genes (sul1 and sul2) 
and the β-lactamase gene (blaSHV), was investigated by 
conventional PCR using gene-specific primers (Table 1). 
Genomic DNA extracted from the bacterial isolates served 
as the template. Each 25 μL PCR reaction contained 12.5 
μL of 2× PCR Master Mix (HiMedia Laboratories Pvt. Ltd., 
Mumbai, India), 0.5 μL each of forward and reverse pri-
mers (10 μM), 2 μL of template DNA and nuclease-free 
water. Nuclease-free water was included as a no-
template negative control in each PCR run. A positive con-
trol was not included. PCR amplification was performed 
under gene-specific cycling conditions (Table 1). Amplified 
products were resolved by electrophoresis on 1.5% aga-
rose gels, stained with a nucleic acid stain, visualised un-
der UV illumination using a gel documentation system, 
and assessed based on the expected amplicon sizes. 
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TABLE 1 Primers used for PCR amplification of antimicrobial resistance (AMR) genes and PCR conditions. 

Gene Primer sequence (5–3) Amplicon size (bp) PCR conditions Reference 

tetA F: GCTACATCCTGCTTGCCTT 
R: CATAGATCGCCGTGAAGAGG 

210 95C, 5 sec; 60C, 30 sec; 72C, 
30 sec (35 cycles) 

Ayoub et al. 
(2024) 

tetC F: TCTAACAAATGCGCTCATCGT 
R: GGTTGAAGGCTCTCAAGGC 

570 94C, 30 sec; 62C, 30 sec; 72C, 
45 sec (35 cycles) 

Schmidt et al. 
(2001) 

tetS F: CATAGACAAGCCGTTGACC 
R: ATGTTTTTGGAACGACAGAG 

667 95C, 30 sec; 56C, 60 sec; 72C, 
45 sec (35 cycles) 

Ng et al. (2001) 

sul1 F: CGCACCGGAAACATCGCTGCAC  
R: TGAAGTTCCGCCCAAGGCTCG 

163 94C, 30 sec; 62C, 30 sec; 72C, 
45 sec (35 cycles) 

Ayoub et al. 
(2024) 

sul2 F: TGCGGATGAAGTCAGCTCC 
R: GGGGGCAGATGTGATCGAC 

623 94C, 30 sec; 60C, 30 sec; 72C, 
30 sec (35 cycles) 

Mala et al. 
(2017) 

blaSHV F: AGGATTGACTGCCTTTTTG 
R: ATTTGCTGATTTCGCTCG 

392 94C, 30 s; 54C, 40 s; 72C, 40 
sec (35 cycles) 

Ayoub et al. 
(2024) 

 
 
2.6 Determination of phenotypic virulence factors 
The phenotypic virulence potential of the E. cloacae iso-
lates was evaluated by assessing biofilm formation, pro-
tease and lipase production following standard protocols. 
Biofilm formation was determined by the qualitative tube 
adherence method (Christensen et al. 1982), whereas 
protease and lipase activities were evaluated on skim milk 
agar and tributyrin agar according to Smibert and Krieg 
(1994) and Sierra (1957), respectively. The presence of a 
crystal violet-stained film (biofilm) or a clear hydrolytic 
zone (protease and lipase) was recorded as positive (+), 
while the absence of these characteristics was recorded 
as negative (−). 
 
2.7 Evaluation of the antibacterial activity of Curcuma 
longa aqueous extract 
 
2.7.1 Preparation of extract and agar well diffusion as-
say: Aqueous extract of C. longa rhizomes was prepared 
as described previously (Soni et al. 2025). Briefly, fresh 
rhizomes were washed, shade-dried and ground into 
powder, mixed with distilled water (1:10, w/v), agitated 
on an orbital shaker (120 rpm, 48 h), filtered (Whatman 
No. 1), centrifuged (2,500 × g, 10 min) and the superna-
tant concentrated under reduced pressure and stored at -

20C. The resulting extract was evaluated for antibacterial 
activity by the agar well diffusion method. Overnight bac-
terial cultures adjusted to 0.5 McFarland standard were 
uniformly spread onto Mueller-Hinton agar (MHA) using 
sterile cotton swabs and wells of 6 mm diameter were 
prepared using a sterile cork borer and each well was 
loaded with 100 μL of aqueous extract at one of four con-
centrations (100, 50, 25, 12.5 mg mL⁻¹). Sterile distilled 
water served as the negative control and a chlorampheni-
col disc (30 µg) served as the positive control. Plates were 
held at room temperature for 1 h to permit extract diffu-

sion, then incubated at 32±2C for 24 h and inhibition 
zone diameters were measured in millimetres in tripli-
cate. 

2.7.2 Determination of minimum inhibitory concentra-
tion (MIC): MIC of the aqueous extract against E. cloacae 
isolates was determined by broth microdilution in sterile 
96-well microtiter plates following Sarker et al. (2007), 
with slight modifications. Two-fold serial dilutions of the 
extract (100 mg mL⁻¹ stock) were prepared in Mueller–
Hinton Broth (MHB) to yield final concentrations of 50–
0.024 mg mL⁻¹, with each well containing extract and bac-
terial suspension (~5 × 10⁵ CFU mL⁻¹) in a final volume of 

100 μL. Plates were incubated at 32±2C for 24 h, fol-
lowed by addition of 30 μL of 0.015% (w/v) resazurin as a 
growth indicator; MIC was recorded as the lowest con-
centration preventing the blue-to-pink colour change. 
Sterility, growth and medium controls were included and 
assays were performed in triplicate. 
 
2.8 Data analysis 
Data are expressed as mean ± SD of three technical repli-
cates (n = 3). Statistical analysis was performed using IBM 
SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, USA). 
Differences among treatment means were analysed by 
one-way analysis of variance (ANOVA) followed by Tuk-
ey's HSD test. Statistical significance was accepted at p < 
0.05. 
 
 

3 | RESULTS 
3.1 Clinical signs and gross pathology 
Naturally diseased L. rohita and C. catla exhibited multi-
focal ulcerative lesions on the dorsal and lateral body 
surfaces, accompanied by haemorrhagic patches around 
the fins and operculum. Affected fish also displayed leth-
argy, reduced feeding activity and erratic swimming be-
haviour. Internal examination revealed ascitic fluid accu-
mulation within the peritoneal cavity. 
 
3.2 Colony morphology and biochemical characterisation 
Morphological and biochemical characterisation of all 
purified isolates recovered from the eight diseased fish 



 Multidrug-resistant Enterobacter cloacae in carps and Curcuma 
Soni et al. 

  

Journal of Fisheries  Page 6 of 12 Volume 15 | Issue 1 | Article 151214  
 

revealed similar phenotypic characteristics among iso-
lates obtained from the same disease outbreak. There-
fore, one representative isolate from each outbreak (EC-
LA1, EC-LD1 and EC-ST1) was selected for detailed charac-
terisation. The representative isolates produced cream-
coloured, circular, smooth, convex and opaque colonies 

on Nutrient Agar after incubation at 32±2C for 24 h. All 
isolates were Gram-negative, KOH-positive, catalase-
positive, oxidase-negative and motile. They were positive 
for citrate utilisation, Voges–Proskauer (VP), nitrate re-
duction and produced an acid slant/acid butt (A/A) reac-
tion with gas but no hydrogen sulfide (H₂S) on Triple Sug-
ar Iron (TSI) agar. All isolates were negative for indole 
production and methyl red (MR) reaction. Urease activity 
differed among the isolates, with EC-LA1 and EC-ST1 test-
ing positive and EC-LD1 testing negative. Overall, the 
morphological and biochemical characteristics were con-
sistent with those of E. cloacae (Table 2). 
 
3.3 Molecular identification and phylogenetic analysis 
PCR amplification of the 16S rRNA gene yielded a single 
amplicon of approximately 1,500 bp in all three bacterial 

isolates (EC-LA1, EC-LD1 and EC-ST1). NCBI BLASTn analy-
sis of the obtained 16S rRNA gene sequences identified all 
three isolates as E. cloacae, with 99.86–100% sequence 
identity and 100% query coverage against reference se-
quences available in the NCBI GenBank database. The 
representative sequences were deposited in GenBank 
under accession numbers PP987319 (EC-LA1), PP980717 
(EC-LD1) and PP981421 (EC-ST1). Phylogenetic analysis 
revealed that all three isolates clustered with reference E. 
cloacae sequences and were clearly separated from the 
outgroup Escherichia coli (X80724) (Figure 2). Isolate EC-
LD1 clustered most closely with the reference E. cloacae 
strain PV882369, with a bootstrap value of 100%. This 
cluster was further associated with isolate EC-ST1 and 
reference strain PX272174, supported by bootstrap val-
ues of 84% and 80%, respectively. In contrast, isolate EC-
LA1 formed a separate subclade with reference strains 
KY930712 and KJ607605, supported by bootstrap values 
of 78% and 92%, respectively. Overall, the phylogenetic 
relationships were consistent with the molecular identifi-
cation of all three isolates as E. cloacae. 

 
TABLE 2 Morphological and biochemical characteristics of Enterobacter cloacae isolates. 

Characteristic E. cloacae EC-LA1 E. cloacae EC-LD1 E. cloacae EC-ST1 

Gram stain − − − 
KOH string test + + + 
Catalase + + + 
Oxidase − − − 
Motility + + + 
Citrate utilisation + + + 
Indole production − − − 
Urease + − + 
Methyl red (MR) − − − 
Voges–Proskauer (VP) + + + 
Nitrate reduction + + + 
Triple Sugar Iron (TSI) A/A, Gas, H₂S− A/A, Gas, H₂S− A/A, Gas, H₂S− 

Note: +, positive reaction; −, negative reaction; A/A, acid slant/acid butt; Gas, gas production; H₂S−, no hydrogen sulfide 
production. 
 

 

FIGURE 2 Neighbor-joining phylogenetic tree 
based on 16S rRNA gene sequences showing rela-
tionships of Enterobacter cloacae isolates EC-LA1 
(PP987319), EC-LD1 (PP980717) and EC-ST1 
(PP981421) with GenBank reference sequences, 
using Escherichia coli (X80724) as the outgroup. 
Bootstrap values (%) from 1,000 replications are 
shown at branch nodes. Scale bar = 0.02 substitu-
tions per nucleotide position. 



 Multidrug-resistant Enterobacter cloacae in carps and Curcuma 
Soni et al. 

  

Journal of Fisheries  Page 7 of 12 Volume 15 | Issue 1 | Article 151214  
 

 

3.4 Antibiotic susceptibility test  
The antimicrobial susceptibility profiles of the three E. 
cloacae isolates against 12 antimicrobial agents are pre-
sented in Figure 3, while the MAR index and MDR profiles 
are summarised in Table 3. All isolates were uniformly 
susceptible to chloramphenicol, levofloxacin and ofloxa-
cin, whereas complete resistance to tetracycline was ob-
served in all isolates. Isolate-specific resistance patterns 
varied: EC-LA1 was resistant to ampicillin, nalidixic acid, 
cefixime and tetracycline; EC-LD1 was resistant to ciprof-
loxacin, cefixime and tetracycline, with intermediate sus-

ceptibility to gentamicin and amikacin; and EC-ST1 was 
resistant to ampicillin, ciprofloxacin, tobramycin and tet-
racycline, with intermediate susceptibility to cefotaxime. 
Overall, all three isolates exhibited resistance to multiple 
antimicrobial classes and were therefore classified as 
multidrug-resistant (MDR). The MAR index ranged from 
0.25 to 0.33, with EC-LA1 and EC-ST1 each exhibiting re-
sistance to four antibiotics representing four antimicrobi-
al classes (MAR = 0.33), whereas EC-LD1 exhibited re-
sistance to three antibiotics belonging to three antimicro-
bial classes (MAR = 0.25). 

 
 

 

FIGURE 3 Heatmap showing 
the antimicrobial susceptibil-
ity profiles of Enterobacter 
cloacae isolates (EC-LA1, EC-
LD1 and EC-ST1) against 12 
antimicrobial agents, inter-
preted according to CLSI 
(2023) guidelines. Antibiotics 
are grouped according to 
their antimicrobial classes. 
Green, yellow and red indi-
cate susceptible (S), interme-
diate (I) and resistant (R), 
respectively. 

 
 
TABLE 3 Multiple antibiotic resistance (MAR) index and multidrug resistance (MDR) profile of Enterobacter cloacae iso-
lates. 

Isolate MAR index No. of resistant antimicrobial classes MDR status 

E. cloacae EC-LA1 0.33 4 (Penicillin, Quinolone, Tetracycline, Cephalosporin) MDR 
E. cloacae EC-LD1 0.25 3 (Fluoroquinolone, Tetracycline, Cephalosporin) MDR 
E. cloacae EC-ST1 0.33 4 (Penicillin, Fluoroquinolone, Tetracycline, Aminoglycoside) MDR 

 
 
3.5 Antibacterial activity of Curcuma longa aqueous ex-
tract 
The antibacterial activity of the aqueous extract of Cur-
cuma longa against E. cloacae isolates was evaluated by 
the agar well diffusion assay, and the minimum inhibitory 
concentration (MIC) was determined by the broth micro-
dilution method (Table 4; Figure 4). The aqueous extract 

exhibited a clear concentration-dependent antibacterial 
effect against all three isolates. The largest inhibition 
zones were observed at the highest extract concentration 
(100 mg mL⁻¹), ranging from 18.0±0.8 mm to 20.0±1.0 
mm, whereas the smallest inhibition zones were recorded 
at 12.5 mg mL⁻¹, ranging from 7.0±0.6 mm to 9.0±1.0 mm. 
No inhibition was observed in the negative control, while 
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the positive control, chloramphenicol (30 µg), produced 
inhibition zones ranging from 18.9±0.8 mm to 22.1±0.4 
mm. The positive and negative controls were included to 
validate assay performance and were not subjected to 
statistical comparison with the extract treatments. 
Among the tested isolates, E. cloacae EC-LA1 exhibited 
the greatest susceptibility to the aqueous extract, produc-
ing the largest inhibition zones at all tested concentra-
tions and the lowest MIC value (12.5 mg mL⁻¹). In con-
trast, EC-LD1 and EC-ST1 exhibited comparatively lower 
susceptibility, with identical MIC values of 25 mg mL⁻¹. 
One-way analysis of variance (ANOVA) revealed that ex-
tract concentration had a highly significant effect on the 
inhibition zone diameter of EC-LA1 (F3,8 = 112.27, p < 
0.001), EC-LD1 (F3,8 = 97.87, p < 0.001) and EC-ST1 (F3,8 = 
147.26, p < 0.001). Tukey's HSD test further confirmed 
significant differences in inhibition zone diameters among 
all tested extract concentrations for each isolate (p < 

0.05). Collectively, these findings demonstrate that the 
aqueous extract of C. longa possesses significant concen-
tration-dependent antibacterial activity against MDR E. 
cloacae isolates. 

 
3.6 Phenotypic virulence potential of the isolates 
The phenotypic virulence-associated traits of the three E. 
cloacae isolates were evaluated based on biofilm for-
mation, protease production and lipase activity (Table 5). 
Biofilm formation was observed in isolates EC-LA1 and EC-
LD1, whereas EC-ST1 was biofilm-negative. Protease ac-
tivity was detected in EC-LA1 and EC-ST1 but was absent 
in EC-LD1. In contrast, lipase activity was detected in EC-
LD1 and EC-ST1 but not in EC-LA1. None of the isolates 
exhibited all three virulence-associated traits simultane-
ously, indicating variability in the phenotypic expression 
of virulence factors among the E. cloacae isolates.  

 
 
 
TABLE 4 Antibacterial activity of Curcuma longa aqueous extract against Enterobacter cloacae isolates determined by the 
agar well diffusion assay and minimum inhibitory concentration (MIC). 

Isolate 

Zone of inhibition (mm) 
MIC  
(mg mL⁻¹) 

100  
mg mL⁻¹ 

50  
mg mL⁻¹ 

25  
mg mL⁻¹ 

12.5  
mg mL⁻¹ 

Negative  
control 

Chloramphenicol  
(30 µg) 

E. cloacae EC-LA1 20.0±1.0ᵃ 17.3±0.6ᵇ 13.0±0.5ᶜ 9.0±1.0ᵈ No inhibition 22.1±0.4 12.5 
E. cloacae EC-LD1 18.0±0.8ᵃ 15.0±1.0ᵇ 11.0±0.9ᶜ 7.0±0.6ᵈ No inhibition 18.9±0.8 25.0 
E. cloacae EC-ST1 18.5±0.7ᵃ 13.9±0.4ᵇ 10.1±0.7ᶜ 7.2±0.9ᵈ No inhibition 21.5±0.9 25.0 

Values are presented as mean ± SD of three technical replicates (n = 3). Different lowercase superscript letters within the 
same row indicate significant differences among extract concentrations (one-way ANOVA followed by Tukey's HSD test, p 
< 0.05). Positive (chloramphenicol) and negative controls were included for assay validation only and were excluded from 
statistical comparisons. 
 
 
 

 

FIGURE 4 Antibacterial 
activity of the aqueous 
extract of Curcuma longa 
against Enterobacter cloa-
cae isolates determined by 
the agar well diffusion 
assay at different extract 
concentrations. Bars data 
are presented as mean ± 
SD of three technical repli-
cates (n = 3). 
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TABLE 5 Phenotypic virulence-associated traits of Entero-
bacter cloacae isolates. 

Isolate Biofilm Protease Lipase 

E. cloacae EC-LA1 + + − 
E. cloacae EC-LD1 + − + 
E. cloacae EC-ST1 − + + 

 
 
3.7 Distribution of antimicrobial resistance (AMR) genes 
The distribution of tetracycline resistance genes (tetA, 
tetC, tetS), sulfonamide resistance genes (sul1, sul2) and 
the β-lactamase gene (blaSHV) among the three E. cloa-
cae isolates is presented in Table 6. The tetA gene was 
detected in EC-LA1 and EC-LD1 but was absent in EC-ST1, 
whereas tetC was detected exclusively in EC-LD1. The tetS 
gene was present in both EC-LD1 and EC-ST1 but absent 
in EC-LA1. Among the sulfonamide resistance genes, sul1 
was detected exclusively in EC-LA1, while sul2 was de-
tected in EC-LA1 and EC-ST1 but absent in EC-LD1. The β-
lactamase gene blaSHV was detected in EC-LA1 and EC-
LD1 but not in EC-ST1. Overall, each isolate carried a dis-
tinct combination of resistance genes. EC-LA1 and EC-LD1 
each harboured the highest number of AMR genes (four 
genes each), comprising tetA, sul1, sul2 and blaSHV in EC-
LA1 and tetA, tetC, tetS and blaSHV in EC-LD1. In contrast, 
EC-ST1 carried the fewest resistance genes, harbouring 
only tetS and sul2. Notably, the co-occurrence of tetracy-
cline and sulfonamide or β-lactamase resistance genes 
across isolates suggests the possible presence of re-
sistance gene clusters or co-transfer via mobile genetic 
elements, warranting further investigation. 
 
 
TABLE 6 Distribution of AMR genes among Enterobacter 
cloacae isolates. 

Isolate tetA tetC tetS sul1 sul2 blaSHV 

E. cloacae EC-LA1 + − − + + + 
E. cloacae EC-LD1 + + + − − + 
E. cloacae EC-ST1 − − + − + − 

Note: + = gene detected; − = gene not detected 
 
 

4 | DISCUSSION 
4.1 Phenotypic and molecular characterisation 
The present study characterised three representative E. 
cloacae isolates recovered from naturally diseased L. rohi-
ta and C. catla during bacterial disease outbreaks in Har-
yana, India, through integrated phenotypic, molecular, 
antimicrobial resistance and virulence profiling. The clini-
cal signs observed in naturally infected L. rohita and C. 
catla, including multifocal ulcerative lesions, haemorrhag-
ic patches, lethargy, erratic swimming behaviour and as-
citic fluid accumulation, are consistent with systemic bac-
terial septicaemia associated with opportunistic Gram-
negative pathogens. Comparable pathological manifesta-

tions have been reported in E. cloacae-infected Pan-
gasianodon hypophthalmus (Kumar et al. 2013), mullets 
(Mugil cephalus and M. capito) (Mabrok et al. 2024), Afri-
can catfish (Clarias gariepinus) (Anifowose et al. 2024) 
and experimentally infected red swamp crayfish (Procam-
barus clarkii) (Dong et al. 2020). Although similar clinical 
manifestations have been reported in different aquatic 
hosts, these signs are not specific to E. cloacae and may 
occur in infections caused by other pathogens. Environ-
mental stress, deteriorating water quality and compro-
mised host immunity may also contribute to disease de-
velopment by facilitating bacterial colonisation and dis-
semination. Therefore, the recovery of E. cloacae from 
the diseased carp examined in this study indicates an as-
sociation with the investigated outbreaks but does not, by 
itself, establish causation. 

The combined application of conventional bacterio-
logical methods and 16S rRNA gene sequencing enabled 
identification of the representative isolates as E. cloacae. 
Their morphological and biochemical characteristics were 
consistent with previous descriptions from diseased fish 
(Kumar et al. 2013; Preena et al. 2021; Anifowose et al. 
2024; Mabrok et al. 2024), while sequencing revealed 
99.86–100% similarity to reference sequences in Gen-
Bank. Phylogenetic analysis revealed that the isolates 
clustered within the E. cloacae lineage but formed distinct 
subclades, indicating sequence variation among the inves-
tigated isolates. The integration of phenotypic and mo-
lecular approaches strengthened the identification pro-
cess, which is particularly important because members of 
the E. cloacae complex exhibit substantial phenotypic 
similarity despite considerable genomic diversity. Accord-
ingly, although 16S rRNA gene sequencing remains useful 
for routine bacterial identification, multilocus sequence 
analysis or whole-genome sequencing would provide im-
proved resolution among closely related strains (Davin-
Regli and Pagès 2019; Rahi et al. 2024; Qiu et al. 2024). 
Consequently, the identification should be interpreted in 
view of the limited discriminatory power of 16S rRNA 
gene sequencing for distinguishing closely related mem-
bers of the E. cloacae complex. 

 
4.2 Antimicrobial resistance and resistance gene profiles 
All isolates exhibited multidrug resistance, with MAR in-
dex values ranging from 0.25 to 0.33, indicating exposure 
to environments under considerable antimicrobial selec-
tion pressure. According to Krumperman (1983), MAR 
values exceeding 0.20 are indicative of high-risk environ-
ments with frequent antibiotic exposure. Similar multi-
drug-resistant E. cloacae isolates with elevated MAR indi-
ces have been reported from diseased mullets (Mabrok et 
al. 2024) and African catfish (Anifowose et al. 2024), 
whereas higher resistance levels have been described in 
isolates recovered from diseased crayfish and ornamental 
fish (Dong et al. 2020; Preena et al. 2021). Although the 
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observed MAR indices suggest possible exposure to anti-
microbial selection pressure, antimicrobial usage and the 
source of resistance were not directly investigated in this 
study. Universal resistance to tetracycline further indi-
cates a consistent tetracycline-resistant phenotype 
among the tested isolates, whereas chloramphenicol, 
levofloxacin and ofloxacin remained effective against all 
isolates under the conditions of the susceptibility tests 
performed. These findings highlight the importance of 
routine antimicrobial susceptibility testing for evidence-
based therapeutic decisions. 

The detection of tetA, tetC, tetS, sul1, sul2 and 
blaSHV based on the expected PCR amplicon sizes was 
consistent with the observed resistance phenotypes and 
agrees with previous reports of multidrug-resistant E. 
cloacae from aquatic environments (Anifowose et al. 
2024; Mabrok et al. 2024). However, the identities of the-
se PCR products were not confirmed by sequencing; 
therefore, their identification should be interpreted as 
presumptive. Variation in the distribution of tet genes 
despite universal tetracycline resistance, together with 
the broad resistance profile of EC-ST1 despite harbouring 
fewer PCR-detected resistance genes, suggests that addi-
tional mechanisms, including chromosomal mutations, 
multidrug efflux systems or other uncharacterised re-
sistance determinants, may also contribute to the re-
sistant phenotype. Such genotype–phenotype discrepan-
cies are consistent with the genomic plasticity of the E. 
cloacae complex, which facilitates the acquisition, loss 
and regulation of diverse antimicrobial resistance deter-
minants (Davin-Regli and Pagès 2019). Consequently, 
phenotypic resistance cannot always be fully explained by 
the detection of a limited number of resistance genes. 
Furthermore, as the PCR screening targeted only selected 
resistance genes, other resistance determinants may have 
remained undetected. The distinct combinations of PCR-
detected resistance determinants among the isolates fur-
ther demonstrate variation in the resistance gene profiles 
of the three investigated isolates. 
 
4.3 Phenotypic virulence-associated traits 
The three representative E. cloacae isolates exhibited 
strain-dependent variation in biofilm formation, protease 
production and lipase activity, consistent with previous 
observations in E. cloacae and other opportunistic Enter-
obacteriaceae (Davin-Regli and Pagès 2019; Mabrok et al. 
2024). Biofilm formation was observed in EC-LA1 and EC-
LD1, whereas extracellular enzyme production differed 
among isolates, indicating that the virulence-associated 
traits assessed in this study varied among the isolates. 
Biofilms enhance bacterial persistence by protecting cells 
from environmental stress and host immune responses, 
whereas extracellular proteases and lipases may facilitate 
tissue interactions and nutrient acquisition (Costerton et 
al. 1999; Flemming et al. 2016). However, these in vitro 

observations do not directly establish the contribution of 
individual traits to disease severity in carp. No consistent 
relationship was observed between individual virulence 
traits and susceptibility to C. longa, suggesting that anti-
bacterial susceptibility is influenced by multiple physio-
logical and genetic factors rather than by any single phe-
notypic characteristic. 
 
4.4 Antibacterial activity of aqueous Curcuma longa ex-
tract 
The aqueous extract of C. longa exhibited concentration-
dependent in vitro antibacterial activity against all three 
multidrug-resistant E. cloacae isolates. EC-LA1 showed 
the greatest susceptibility, with the largest inhibition 
zones and the lowest MIC (12.5 mg mL⁻¹), whereas EC-LD1 
and EC-ST1 exhibited higher MIC values (25 mg mL⁻¹). 
Comparable antibacterial activity of C. longa against fish-
associated Gram-negative bacteria, including E. cloacae, 
has been reported previously, although differences in 
antibacterial efficacy among studies are expected be-
cause of variations in extraction methods, phytochemical 
composition and bacterial strains (Harikrishnan and Bal-
asundaram 2008; Adamczak et al. 2020; Al-Niaeem et al. 
2021). The observed antibacterial activity may be associ-
ated with curcuminoids and other phenolic constituents 
reported to affect bacterial membrane integrity, cellular 
metabolism and biofilm formation (Dai et al. 2022). How-
ever, the active constituents and their mechanisms of 
action were not directly established in this study. The 
variation in susceptibility among the investigated isolates 
most likely reflects strain-specific physiological or genetic 
characteristics, although this requires further investiga-
tion. 

A limitation of this study is the small sample size 
(eight diseased fish) and restricted geographical coverage 
(three outbreaks), with only three representative isolates 
selected for detailed characterisation. Selecting one iso-
late per outbreak may have limited the assessment of 
within-outbreak bacterial diversity. Therefore, these find-
ings should be considered preliminary and not general-
ised to carp populations across India. Future studies 
should include larger sample sizes, broader geographical 
coverage, multiple isolates per outbreak where appropri-
ate, and higher-resolution genomic approaches. Further 
investigations should also assess the safety and in vivo 
efficacy of aqueous C. longa extract before its potential 
application in aquaculture. 
 
 
5 | CONCLUSIONS 
This study characterised three multidrug-resistant Enter-
obacter cloacae isolates recovered from naturally dis-
eased Labeo rohita and Catla catla during three disease 
outbreaks in Haryana, India. Phenotypic characterisation, 
16S rRNA gene sequencing, antimicrobial susceptibility 
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testing, resistance gene screening and virulence profiling 
revealed variation in antimicrobial resistance patterns 
and virulence-associated traits among the selected iso-
lates. The aqueous extract of Curcuma longa exhibited in 
vitro antibacterial activity against the tested isolates, with 
MIC values ranging from 12.5 to 25 mg mL⁻¹. These find-
ings provide preliminary evidence of antibacterial activity 
against the isolates examined but do not establish the 
prevalence or wider epidemiological significance of multi-
drug-resistant E. cloacae in carp populations across India. 
Further studies are needed to characterise a larger and 
geographically broader collection of isolates and to de-
termine the safety and in vivo efficacy of aqueous C. lon-
ga extract before its potential use in aquaculture can be 
established. 
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