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ABSTRACT

Antimicrobial resistance (AMR) is an escalating global public health concern, with aquatic environments acting 
as important reservoirs of multidrug-resistant (MDR) bacteria. In this study, a  Staphylococcus haemolyticus  (S. 
haemolyticus) isolate (CGPA) was recovered from the intestinal tract of  Catla catla  (C. catla) obtained from a 
retail fish market in Punjab, India, and characterized using phenotypic and genomic approaches. Antimicrobial 
susceptibility testing using the Kirby–Bauer disk diffusion method (Clinical and Laboratory Standards Institute 
guidelines) revealed resistance to β-lactam agents (amoxicillin and imipenem), fluoroquinolones, macrolides, 
tetracyclines, and phenicols, confirming its MDR phenotype. Molecular identification using 16S ribosomal RNAs 
gene sequencing showed ≥99% nucleotide identity with  S. haemolyticus  (100% query coverage; E-value ≈ 0), 
which was further validated by whole-genome-based phylogenetic analysis and average nucleotide identity (>99%). 
Whole-genome sequencing (MGI DNBSEQ-G400, 2 × 150 bp) generated a 2.57 Mb draft genome (177 contigs; 
N50: 38,787 bp; Guanine–Cytosine content: 32.71%) with 100% completeness. Genome annotation identified 
2,608 protein-coding genes and 59 RNA genes. Key AMR genes included mecA, APH(3′)-IIIa, ANT(4′)-Ia, tet(45), 
tet(K), tet(L), erm(C), qacA, vgaALC, and catA8, along with the virulence-associated gene clpP. The detection of 
mecA indicates the genetic potential for methicillin resistance; however, phenotypic confirmation using cefoxitin or 
oxacillin susceptibility testing was not performed. Although no complete plasmid sequence was resolved, plasmid 
replicon-associated sequences were detected, suggesting the potential for horizontal gene transfer. Phylogenetic 
analysis clustered CGPA within the S. haemolyticus clade, and PathogenFinder predicted a high probability (0.97) 
of human pathogenicity. These findings demonstrate that S. haemolyticus recovered from a market-sold freshwater 
fish can harbor diverse AMR determinants and may have potential public-health relevance. The results highlight the 
importance of continued genomic surveillance of AMR in aquatic food systems within a One Health framework.

1. INTRODUCTION
Antimicrobial resistance (AMR) is recognized as a major global 
public health concern of the twenty-first century [1,2]. Although 
clinical settings have historically been considered the primary source 
of multidrug-resistant (MDR) bacteria, increasing evidence indicates 
that AMR is widely distributed across environmental and food-
associated ecosystems [3–6]. Aquatic environments, in particular, 
are increasingly recognized as important reservoirs and transmission 
pathways for AMR due to continuous exposure to anthropogenic 
activities, including the use of antibiotics in agriculture and 
aquaculture, discharge of untreated effluents, and natural microbial 
interactions [4–8]. These factors collectively contribute to the 

persistence, evolution, and dissemination of resistant bacteria beyond 
clinical boundaries [3,5,7].

The gastrointestinal tract of fish represents a complex and dynamic 
microbial ecosystem in which resident and transient microorganisms 
interact under various selective pressures, such as diet, environmental 
conditions, and microbial competition  [9]. Even in the absence of 
visible disease, fish may harbor bacteria carrying AMR and virulence 
determinants, thereby acting as asymptomatic reservoirs  [10]. Fish 
intended for human consumption are of particular concern, as intestinal 
bacteria may enter the food chain during handling, processing, or 
preparation [11]. Therefore, the investigation of AMR bacteria in 
apparently healthy fish obtained from retail markets is essential for 
understanding potential pathways of resistance transmission at the 
human–animal–environment interface.

Catla catla, commonly known as catla, is one of the major Indian 
carps widely cultured in South Asia due to its rapid growth rate, high 
nutritional value, and economic importance in aquaculture [12]. It 

*Corresponding Author
Rahul Singh, Department of Zoology, School of Bioengineering and Biosciences 
Lovely Professional University, Phagwara, Punjab, India, 144411.  
E-mail: rahulsingh.mlkzoology @ gmail.com 

Journal of Applied Biology & Biotechnology Vol. 14(5), pp. 115-126, September-October, 2026
Available online at http://www.jabonline.in
DOI: 10.7324/JABB.2026.319630

https://crossmark.crossref.org/dialog/?doi=10.7324/JABB.2026.319630&domain=pdf


116	 Masood and Singh: Journal of Applied Biology & Biotechnology 2026;14(5):115-126

is an important component of freshwater aquaculture systems in 
countries such as India, Bangladesh, and Pakistan and contributes 
substantially to regional fish production [13]. Owing to its widespread 
cultivation and high market demand, C. catla is frequently exposed 
to intensive aquaculture practices, including the use of antibiotics for 
disease prevention and therapeutic purposes [4,14]. Such practices can 
promote the selection and persistence of AMR bacteria within the fish 
microbiota [14]. Moreover, fish markets represent critical points of 
interaction between aquatic organisms, environmental contaminants, 
and human populations, facilitating the potential transfer of microbial 
communities [15]. The intestinal microbiota of C. catla may harbor 
diverse bacterial populations, including opportunistic and AMR 
species, which can enter the food chain during handling and processing 
[16]. Therefore, studying bacterial isolates from C. catla is important 
for understanding the role of freshwater fish in the dissemination of 
AMR within the One Health framework.

Staphylococcus haemolyticus is a Gram-positive, coagulase-negative 
bacterium that forms part of the normal microbiota of humans and 
animals. Although traditionally considered a commensal organism, 
it has emerged as an opportunistic pathogen with increasing 
clinical relevance due to its ability to acquire resistance to multiple 
antimicrobial agents. Staphylococcus haemolyticus is now recognized 
as an important cause of nosocomial infections, including bacteremia, 
septicemia, and device-associated infections, particularly in 
immunocompromised individuals [17]. This species has been reported 
from a wide range of sources, including clinical environments, 
animals, food products, and aquatic ecosystems, highlighting its 
zoonotic potential and significance within the One Health framework 
[18]. Its widespread distribution, high genomic plasticity, and capacity 
to harbor AMR determinants suggest that it may act as an important 
reservoir of resistance genes and facilitate their transfer to other 
bacterial species. In addition, pathogenic strains of S. haemolyticus are 
characterized by their ability to form biofilms and produce virulence-
associated factors, which enhance survival, persistence, and resistance 
in both clinical and environmental settings [17].

Whole-genome sequencing (WGS) has emerged as a powerful tool for 
investigating the genetic basis of AMR and understanding bacterial 
adaptation. In the present study, a MDR S. haemolyticus isolate was 
recovered from the intestinal tract of C. catla obtained from a local 
fish market. To our knowledge, this represents one of the few reports 
describing WGS-based characterization of MDR S. haemolyticus 
from freshwater fish in India. The isolate was characterized using 
phenotypic antimicrobial susceptibility testing, 16S ribosomal RNAs 
(rRNA) gene sequencing, and WGS to investigate its genomic features, 
AMR genes, and virulence determinants. This study aims to enhance 
the understanding of AMR in aquatic food systems and highlights 
the importance of monitoring food-associated bacteria within a One 
Health framework.

2. MATERIALS AND METHODS

2.1. Sample Collection and Isolation
Samples of C. catla were collected from JCT Fish Market, Phagwara, 
Jalandhar, Punjab, India, during October 2025. Fish were not 
selected based on visible clinical signs of disease and were sampled 
opportunistically as part of an exploratory assessment of AMR 
bacteria associated with market-sold fish. At the time of sampling, the 
fish were dead and, according to vendors, had been displayed at the 
market for several hours prior to collection. Samples were transported 
to the laboratory under ice-cold conditions. Intestinal contents were 

aseptically removed, homogenized, serially diluted up to 10-5 in sterile 
saline, and 100 μl from each dilution was spread onto nutrient agar (NA) 
plates and incubated aerobically. Distinct colonies were subcultured 
for purification. The inoculated plates were incubated at 29°C  ± 1°C 
for 24 hours. Following incubation, morphologically distinct colonies 
were carefully selected and purified through successive streaking on 
fresh NA plates to obtain pure (axenic) cultures. Colony differentiation 
was performed based on morphological characteristics such as size, 
shape, margin, elevation, and pigmentation. Each purified isolate 
was subjected to Gram staining and a series of standard biochemical 
assays, including catalase, oxidase, coagulase, indole production, 
urease activity, nitrate reduction, motility, mannitol fermentation, 
oxidation/fermentation, and hemolysis on blood agar, following 
conventional microbiological procedures [19,20]. Pure cultures were 
preserved in nutrient broth supplemented with 20% (v/v) glycerol 
and stored at −80°C. Based on phenotypic identification, a total of 
20 distinct bacterial isolates were obtained from five fish samples and 
subsequently evaluated for antimicrobial susceptibility.

2.2. Antibiotic Susceptibility Testing (AST)
Antimicrobial susceptibility was determined using the Kirby–Bauer 
disk diffusion method on Mueller–Hinton agar (MHA) in accordance 
with the Clinical and Laboratory Standards Institute (CLSI, 2019) 
guidelines [21]. Briefly, bacterial suspensions were prepared from 
overnight cultures and adjusted to a 0.5 McFarland turbidity standard. 
The standardized inoculum was uniformly spread onto MHA plates 
using sterile swabs, and antibiotic discs were aseptically placed on the 
agar surface. The antibiotics evaluated included imipenem (10 µg), 
tetracycline (30 µg), ofloxacin (5 µg), ciprofloxacin (5 µg), gentamicin 
(10 µg), levofloxacin (5 µg), norfloxacin (10 µg), amoxicillin (10 µg), 
erythromycin (15 µg), tobramycin (10 µg), cefotaxime (10 µg), and 
chloramphenicol (30 µg). These antibiotics were selected to represent 
diverse antimicrobial classes, including β-lactams, aminoglycosides, 
fluoroquinolones, tetracyclines, macrolides, phenicols, and 
carbapenems, based on their clinical importance in human and 
veterinary medicine and their relevance in AMR surveillance studies. 
All antibiotic discs were procured from HiMedia Laboratories Pvt. 
Ltd., Mumbai, India.

Plates were incubated at 35°C for 16–18 hours. Zones of inhibition 
were measured in millimeters and interpreted as susceptible, 
intermediate, or resistant according to CLSI M100 Performance 
Standards for Antimicrobial Susceptibility Testing (2019) and the 
corresponding breakpoint criteria for staphylococci. For β-lactam 
antibiotics (amoxicillin, cefotaxime, and imipenem), susceptibility 
interpretations were based on archived CLSI M100 breakpoint criteria 
previously established for Staphylococcus spp [22]. The test was 
conducted in triplicate to ensure reproducibility. Isolates exhibiting 
resistance to three or more classes of antibiotics were classified 
as MDR [23]. The isolate demonstrating resistance to the highest 
number of antimicrobial agents was selected for subsequent molecular 
identification and WGS analysis.

2.3. 16S rRNA Gene Sequencing
Genomic DNA was extracted from the bacterial isolate using the 
Qiagen DNeasy UltraClean Microbial Kit in accordance with 
the manufacturer's protocol. The integrity of the extracted DNA 
was verified by electrophoresis on a 0.8% agarose gel at 110 V 
for 30 minutes. DNA purity and concentration were determined 
spectrophotometrically using a BioTek Epoch microplate reader by 
measuring the absorbance ratio at 260/280 nm.
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The 16S rRNA gene was amplified by polymerase chain reaction 
(PCR) using universal primers 27F and 1391R [24]. PCR products 
were visualized by agarose gel electrophoresis and subsequently 
purified using a column-based purification kit to remove contaminants. 
Sequencing of the purified amplicons was performed using the BigDye 
Terminator v3.1 Cycle Sequencing Kit on an ABI 3500xl Genetic 
Analyzer. The obtained sequences were compared against reference 
sequences in the NCBI GenBank database using the BLAST algorithm 
to determine species-level identification.

2.4. WGS and Assembly
Sequencing libraries were prepared using the TWIST Library 
Preparation Kit 2.0 (Twist Bioscience, USA) following the 
manufacturer's protocol. The procedure included DNA fragmentation, 
end-repair, adapter ligation, purification, amplification, and 
quantification steps. Library quality and fragment size distribution were 
verified using the Agilent 2100 Bioanalyzer (Agilent Technologies, 
USA).

WGS was performed on the MGI DNBSEQ-G400 platform (MGI 
Tech Co., Ltd., China) using paired-end chemistry (2 × 150 bp).

2.5. Quality Control and Genome Assembly
Raw paired-end reads were subjected to adapter trimming and quality 
filtering using Cutadapt and Trim Galore, with a Phred quality score 
threshold of Q20. High-quality reads were de novo assembled using 
SPAdes v3.13.0 [25]. Contigs shorter than 500 bp were excluded 
from downstream analyses. Assembly statistics were generated using 
QUAST [26]. Genome completeness and contamination were assessed 
using CheckM v1.2.1 [27].

2.6. Genome Annotation and Functional Characterization
The assembled genome was annotated using the Bacterial and Viral 
Bioinformatics Resource Center (BV-BRC) (PATRIC) RASTtk 
[28] pipeline and further validated using Bakta version 1.9.2 [29]. 
Coding sequences (CDSs), transfer RNAs (tRNAs), rRNAs, and other 
genomic features were identified during the annotation process.

Functional annotation was performed by mapping predicted protein 
sequences against the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [30] database using BlastKOALA. KEGG Mapper was 
subsequently used to reconstruct metabolic pathways.

Gene Ontology assignments were obtained using the PANTHER [31] 
Classification System, and Clusters of Orthologous Groups (COG) 
classification was performed using COGclassifier [32]. Circular 
genome visualization was generated using GenoVi version 0.4.3 [33].

2.7. Phylogenetic Analysis
Phylogenetic analysis was performed to determine the evolutionary 
relationship of the isolate with closely related bacterial strains using a 
whole-genome-based approach. The phylogenetic tree was constructed 
using the Codon Tree method implemented in the BV-BRC platform 
[28].

Initially, closely related reference genomes were selected using the 
Similar Genome Finder service available within the BV-BRC server. 
A set of approximately 40–50 closely related genomes was chosen 
based on genomic similarity to the isolate. The Codon Tree pipeline 
identifies single-copy orthologous genes (PGFams) conserved across 
the selected genomes. These genes were extracted and aligned at 

both the protein and nucleotide levels. The aligned sequences were 
concatenated to generate a comprehensive dataset representing 
conserved genomic regions.

Phylogenetic relationships were inferred using the maximum-
likelihood (ML) method implemented in Randomized Axelerated 
Maximum Likelihood (RAxML) [34]. The analysis was performed 
using appropriate substitution models, and branch support values 
were estimated using bootstrap analysis to ensure reliability of the 
inferred phylogeny. The resulting phylogenetic tree was visualized 
and exported in Scalable Vector Graphics format and further processed 
using tree visualization tools such as FigTree for presentation. The 
final tree illustrates the clustering pattern of the isolate with reference 
strains, enabling accurate determination of its evolutionary position.

2.8. Identification of AMR, Virulence, and Plasmid Genes
AMR genes were identified by screening the assembled genome 
against the ResFinder (v4.2) and CARD (Resistance Gene Identifier) 
databases [35,36]. In addition, genome annotation performed using 
the BV-BRC platform was used to identify and classify resistance-
associated genes based on the PATRIC, CARD, and NDARO 
resistance databases. Virulence-associated genes were detected using 
Abricate against the Virulence Factor Database (VFDB) and the BV-
BRC virulence factor pipeline [28,37]. Putative plasmid sequences 
were identified using PlasmidFinder (v2.1) with minimum identity and 
coverage thresholds of 95% and 60%, respectively [38]. Additional 
plasmid confirmation was performed using the PLSDB database [39].

2.9. Prediction of Pathogenic Potential
The pathogenic potential of the isolate was assessed using 
PathogenFinder to predict its likelihood of being a human-associated 
pathogen based on genomic signatures [40].

2.10. Comparative Genomic Analysis Average Nucleotide 
Identity (ANI)
Comparative genomic analysis was performed using ANI to evaluate 
the genomic similarity of isolate CGPA with closely related reference 
genomes [41]. The assembled genome sequence of the isolate was 
compared against publicly available reference genomes retrieved from 
the NCBI database.

In addition, the Similar Genome Finder service of the BV-BRC 
(PATRIC) platform was utilized to identify closely related genomes 
based on genomic distance estimation using Mash (v2.3) [28,42]. The 
results obtained from the ANI analysis were further verified through 
manual comparison with selected reference genomes to ensure 
accuracy and consistency of genomic similarity estimates.

3. RESULTS

3.1. Antimicrobial Susceptibility Profile and Biochemical 
Characterization
Among the total bacterial isolates recovered, isolate CGPA exhibited a 
MDR phenotype. Antimicrobial susceptibility testing was performed 
using the Kirby–Bauer disk diffusion method, which revealed 
resistance to eight antibiotics representing different antimicrobial 
classes. The isolate exhibited complete resistance, characterized by 
the absence of an inhibition zone (0 mm), against amoxicillin (10 
µg), chloramphenicol (30 µg), ciprofloxacin (5 µg), norfloxacin (10 
µg), ofloxacin (5 µg), and tetracycline (30 µg). A markedly reduced 
inhibition zone (2 mm) against erythromycin (15 µg). Additionally, 
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the isolate exhibited a reduced zone of inhibition against imipenem (10 
µg). Interpretations of β-lactam antibiotics (amoxicillin, cefotaxime, 
and imipenem) were based on archived CLSI M100 breakpoint criteria 
for Staphylococcus  spp. These findings confirm the MDR nature of 
isolate CGPA and highlight its resistance to several clinically important 
antimicrobial agents. In contrast, the isolate remained susceptible to 
cefotaxime (10 µg), gentamicin (10 µg), tobramycin (10 µg), and 
levofloxacin (5 µg), demonstrating measurable zones of inhibition 
consistent with susceptibility standards. The observed resistance 
pattern indicates that CGPA possesses resistance against β-lactams, 
fluoroquinolones, tetracyclines, and phenicols, thereby fulfilling the 
criteria for MDR. Based on its resistance profile, CGPA was selected 
for further molecular characterization and WGS analysis. The detailed 
disk diffusion antimicrobial susceptibility results, including inhibition 
zone diameters and interpretive categories, are summarized in Table 1.

The biochemical characteristics of isolate CGPA were consistent 
with those reported for S. haemolyticus and were used as preliminary 
phenotypic indicators prior to molecular confirmation. The isolate 
exhibited Gram-positive cocci morphology and demonstrated 
biochemical reactions typical of the genus Staphylococcus. The results 
of Gram staining and biochemical tests are summarized in Table 2. 
Biochemical characterization was performed solely for initial phenotypic 
assessment and was not used as the sole criterion for species-level 
identification. Definitive identification was subsequently confirmed 
through 16S rRNA gene sequencing and whole-genome-based analyses.

3.2. Molecular Identification (16S rRNA Analysis)
The 16S rRNA gene sequence analysis of isolate CGPA using BLASTn 
revealed 100% query coverage and up to 99.69% sequence identity 
with S. haemolyticus. The top BLAST hits included S. haemolyticus 
strain JCM 2416 and other closely related Staphylococcus species, 
all showing high sequence similarity. The extremely low E-value 
(approaching zero) indicated a highly significant match, confirming 
the reliability of the sequence alignment. Based on nucleotide 
homology and phylogenetic analysis, the isolate was identified as S. 
haemolyticus.

3.3. Genome Assembly and Genomic Features
WGS of isolate CGPA generated a total of 26,671,642 paired-end reads, 
producing high-quality sequencing data with Q30 values exceeding 

97%, indicating excellent base-calling accuracy. After quality filtering 
and trimming, the processed reads were used for de novo assembly.

The draft genome assembly of S. haemolyticus CGPA resulted in a total 
genome size of 2,565,197 bp (2.57 Mb) with a Guanine–Cytosine (GC) 
content of 32.71%, consistent with previously reported genomes of S. 
haemolyticus. The assembly comprised 177 contigs (≥500 bp), with 
the largest contig measuring 142,991 bp. The contig N50 value was 
38,787 bp, and the L50 value was 18, indicating moderate assembly 
contiguity typical of short-read draft genomes. No ambiguous bases 
(Ns) were detected in the final assembly.

Genome quality assessment using CheckM demonstrated 100% 
completeness, with coarse and fine consistency values of 99.9% and 
99.3%, respectively, confirming the high reliability and integrity of the 
assembled genome.

3.4. Genome Annotation
Genome annotation using the BV-BRC (RASTtk) platform predicted 
a total of 2,667 genes, including 2,608 protein-CDSs, 53 tRNA genes, 
and 6 rRNA genes. Among the predicted proteins, 2,142 proteins were 
assigned functional annotations, whereas 466 proteins were classified 
as hypothetical proteins.

Table 1. Antimicrobial susceptibility profile of S. haemolyticus isolate CGPA determined by the Kirby–Bauer disk 
diffusion method.

No. Antibiotic Code Disc content Zone of inhibition (mm) Interpretation

1 Amoxicillin AMX 10 µg 0 mm R

2 Cefotaxime CTX 10 µg 23 mm S

3 Chloramphenicol C 30 µg 0 mm R

4 Ciprofloxacin CIP 5 µg 0 mm R

5 Gentamicin GEN 10 µg 16 mm S

6 Norfloxacin NX 10 µg 0 mm R

7 Ofloxacin OF 5 µg 0 mm R

8 Tetracycline TE 30 µg 0 mm R

9 Tobramycin TOB 10 µg 17 mm S

10 Imipenem IPM 10 µg 13 mm R

11 Levofloxacin LE 5 µg 19 mm S

12 Erythromycin E 15 µg 2 mm R

Note: Interpretations of amoxicillin, cefotaxime, and imipenem were based on archived CLSI M100 breakpoint criteria for 
Staphylococcus spp.

Table 2. Morphological and biochemical characteristics of S. haemolyticus 
CGPA.

Gram staining Gram-positive cocci

Catalase test Positive

Oxidase test Negative

Motility test Negative

Oxidation/Fermentation Oxidative

Hemolysis on blood agar Positive

Coagulase test Negative

Indole test Negative

Nitrate reduction Positive

Urease production Positive

Mannitol fermentation Negative
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3.7. COG Functional Classification
COG classification was performed to further categorize predicted 
proteins based on functional roles. The COG analysis revealed that 
a large proportion of genes were associated with metabolic functions, 
cellular processes, and information storage and processing. The most 

Functional classification revealed that a large proportion of genes were 
involved in metabolic pathways, cellular processes, and environmental 
response mechanisms. Subsystem analysis indicated that most genes 
were associated with metabolic functions, protein processing, stress 
response, and cellular respiration. The distribution of genes across 
functional subsystems is presented in Figure 1. The detailed assembly 
characteristics, genomic features, and taxonomic classification of the 
isolate are summarized in Table 3.

3.5. Functional Annotation and Subsystem Analysis
Functional annotation of the assembled genome of S. haemolyticus 
isolate CGPA was performed using the BV-BRC (RASTtk) pipeline 
and further validated with Bakta. A total of 2,667 genes were predicted 
in the genome, including 2,608 protein-CDSs and 59 RNA genes. 
Among the predicted proteins, 2,142 genes were assigned putative 
functional roles, whereas 466 genes were annotated as hypothetical 
proteins, indicating the presence of several proteins with currently 
unknown biological functions.

Subsystem analysis revealed that the majority of annotated genes 
were associated with metabolic and cellular processes, reflecting 
the organism's metabolic versatility and adaptability to diverse 
environmental conditions. The identified subsystems were primarily 
involved in carbohydrate metabolism, amino acid metabolism, energy 
production, and cofactor and vitamin metabolism.

3.6. KEGG Pathway Annotation
Functional annotation of the genome using the KEGG database 
identified 920 KEGG orthologs in the genome of S. haemolyticus CGPA. 
These orthologs were distributed across multiple metabolic and cellular 
pathways, highlighting the metabolic versatility of the organism.

Among the annotated pathways, carbohydrate metabolism constituted 
the largest functional category, comprising 206 genes, followed by 
amino acid metabolism (152 genes), metabolism of cofactors and 
vitamins (135 genes), and energy metabolism (102 genes). Additional 
pathways included nucleotide metabolism, lipid metabolism, and 
glycan biosynthesis, indicating the presence of diverse biochemical 
processes required for cellular maintenance and adaptation. The 
KEGG-based pathway reconstruction demonstrates the presence 
of complex metabolic networks supporting bacterial survival and 
environmental adaptability. The distribution of KEGG pathway 
categories is illustrated in Figure 2.

Figure 1. Subsystem distribution of genes in S. haemolyticus CGPA genome based on BV-BRC (RASTtk) functional annotation.

Table 3. Assembly characteristics and taxonomy of the annotated genome. 

Parameter Value

Bio Project Accession no PRJNA1457680

Bio Sample Accession no SAMN57469339

GenBank Accession no JBXUFP000000000

16S rRNA Accession no. PZ317961

Raw read count 26,671,642

Assembly software SPAdes v3.13.0

Genome size 2,565,197 bp (2.57 Mb)

GC content 32.71%

Number of contigs (≥ 500 bp) 177

Largest contig 142,991 bp

Contig N50 38,787 bp

Contig L50 18

Number of Ns 0

Coarse consistency 99.9%

Fine consistency 99.3%

CheckM completeness 100%

Genome quality Good

Total genes 2,667

Protein-coding genes (CDS) 2608

RNA genes 59

rRNAs 6

tRNAs 53

Phylum Bacillota

Class Bacilli

Order Bacillales

Family Staphylococcaceae

Genus Staphylococcus

Species Staphylococcus haemolyticus
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3.8. Circular Genome Representation
A circular genome map of the draft genome of S. haemolyticus 
isolate CGPA was generated using the GenoVi visualization tool 
to illustrate the structural organization of genomic features. The 
circular representation displays multiple genomic layers, including 
the distribution of protein-coding genes, RNA genes, GC content, and 
GC skew across the assembled genome. CDSs located on the forward 
and reverse strands are represented in separate rings, highlighting gene 
orientation and distribution along the genome.

Additional layers of the genome map depict variations in GC content 
and GC skew, which provide insights into genomic composition and 
replication dynamics. The visualization also highlights the overall 
organization of genomic regions within the assembled contigs. The 
circular genome representation provides an overview of the structural 

prominent categories included amino acid transport and metabolism, 
carbohydrate transport and metabolism, transcription, and translation-
related functions, indicating active genetic regulation and metabolic 
activity within the genome.

Additional functional groups included energy production and 
conversion, cell wall and membrane biogenesis, and signal transduction 
mechanisms, reflecting the physiological complexity of the organism. 
Several genes were also assigned to the "general function prediction 
only" and "unknown function" categories, suggesting the presence 
of proteins with yet uncharacterized biological roles. Overall, the 
COG classification highlights the diverse functional repertoire of the 
CGPA genome and its capacity to adapt to different environmental 
conditions. The overall distribution of genes across COG functional 
categories is presented in Figure 3.

Figure 2. Functional categorization of genes in S. haemolyticus CGPA based on KEGG pathway annotation.

Figure 3. Functional categorization of genes in S. haemolyticus CGPA based on COG classification.



Masood and Singh: Genomic characterization of multidrug-resistant Staphylococcus haemolyticus recovered 2026;14(5):115-126 121

3.10. Antibiotic Resistance Genes
AMR gene analysis was performed using ResFinder, CARD (RGI), 
and the BV-BRC annotation platform. ResFinder did not identify 
any acquired AMR genes. CARD analysis detected several high-
confidence resistance determinants, including mecA, APH(3′)-IIIa, 
ANT(4′)-Ia, qacA, blaI, blaR1, erm(C), tet(K), tet(L), vgaALC, 
and catA8, which are associated with resistance to β-lactams, 
aminoglycosides, macrolides, tetracyclines, phenicols, and 
antiseptic compounds. The differences observed between ResFinder 
and CARD results likely reflect differences in database composition, 
curation criteria, and the types of resistance determinants targeted 
by each platform. ResFinder primarily identifies acquired AMR 
genes, whereas CARD and BV-BRC additionally detect resistance-
associated determinants and chromosomal resistance mechanisms. 
In addition, BV-BRC annotation identified resistance-associated 
genes across the PATRIC, CARD, and NDARO databases. 
Collectively, CARD and BV-BRC identified APH(3′)-IIIa, vgaALC, 
blaI/blaR1, qacA, erm(C), ANT(4′)-Ia, tet(45), tet(K), tet(L), 
mecA, catA8, and PC1 as resistance-associated determinants. 
The identified resistance genes and their associated resistance 
mechanisms are summarized in Table 4. In addition to the resistance 
genes identified by CARD and BV-BRC, functional classification of 
AMR-related genes and antibiotic target genes identified through 
BV-BRC annotation is presented in Table 5. These genes include 
antibiotic targets, efflux-associated proteins, regulatory elements, 
and resistance-associated functional categories that may contribute 
to antimicrobial adaptation.

architecture of the CGPA genome and facilitates the visualization of 
gene distribution and genomic features. The complete circular genome 
map is presented in Figure 4.

3.9. Phylogenetic Analysis
Phylogenetic analysis was performed using the Codon Tree pipeline 
implemented in the BV-BRC server to determine the evolutionary 
placement of the CGPA isolate among related members of the 
genus Staphylococcus. Reference and representative genomes were 
automatically selected by the BV-BRC database for comparative 
analysis. Phylogenetic reconstruction was performed using 
conserved protein families (PGFams). Protein sequences were 
aligned using MUSCLE, and the corresponding nucleotide sequences 
were mapped onto the protein alignments. The combined amino 
acid and nucleotide alignments were concatenated into a single data 
matrix, which was analyzed using the ML algorithm implemented 
in RAxML.

Bootstrap analysis was performed to assess the statistical support for 
each branch (Fig. 5). The resulting phylogenetic tree demonstrated 
that isolate CGPA clustered closely with S. haemolyticus strain 
JCSC1435, forming a well-supported clade with a bootstrap value of 
100. This clustering clearly separated the CGPA isolate from other 
closely related Staphylococcus species, including Staphylococcus 
epidermidis, S. aureus, and Staphylococcus warneri. These findings 
further confirm the taxonomic identification of the isolate as S. 
haemolyticus and indicate a strong evolutionary relationship with 
previously characterized strains.

Figure 4. Circular genome representation of S. haemolyticus CGPA generated using the GenoVi visualization tool. Rings 
represent CDSs on the forward and reverse strands, GC content variation, and GC skew across the genome.
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findings further support the presence of plasmid-associated elements 
within the genome assembly.

3.13. PathogenFinder Analysis
PathogenFinder analysis predicted the isolate to be a human pathogen 
with a probability score of 0.97, indicating high pathogenic potential.

3.14. Comparative Genomic Analysis (ANI)
Comparative genomic analysis using ANI revealed a high level of 
genomic similarity between isolate CGPA and reference strains of S. 
haemolyticus. ANI values ranged from 99.27% to 99.31%, with the 
highest similarity observed with strain ASM799279v1 (99.311%), 
followed by ASM609439v1 (99.281%), ASM290180v1 (99.274%), 
ASM2902394v1 (99.277%), and strain 36734_F01 (99.276%). These 
values are significantly above the accepted species delineation threshold 
of 95%, confirming that isolate CGPA belongs to S. haemolyticus. The 
consistently high ANI values indicate strong genomic conservation and 
close evolutionary relatedness among the analyzed strains.

3.11. Virulence Factors
Virulence factor analysis identified the presence of the clpP gene, 
encoding an ATP-dependent Clp protease associated with stress 
survival and pathogenicity. This gene showed high query coverage 
(97%) and sequence identity (80%), suggesting its functional 
significance in the isolate. 

3.12. Plasmid Analysis
Plasmid analysis using PlasmidFinder did not resolve any complete 
plasmid sequence within the draft genome assembly. However, 
plasmid replicon-associated sequences, including rep5b, rep7a, rep10, 
and rep20, were detected. These replicon sequences are summarized 
in Table 6.

To further validate the plasmid-associated sequences, the assembled 
genome was screened against the PLSDB database. The analysis 
identified 127 significant matches to previously reported circular 
plasmids, including plasmids associated with Staphylococcus species, 
with sequence identities ranging from 99.2% to 99.98%. These 

Figure 5. ML phylogenetic tree showing the relationship of isolate CGPA with representative Staphylococcus species, 
constructed using the Codon Tree pipeline in BV-BRC based on PGFams. Bootstrap values are indicated at the nodes. 

Isolate CGPA (highlighted in red) clustered with S. haemolyticus strain JCSC1435, confirming its species identity.

Table 4. AMR genes identified in S. haemolyticus isolate CGPA using CARD and BV-BRC databases.

S.No Gene Identity Database/Source Antibiotic Resistance mechanism

1 APH(3′)-IIIa 100 CARD, BV-BRC Aminoglycosides Antibiotic inactivation

2 vgaALC 100 CARD, BV-BRC Lincosamides, streptogramins (including 
streptogramin A), and pleuromutilins Antibiotic target protection

3 blaI, blaR1 100 BV-BRC β-lactams β-lactamase production and regulation

4 qacA 100 CARD, BV-BRC Quaternary ammonium compounds/antiseptics Efflux-mediated resistance

5 erm(C) 100 CARD, BV-BRC Macrolides, lincosamides, and streptogramin B Target modification

6 ANT(4')-Ia 99.21 CARD, BV-BRC Aminoglycosides Antibiotic inactivation

7 tet(45), tet(K), tet(L) 99-100 CARD, BV-BRC Tetracyclines Antibiotic efflux mediated resistance

8 mecA 99.55 CARD, BV-BRC β-lactams Antibiotic target replacement

9 catA8 99.53 CARD, BV-BRC Phenicols Antibiotic inactivation

10 PC1 97.86 CARD, BV-BRC β-lactams Antibiotic inactivation
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Molecular identification based on 16S rRNA gene sequencing 
showed high sequence similarity (≥99%) with S. haemolyticus, 
consistent with established approaches for bacterial identification 
[24]. Whole-genome-based phylogenetic analysis further confirmed 
this classification, and ANI values exceeding 99% supported robust 
species delineation [47].

WGS provided detailed insight into the genetic basis of the MDR 
phenotype. Notably, the detection of the mecA gene indicates the 
genetic potential for methicillin resistance through the production 
of PBP2a, a low-affinity penicillin-binding protein [48]. However, 
phenotypic confirmation using cefoxitin or oxacillin susceptibility 
testing was not performed in the present study. In staphylococci, mecA 
is typically associated with the staphylococcal cassette chromosome 
mec (SCCmec), a mobile genetic element responsible for the horizontal 
transfer of methicillin resistance. However, SCCmec elements were 
not explicitly identified in the present study, suggesting that further 
genomic investigation is required to confirm their genomic context. The 
detection of mecA in a food-associated isolate highlights the potential 
for environmental dissemination of clinically relevant resistance 
determinants.

Although the aminoglycoside resistance genes APH(3′)-IIIa and 
ANT(4′)-Ia were detected in isolate CGPA, the isolate remained 
phenotypically susceptible to gentamicin and tobramycin. APH(3′)-
IIIa and ANT(4′)-Ia encode aminoglycoside-modifying enzymes that 
have been associated with aminoglycoside resistance mechanisms in 
bacteria [49]. However, the presence of these genes was not reflected 
in the phenotypic susceptibility profile observed in the present 
study. Resistance to tetracycline was associated with the presence of 
tet(45), tet(K), and tet(L), which are known to mediate efflux-based 
resistance mechanisms  [50]. Furthermore, the detection of qacA, an 
efflux pump-associated gene involved in resistance to quaternary 
ammonium compounds and antiseptics, highlights the presence 
of additional efflux-mediated resistance mechanisms within the 
genome [51]. Additionally, the presence of catA8 explains resistance 
to phenicol antibiotics through enzymatic inactivation [52]. Although 
phenotypic resistance to ciprofloxacin, norfloxacin, and ofloxacin was 

4. DISCUSSION
AMR is increasingly recognized across environmental and food-
associated ecosystems, with aquatic systems acting as important 
reservoirs and transmission interfaces within a One Health framework. 
Continuous exposure to antibiotics from aquaculture practices, 
agricultural runoff, and wastewater inputs promotes the selection and 
persistence of resistant bacteria in these environments [4,6]. In this 
context, the isolation of a MDR S. haemolyticus from the intestinal 
tract of C. catla obtained from a retail fish market highlights a potential 
route for the dissemination of AMR through the fish food chain.

Similar findings have been reported in aquaculture systems, where 
S. haemolyticus has been identified as a potential emerging pathogen 
in fish species. A previous study reported its involvement in disease 
outbreaks in farmed fish, where infected fish exhibited clinical signs 
such as anorexia, abnormal swimming behavior, ulceration, and 
internal organ congestion, with experimental infection confirming 
its pathogenic potential [43]. These observations support the present 
findings and suggest that S. haemolyticus may act as an opportunistic 
pathogen in aquatic environments.

Phenotypically, isolate CGPA exhibited resistance to multiple antibiotic 
classes, including β-lactam agents evaluated in the present study, 
fluoroquinolones, tetracyclines, and phenicols. Such broad resistance 
profiles are consistent with previous reports identifying S. haemolyticus 
as one of the most resistant coagulase-negative staphylococci, with a 
notable capacity to accumulate resistance determinants [44,45]. The 
MDR observed in isolate CGPA is in agreement with previous studies 
reporting methicillin-resistant S. haemolyticus in retail fish samples [46]. 

However, methicillin resistance was not phenotypically confirmed in 
the present isolate. In addition, interpretations of β-lactam antibiotics 
(amoxicillin, cefotaxime, and imipenem) were based on archived CLSI 
M100 breakpoint criteria for Staphylococcus spp. These findings suggest 
that fish and fish-associated environments can act as reservoirs of MDR 
bacteria. The occurrence of MDR S. haemolyticus in a food-associated 
source underscores the ecological versatility of this species and supports 
its role as a reservoir of resistance genes beyond clinical settings.

Table 5. AMR-related genes and antibiotic target genes identified through BV-BRC annotation.

Sr.No AMR classification Genes

1 Antibiotic inactivation enzyme APH(3')-III/APH(3')-IV/APH(3')-VI/APH(3')-VII, BlaZ family, CatA8 family

2 Antibiotic resistance gene cluster, cassette, or operon TcaA, TcaB, TcaB2, TcaR

3 Antibiotic target in susceptible species Alr, Ddl, EF-G, EF-Tu, folA, Dfr, folP, gyrA, gyrB, inhA,abI, Iso-tRNA, kasA, 
MurA, rho, rpoB, rpoC, S10p, S12p

4 Antibiotic target modifying enzyme Erm(C)

5 Efflux pump conferring antibiotic resistance BcrC, BceA, BceB, NorA, Tet(K), Tet(L), YkkCD

6 Gene conferring resistance via absence gidB

7 Protein altering cell wall charge conferring antibiotic resistance GdpD, MprF, PgsA

8 Regulator modulating expression of antibiotic resistance genes BceR, BceS, LiaF, LiaR, LiaS

Table 6. Plasmid replicon sequences identified in S. haemolyticus CGPA using PlasmidFinder.

S.no Replicon type Identity Contig id Contig length (bp) Coverage depth Accession no

1 rep5b 100 Contig_80 6,133 259.4 JQ312422

2 rep7a 100 Contig_38 19,568 2,422.7 AM990993

3 rep10 100 Contig_120 2,550 14,870.2 GU562624

4 rep20 99.25 Contig_38 19,568 2,422.7 GQ900453

5 rep7a 98.21 Contig_95 4,667 363.3 U35036
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communities recovered from the intestinal tract. Consequently, 
the presence of  S. haemolyticus  in the present study should not be 
interpreted as definitive evidence of colonization in live fish. In 
addition, the resistance determinants and the virulence-associated 
gene  clpP identified through WGS were not experimentally 
validated through gene expression studies. Although the mecA gene 
was detected, the genomic context and associated mobile genetic 
elements, including SCCmec structures, were not comprehensively 
characterized. Therefore, broader surveillance studies involving 
larger sample sizes, freshly collected fish samples, and functional 
genomic analyses are required to better understand the epidemiology, 
pathogenicity, and transmission dynamics of MDR S. haemolyticus in 
aquatic food systems.

Overall, the findings of this study demonstrate that  S. 
haemolyticus recovered from market-sold freshwater fish can harbor 
diverse AMR determinants and virulence-associated genes (clpP). 
These results highlight the importance of continuous surveillance of 
AMR in aquatic food systems and reinforce the need for integrated 
One Health approaches to monitor and mitigate the dissemination of 
AMR across environmental, animal, and human health sectors.

5. CONCLUSION
This study reports the isolation and genomic characterization of a 
MDR S. haemolyticus isolate recovered from the intestinal tract of a 
market-sold C. catla. Phenotypic antimicrobial susceptibility testing 
revealed resistance to multiple antibiotic classes, while WGS provided 
detailed insights into the genetic basis of AMR. The recovery of an 
MDR S. haemolyticus  isolate from a market-sold fish highlights the 
potential occurrence of AMR determinants in aquatic food systems 
and its possible public-health relevance. These findings emphasize 
the importance of continued surveillance of AMR in food-associated 
bacteria within a One Health framework.

Future studies should investigate the prevalence and distribution 
of MDR  S. haemolyticus  across different aquaculture systems and 
geographical regions. Further characterization of mobile genetic 
elements, including SCCmec and plasmid-associated sequences, 
together with functional validation of resistance determinants and 
the virulence-associated gene clpP, will provide deeper insights into 
the mechanisms underlying AMR dissemination and pathogenicity in 
aquatic environments.
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observed, specific fluoroquinolone resistance-associated mutations in 
gyrA, parC, grlA, or grlB were not investigated in the present study. 
Therefore, the genetic basis of fluoroquinolone resistance in isolate 
CGPA could not be conclusively determined and warrants further 
investigation.

The coexistence of multiple resistance mechanisms, including 
enzymatic inactivation, target modification, and active efflux, 
highlights the complex and multifactorial nature of AMR in this 
isolate.

From a virulence perspective, the identification of the clpP gene 
provides insight into the adaptive and pathogenic potential of 
the isolate. ClpP is involved in protein quality control, stress 
tolerance, and regulation of cellular processes in Gram-positive 
bacteria [53,54]. Previous studies have shown that the Clp protease 
system contributes to stress adaptation and virulence regulation in 
several Gram-positive bacterial species [55]. However, the presence 
of clpP alone does not constitute direct evidence of pathogenicity 
in isolate CGPA. Instead, it suggests the presence of mechanisms 
that may support environmental persistence and adaptation under 
stressful conditions.

Comprehensive virulence profiling was performed using multiple 
genome annotation and VFDB; however, only the clpP gene was 
identified as a virulence-associated determinant. The relatively 
low virulence gene content observed in this isolate suggests that 
its ecological fitness may be associated with stress adaptation and 
environmental persistence rather than the possession of a broad 
repertoire of classical virulence factors. Therefore, the potential 
public health significance of this isolate may be more closely 
related to its MDR phenotype and its ability to persist in aquatic 
environments than to the presence of a broad repertoire of virulence 
determinants.

Plasmid analysis did not resolve any complete plasmid sequence from 
the draft genome assembly; however, plasmid-associated replicon 
sequences were detected, indicating the potential presence of mobile 
genetic elements and possible horizontal gene transfer. Mobile genetic 
elements such as plasmids play a critical role in the dissemination 
of AMR genes [38]. However, the fragmented nature of the genome 
assembly (177 contigs) may have limited the complete resolution of 
mobile genetic elements and the precise genomic context of certain 
AMR determinants. Consequently, the association of resistance genes 
with specific plasmids, transposons, or other mobile elements could 
not be fully established.

Furthermore, the high pathogenic probability predicted by genome-
based tools highlights the potential public health significance of this 
isolate [40]. The presence of MDR bacteria in fish intended for human 
consumption raises concerns regarding the transmission of AMR 
through handling, processing, and consumption. Staphylococcus 
haemolyticus is an opportunistic human pathogen responsible for a 
wide range of clinical infections, including bacteremia, septicemia, 
meningitis, urinary tract infections, and device-associated infections, 
particularly in immunocompromised patients [45].

Despite providing valuable insights into the AMR and pathogenic 
potential of S. haemolyticus isolated from freshwater fish, this study 
has certain limitations. The investigation was based on a single MDR 
isolate, which may not fully represent the diversity and prevalence 
of  S. haemolyticus  in aquatic environments. Furthermore, the fish 
samples were obtained from a retail market after death and had 
been displayed for several hours prior to collection. Therefore, post-
mortem handling, storage conditions, and potential environmental 
contamination during marketing may have influenced the bacterial 
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