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Chapter 1

Extended-Spectrum [ -lactamase-producing Escherichia coli in
seafood and the environment: An emerging microbial challenge
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YQuality Control Laboratory, Fish Processing Technology Department, ICAR-Central Institute of Fisheries Education, Versova,
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Abstract

The ability of bacteria to resist antimicrobial agents has become a significant challenge in the contemporary world. Infections
caused by antibiotic-resistant bacteria can compromise the efficacy of antimicrobial chemotherapy, leading to treatment
failure and increased morbidity and mortality. Although some bacteria have the intrinsic ability to tolerate one or more drugs,
resistance to multiple, clinically important antibiotics is due to the acquisition of multiple resistance genes through horizontal
gene transfer (HGT). Among various classes of antibiotics, beta-lactam antibiotics have been effectively used to combat Gram-
negative bacterial infections for decades. Escherichia coli, a significant human pathogen, has developed various mechanisms
to resist 3-lactam antibiotics, the most notable of which is the production of extended-spectrum S-lactamase (ESBL) enzymes
that hydrolyze third-generation cephalosporins, such as cefotaxime and ceftazidime, as well as the monobactams. Although
carbapenems are the drugs of choice for treating ESBL producers, the emergence of carbapenem-resistant Enterobacterales
(CRE) has become a serious concern. The ESBL enzymes are very diverse, grouped into various families. SHV, TEM, CTX-M,
and OXA are some of the common examples of ESBL types widely present in Enterobacterales, and the genes encoding these
reside on mobile genetic elements, which allow their rapid dissemination. The isolation of ESBL-producing E. coli has been
reported from diverse food including seafood and food production environments, emphasizing the significance of the "One
Health” approach in controlling the spread of multidrug-resistant bacteria in the food chain.

1. Introduction

Seafood constitutes an essential part of a healthy diet, as it is a rich source of protein, essential fats, iodine, vitamin D, calcium, and other
essential minerals. Seafood is a perishable commodity due to its high moisture content and neutral pH, which provide a favorable habitat for
the growth and multiplication of microorganisms [1, 2]. In India, estuarine and coastal waters are frequently contaminated by the activities of
nearby inhabitants, such as the discharge of partially or wholly untreated sewage from nearby townships. Seafood caught from such areas
acts as a vector in disseminating pathogenic and drug-resistant bacteria from the environment to the community [3].

Escherichia coli is one of the most important bacteria constituting the human and animal gut microbiome. It is of utmost significance
as it aids in the synthesis of vitamin K2 and vitamin B2, contributing to the health and well-being of its host [4]. At the same time, it
can also cause infections of varying intensities in all age groups. Based on pathogenicity, E. coli is categorized into two major groups :
intestinal and extraintestinal E. coli.. Intestinal pathogroups include diarrheagenic E. coli (DEC), Shiga toxin-producing E. coli (STEC),
Enterohemorrhagic E. coli (EHEC), Enteropathogenic E. coli (EPEC), Enterotoxigenic E. coli (ETEC), Enteroinvasive E. coli (EIEC), ,
Entero adherent E. coli (EAEC), Diffusely-adhering E. coli (DAEC) whereas, extraintestinal pathogenic E. coli are Uropathogenic E. coli
(UPEC), Sepsis-causing E. coli (SEPEC) and Neonatal meningitis-associated E. coli NMEC) [5-8].

Our ability to treat infectious diseases has grown significantly with the discovery of several antibiotics in the 20 century. However,
continuous exposure to antibiotics eventually led to the development and spread of antimicrobial resistance in bacteria. Antimicrobial
resistance in human pathogenic bacteria has become a global health crisis in recent years, affecting the ability to treat infectious diseases
worldwide. The resistance of bacteria to structurally different antimicrobials involves several mechanisms, such as enzymatic drug
inactivation, reduced drug permeability, mutations in antibiotic targets, bacterial efflux pumps, and target alteration [9] Figure 1. There have
been links between the use of antibiotics in food-producing animals and the emergence of antibiotic resistance in Enterobacterales, as well as
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the transfer of resistant organisms to the human population or their resistance genes to human pathogens through the food chain [10]. E. coli
is identified as one of the most dangerous antimicrobial-resistant bacteria because of its ability to easily acquire and transfer resistant genes
via horizontal gene transfer, leading to the emergence of multidrug-resistant strains. Infections caused by such bacteria are difficult to cure
and can be fatal. Extended-spectrum f-lactamase (ESBL)-producing E. coli is a concerning issue in human and animal healthcare systems,
as critically important antibiotics fail to control infections caused by them [11].
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Figure 1: Bacterial mechanisms of antibiotic resistance

2. Beta-lactam antibiotics and the resistance

2.1. Beta-lactams

The discovery of antibiotics dates back more than 70 years, with Penicillin, a $-lactam class, as the first antibiotic [12]. B-lactams are the
most widely used bactericidal antibiotics worldwide for human and veterinary treatment due to their effective antimicrobial properties and
minimal side effects [13]. Hence, the therapeutically important antibiotics come under the f-lactam class, which comprises penicillins,
cephalosporins, monobactams, and carbapenems. These antibiotics have a four-membered f-lactam ring with 3-carbon and 1-nitrogen and
are distinguished by their side chain [14, 15].

Penicillin is a six-amino-penicillinic acid comprising a thiazolidine ring and a beta-lactam ring joined to a side chain. Cephalosporins are
the derivatives of 7-amino-cephalosporanic acid and are structurally similar to Penicillin. Based on the chemical structures of the R1 and
R2 radicals, the antibacterial and pharmacokinetic properties of cephalosporins differ. Carbapenems are five-membered rings identical to
Penicillin, except that the sulphur atom at position C-1 has been substituted with a carbon atom and has a double bond between C-2 and C-3
positions. Monobactams have no adjacent ring, unlike carbapenems, cephalosporins, and Penicillin. Aztreonam is the sole agent in this class
currently available. It is ineffective against gram-positive bacteria and anaerobes [15, 16] and Table 1.

2.2. Mechanism of action

B-lactams are bactericidal antibiotics that disrupt cell wall synthesis by interfering with peptidoglycan formation. -lactams structurally
imitate the D-Ala-D-Ala terminal segment of the crosslinking peptide, enabling it to covalently attach to penicillin-binding proteins (PBPs),
transpeptidase enzymes involved in the terminal step of peptidoglycan synthesis in both Gram-positive and Gram-negative bacteria. This
prevents the formation of bacterial cell walls, resulting in cell death [9, 14, 15, 22].

2.3. Resistance to 3-lactams

Although f-lactams are considered effective antimicrobial agents, their inappropriate and overuse in agriculture, animal industry, aquaculture
and healthcare has led to the development of resistance [23]. Different groups of bacteria possess different mechanism of $-lactam resistance.
One of the key mechanisms involves alterations in penicillin-binding proteins (PBPs) that reduce their affinity to f-lactam antibiotics. An
example of this is PBP2a in methicillin-resistant Staphylococcus aureus (MRSA) encoded by the mecA gene [14, 24]. Bacteria decrease the
expression of or lose certain outer membrane porins that prevent $-lactam from acting at their site of action. These mutations may result in
inactive or deleted porins or changes to the regulatory systems controlling them, such as OMP synthesis in Enterobacteriaceae and for P.
aeruginosa OprD synthesis [14, 25]. Furthermore, bacteria can activate efflux pumps to eliminate antibiotics and regulate the intramembrane
environment. As a result of the presence or overproduction of f3-lactamases, resistance may also develop due to the overexpression of
AcrAB-TolC efflux pumps in intestinal bacteria [14, 26, 27].

In Gram-negative bacteria such as E. coli, production of one or more -lactamases is the most common mode of resistance. These are
hydrolase enzymes that attach to the drug and break the amide bond of the four-membered lactam ring, adding a water molecule to the
ring-opened molecule, thereby preventing the rebonding of the lactam ring and inhibiting the killing activity of 8-lactams [14]. It shields
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Table 1: List of important antibiotics belonging to different classes of the B-lactam group

B-lactam group  Subclass Examples Reference
Penicillins Natural Penicillin G, Benzathine Balsalobre et al [16]
Penicillin, Procaine Penicillin, Dumancas et al [17]
Penicillin V
Semi-natural Methicillin, Oxacillin, Balsalobre et al [16]
Dicloxacillin, Nafcillin, Dumancas et al [17]
Carbenicillin, Flucloxacillin, Rolinson & Sutherland, [18]

Ancillin, Phenethicillin,
Propicillin, Phenbenicillin,
Clometocillin, Azidocillin,
Piperacillin, Azlocillin,
Mezlocillin, Ticarcillin, Ampicillin,
and Amoxicillin

Cephalosporins First-generation Cephalothin, Cephapirin, Balsalobre et al [16]
Cefazolin, Cephalexin, Bui et al [19]
Cephradine, Cefadroxil
Second-generation  Cefamandole, Cefuroxime, Balsalobre et al [16]
Cefonicid, Cefprozil, Cefaclor, Bui et al [19]
Ceforanide. Das et al[20]

Cephamycins include
Cefoxitin, Cefmetazole,
Cefminox, and Cefotetan.

Third-generation Cefotaxime, Cefixime, Balsalobre et al [16]
Ceftriaxone, Ceftazidime, Bui et al [19]
Ceftizoxime, Cefoperazone,
Ceftibuten, Cefpodoxime

and Cefdinir.
Fourth-generation  Cefepime, Cefpirome, Balsalobre et al [16]
Cefozopran Bui et al [19]
Das et al[20]
Fifth-generation Ceftobiprole, Ceftaroline, Balsalobre et al [16]
and Ceftolozane Bui et al [19]
Monobactams Aztreonam Balsalobre et al [16]
Carbapenems Doripenem, Ertapenem, Balsalobre et al [16]
Imipenem, Biapenem, Papp-Wallace et al [21]

Panipenem and Meropenem

organisms from the deadly effects of B-lactam antibiotics, such as penicillins, cephalosporins, and carbapenems, rendering them ineffective
against resistant bacteria [28].

B-lactamases are broadly categorized into two major groups: serine f3-lactamases (Class A, C, and D) and metal-based 3-lactamases
(Class B). Class A f-lactamases are abundant, among which ESBLis the most important form recorded worldwide and poses a significant
threat to both the community and the environment.

3. ESBL and its dissemination

After the prevalence of penicillinases, cephalosporins are the most widely prescribed group of -lactam antibiotics because of their mild
nephrotoxicity compared to other groups of antibiotics, such as aminoglycosides and quinolones. Soon, the extensive use of cephalosporins
led to the emergence of bacteria that produce extended-spectrum f-lactamases.

ESBL confers resistance to second- and third-generation cephalosporins, penicillin, and monobactams, but is inhibited by f3-lactamase
inhibitors, cephamycins (such as cefoxitin), and carbapenems [29]. ESBLs are serine-based f3-lactamases, categorized as Ambler class A
based on their molecular and structural characteristics and in group 2be of functional classification [30].

It was in the 1980s that the first ESBL was identified in Europe, with the discovery of TEM (TEM-1) and SHV (SHV-1) [31]. TEM and
SHV types were the most common ESBL families in the past, with variants showing minor differences in the amino acid sequence. However,
today, CTX-M type enzymes are predominant.

3.1. TEM B-lactamases

TEM stands for Temoneira. This enzyme was first discovered in Escherichia coli plasmid isolated from the blood of a Greek patient named
Temoneira in the early 1960s. TEM type ESBLS are variations of this enzyme. The first TEM derivative, TEM-2, differs from TEM-1
B-lactamase by a single amino acid, GIn39Lys [30].

TEM-1 enzyme hydrolyzes penicillins and early cephalosporins. They are inhibited by oxyimino cephalosporins because oxyimino
cephalosporins like cefotaxime and ceftazidime consist of an oxyimino side chain, which cannot be accommodated in the active site of
TEM-1. R164S and G238S substitution in TEM-1 favoured oxyimino cephalosporin hydrolysis [32]. CTX-1, later termed TEM-3, had two
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amino acid substitutions from TEM-1, i.e., lysine for glutamic acid at 104 residue and serine for glycine at 238 residue. TEM-3 was the
first of the TEM-type variants to exhibit the ESBL phenotype identified in 1986 from the plasmids of K. pneumoniae in healthcare settings
[33, 34]. In TEM variants, the substitution of amino acids occurs at specific, restricted sites. Among the substitutions at Arg43, Asp179,
Arg205, Gly238, and Glu240, Gly238Ser and Glu240Lys tend to have the most significant influence on the development of the ESBL
phenotype [35, 36]. TEM-type enzymes have become less frequent, while CTX-M f3-lactamases have become the most common ESBLs
globally. A fraction of a percent of ESBL-producing E. coli and Klebsiella pneumoniae were found to have TEM-type ESBLs in a recent
study of European isolates [37]. In several variants, substitutions in the amino acids Asp276, Cys241, Met69, Arg241, Arg244, Arg275, and
Asn276 of TEM-1 and TEM-2 resulted in resistance to 3-lactamase inhibitors [38-40]. TEM-52, TEM 1, TEM-135, TEM-1P14S, TEM-3,
TEM-10, and TEM-26 are the most common variants obtained worldwide [30, 41-43].

3.2. Sulfhydryl Reagent Variable (SHV) 3-lactamase

Sulthydryl reagent variable (SHV) is a type of ESBL discovered in the chromosome of K. pneumoniae [44]. SHV was designated so because
of the perception that the inhibitory activity of SHV by p-chloromercuribenzoate was substrate-based, but this was disproved in later studies.
In the 1970s, SHV-1 was the first SHV discovered in the plasmid of E. coli, conferring resistance to penicillins and early cephalosporins
[45]. In 1983, SHV-2, a variant of SHV, was the first ESBL discovered in a Klebsiella ozaenae isolate from Germany, exhibiting efficient
hydrolysis of cefotaxime but only marginally of ceftazidime [46]. SHV-2 varied from SHV-1 with a single amino acid substitution at position
238 from Gly to Ser. Amino acid substitution like Leu35Gln, Gly238Ser or Gly238Ala, and Glu240Arg or Glu240Lys has a crucial role in
SHV ESBL phenotype [36, 45, 47]. Gly238Ser and Glu240Lys substitutions are most common in SHV ESBL types [48]. SHV-12 (22; 9%),
and HV-28, SHV-5, and SHV-2a genes are the most common variants of SHV [30, 41, 45]. SHV-49, SHV-56, and SHV-107 obtained from
European clinical isolates were resistant to 3-lactamase inhibitors [49, 50]. However, tazobactam and avibactam are effective in inhibiting
most TEM and SHV enzymes [30].

3.3. Cefotaximase f3-lactamase (CTX-M)

CTX-M stands for cefotaximase from Munich, Germany, where it was first identified in a clinical isolate of E. coli in 1989 [51]. It was
first obtained from the E. coli plasmid, isolated from a faecal sample of a laboratory dog treated with beta-lactams, designated as FEC-1
[52, 53]. The first clinical CTX-M isolate was obtained from the E. coli isolate of ear exudate of a newborn in Germany [54]. CTX-M
shows only 40% similarity to TEM and SHV [55]. It was named cefotaximase because the early CTX-M versions effectively hydrolyzed
cefotaxime and ceftriaxone, but had limited action against ceftazidime [52]. Later, CTX-M variants such as CTX-M-15 and CTX-M-27,
which belong to the CTX-M-1 and CTX-M-9 groups, respectively, demonstrated enhanced hydrolytic activity against ceftazidime, as well as
veterinary broad-spectrum cephalosporins, cefquinome, and ceftiofur [30, 31]. Asn104, Asn132, Ser237, and Asp240 residues are significant
in oxyimino-cephalosporins hydrolysis [52].

CTX-M-type ESBLs are noticeably less susceptible to sulbactam’s inhibitory effect than that of clavulanic acid and tazobactam, and
this property helps distinguish CTX-M-type ESBL producers from TEM or SHV [31]. However, CTX-M-190 from Escherichia coli
70-kb Incl1 plasmid differed from CTX-M-55 with Ser133Thr substitution exhibiting resistance to sulbactam as well as tazobactam [56].
Ser237 and Arg276 substitutions play an important role in oxyimino cephalosporin hydrolysis in CTX-M bacteria with reduced 3-lactamase
susceptibility [55, 57].

Depending on the similarity of sequences, CTX-M is subdivided into 5 groups: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9, and
CTX-M-25 Table 2. These groups have more than 10 amino acid differences, and those with fewer than 5 amino acid differences are clustered
in the same group [35, 51, 52]. CTX-M groups originate from Kluyvera spp, but are now seen in transferable elements [58].

Table 2: CTX-M group and the members of each cluster

CTX-M group Members of the cluster References

CTX-M-1 CTX-M-1, CTX-M-3 CTX-  Bonnet et al [52]
M-10, CTX-M-12 CTX-M-  Gniadkowski et al [59]
15, FEC-1, CTX-M-22, Karim et al [60]
CTX-M-23, CTX-M-28 Kariuki et al [61]

CTX-M-2 CTX-M-2, CTX-M-4, CTX- Bonnet et al [52]

M-4L, CTX-M-5, CTX-M-
6, CTX-M-7, CTX-M-20,

Toho-1
CTX-M-8 CTX-M-8 Bonnet et al [62]
CTX-M-9 CTX-M-9, CTX-M-13 Bonnet et al [52]

CTX-M-14, CTX-M-16,
CTX-M-17, CTX-M-19,
CTX-M-21, CTX-M-27,
Toho-2, CTX-M-24
CTX-M-25 CTX-M-25, CTX-M-26 Bonnet et al [52]

Most commonly found CTX-M enzymes are CTX-M-1, CTX-M-3, CTX-M-15, CTX-M-9, CTX-M-14, CTX-M-27, CTX-M-8, CTX-M-
25 and CTX-M-2 [30, 41]. CTX-M, SHYV, and TEM are the prevalent ESBL types distributed worldwide. In contrast, SFO, BES, BEL, TLA,
GES, PER, and VEB are minor groups of ESBL that are endemic and sporadically detected [46, 63-67].
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4. Transferability of ESBL-encoding genes

Although ESBL genes were originally reported in the chromosomes of bacteria, the extensive use of extended-spectrum beta-lactam drugs
resulted in selection pressure, leading to the acquisition of these genes in mobile genetic elements, which facilitated their easy mobility and
dissemination. Resistant genes are retained within transposons and insertion sequences located in plasmids, which can be easily transmitted
between different bacteria. This facilitates genetic exchange processes, allowing bacterial communities to spread resistance characteristics
more widely.

Insertion sequences, integrons, and transposons of family Tn3 and Tn5053 are the important mobile elements involved in the transferability
of resistant genes in gram-negative bacteria [68]. The IS26 insertion sequence, a member of the IS6 insertion sequence, plays a crucial
role in the dissemination of the bla gene [69]. They are mainly associated with plasmids compared to chromosomes. There are 28 plasmid
incompatibility groups in the Enterobacteriaceae, with IncF, R, X, I, L/M, N, P, H, A/C, and W, which are linked to ARGs [70]. Important
blagyy genes are mainly located in IncA/C, IncF, IncHI2, Incll, IncL/M, IncN, IncX3 and IncP [45, 69]. IncP, IncQ, and IncA/C have a
wide host range, and the genes present in them can be mobilised to different genera and also to gram-positive bacteria. But IncFII has a
narrow host range [70-73].

The blaTtgm genes are carried on the transposon TnA. Based on the TEM variants, TnA is categorised into Tn/, Tn2, and Tn3 based on
the sequence difference in the res site [74]. blacTx.m gene is found in the plasmids of IncN, Incll, IncK, IncF, and IncL/M groups [71].
blactx.m gene is located in ISEcpl or ISCR1. All members of the blacTx.m groups possess ISEcpl, which belongs to the IS1380 family,
facilitating the easy dissemination of blactx.m genes. Of the 5 subgroups of blactx.m genes, blactx.m.2 and blactx.m.9 have ISCR1-like
insertion sequences [60, 75, 76]. In addition, blactx.m genes are also associated with IS70 and 1S26, showing that the blacTx.m genes are
present on a wide range of mobile genetic elements [58, 77]. ISE,,; was first obtained from E. coli, which can hold many resistant genes
of varying length from different origins, conferring resistance to a wide range of antimicrobial agents [68]. Since the first discovery of
plasmid-mediated blargy—1, resistance is unstoppable for old as well as newly developed drugs, narrowing down the treatment options for
deadly infections, thereby causing increased morbidity and mortality.

5. Prevalence of ESBL-producing Escherichia coli in seafood

Continuous use of antibiotics significantly disrupts the normal microflora, leading to the prevalence of resistant strains. However, upon
withdrawal of antibiotic usage, these resistant strains diminish. But, E. coli O25b:H4-ST131 is an adherent-invasive E. coli (AIEC) that can
thrive in the gut and urinary tract for a consistent period in the absence of antimicrobial pressure. Hence, the global spread of virulent E. coli
harboring resistant genes is a challenge to physicians. An extremely potent and virulent clone from ST131 (phylogroup B2) dominates
the majority of ESBL-producing E. coli worldwide, referred to as the “International clone” or “Epidemic strain” [31, 78, 79]. ST58
(phylogroup B1), ST167 (phylogroup A), ST393 (phylogroup D), ST1158 (phylogroup F), ST457 (phylogroup F), ST69 (phylogroup D),
ST648 (phylogroup F), and ST405 (phylogroup D) are important ESBL-producing E. coli sequence types with global dissemination. Most
ESBL E. coli isolates have O serogroups and H flagellar antigens [80-86].

The transboundary movement of ESBL genes was demonstrated earlier in 2012 by [87], who reported the blacTxm gene in 82% of E.
coli isolates from imported raw frozen mackerel fish in Saudi Arabia. Antibiotic-resistant E. coli were isolated from frozen Pangasius fillets
and shrimp imported from Asia to Denmark, that were resistant to multiple antibiotics like cephalosporins, macrolides, fluoroquinolones, and
colistin [88]. Some important reports on ESBL-producing E. coli, along with resistant genes, are mentioned in Table 3.

Extended-spectrum f-lactamase (ESBL)-producing bacteria have emerged globally due to the improper use of expanded-spectrum
cephalosporins to treat infections. Since then, carbapenems have been viewed as the last-resort antibiotics for treating infections caused by
multidrug-resistant isolates that produce ESBL. Under the pressure of using carbapenem in therapeutic settings, various mechanisms for
carbapenem resistance have emerged. Over the past decade, the lack of effective medicines and the widespread transmission of carbapenem-
resistant Enterobacterales (CRE) have made this pathogen a significant threat to public health. Genes encoding extended-spectrum
B-lactamases have undergone mutation, giving rise to carbapenemases that cause the most problems, leaving only a few antimicrobials
effective against them [108]. Among blaTgwm, blaspy, and blaCTX, the blasyy.3g gene is the only ESBL variant that has the ability to
hydrolyze carbapenems (such as imipenem). The imipenem-hydrolyzing ability of the bla gene was due to a point mutation from alanine to
valine at the 146 Ambler position [109]. Overexpression of the blacrx_ps gene and reduced porin size contribute to carbapenem resistance
in Enterobacterales. Due to the loss of OmpC/OmpF in these mutants, the fitness cost explains the failure of successful emergence in
clinical species [110]. The co-occurrence of ESBL and carbapenemase genes, which confer resistance to all $-lactams, highlighted the
ineffectiveness of f-lactams in treatment. Furthermore, the combination of -lactamase-producing genes with other antibiotic-resistant
genes has given rise to superbugs, exacerbating the current situation. Extended-spectrum S-lactamase (ESBL)-producing bacteria have
emerged globally due to the improper use of expanded-spectrum cephalosporins to treat infections. Since then, carbapenems have been
viewed as the last-resort antibiotics for treating infections caused by multidrug-resistant isolates that produce ESBL. Under the pressure of
using carbapenem in therapeutic settings, various mechanisms for carbapenem resistance have emerged. Over the past decade, the lack of
effective medicines and the widespread transmission of carbapenem-resistant Enterobacterales (CRE) have made this pathogen a significant
threat to public health. Genes encoding extended-spectrum f3-lactamases have undergone mutation, giving rise to carbapenemases that cause
the most problems, leaving only a few antimicrobials effective against them [108]. Among blatgm, blasyy, and blaCTX, the blagyy.3g gene
is the only ESBL variant that has the ability to hydrolyze carbapenems (such as imipenem). The imipenem-hydrolyzing ability of the bla
gene was due to a point mutation from alanine to valine at the 146 Ambler position [109]. Overexpression of the blactx_m gene and reduced
porin size contribute to carbapenem resistance in Enterobacterales. Due to the loss of OmpC/OmpF in these mutants, the fitness cost explains
the failure of successful emergence in clinical species [110]. The co-occurrence of ESBL and carbapenemase genes, which confer resistance
to all B-lactams, highlighted the ineffectiveness of 3-lactams in treatment. Furthermore, the combination of §-lactamase-producing genes
with other antibiotic-resistant genes has given rise to superbugs, exacerbating the current situation.

Given that we are in the post-antibiotic era, preventing antibiotic resistance is no longer possible. However, reducing antibiotic usage can
subsequently reduce the selection of resistant bacteria, thereby decreasing the survival and spread of resistant strains. It can be achieved
by using alternatives to antibiotics for treatments, such as vaccines, monoclonal/polyclonal antibodies, bacteriophages, phytochemicals,
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Table 3: Reports on ESBL-producing E. coli in seafood

Country Sample Antibiotic-resistant Genes Reference
China 680 fish, 143 mcr-1, blatgm-1, blacTx-ym-14, Zhang et al [89]
shrimp, and 26 blactx-m.ss, tetA, strA/B, sul2,
shellfish aadA, floR, and gnrS
Germany (Berlin) 160 seafood blactx-m, blacmy, or blapya Vu et al [90]
India (Assam) 79 dfrAl, sull, gnrB, gnrS, tetA, Sivaraman et al [91]
sul2 aac(6)-Ib-cr, blactx m-15,
blacmy-2, blasuv, blatem
India (Assam) 94 blaCTX—M—l s blaCTX-M—97 blaCTx_M_15, Sajeev etal [92]
blactx-m-14, blatem blaspy,
blaOXA-1, ydgE/F, sugE(c),
mdfA, emrE gene
India (Maharashtra) 37 fish and 13 blactx-m, blaspy, Singh et al [13]
shellfish blaOXA, blaNDM and blaVIM Dhanush et al [93]
India (Maharashtra) 14 fish, 3 blactx-m, blaspv, blatem Singh et al [29]
shrimp, 1 and blaNDM
squid and 1 clam
India (Tamil Nadu) 31 blactx-m, blatem blaspy, Kamala & Sivaperumal [94]
and blaa,pc
India (Tamil Nadu) 44 finfish, 19 blactx-m, blasyv, blatem, Kavinesan et al [95]
shellfish and ampC genes
Japan 50 blactx-M-65, blatem Xedzro et al [96]
Nigeria 238 blatpym and tetA Odumosu et al [97]
Northeast Algeria 100 sardines blacTx-M-15 Dib et al [98]
(Constantine) and 50 red shrimp
Northern Portugal 150 blactx-m-1, blaTtem, tet(A) Silva et al [99]
and aadA gene
Norway 390 bivalves blactx-m-15, blactx-m-3, blactxm.1,  Svanevik et al [100]
blacmy.42
Portugal 522 bivalves blactx-m-32, blactx M-15» Freire et al [101]
blactx-Mm-14
South America 42 blactx-m Sellera et al [102]
Thailand 144 oyster meat blactx-m-55, blatem, tetA Jeamsripong et al [103]
Tunisia 70 blacTxm-1 Said et al [104]
Tunisia (Sousse, 641 pieces of blactx-m-1, PlacTx-M-15» Sola et al [105]
Mahdia, and sea bream and blactx-M-14,> blactx-M-27,
Monastir, Gabes) sea bass; 1075 tetA, tetB, dfr genes
Mediterranean
clams
Turkey 96 mussels, 96 shrimp  blactx.m, blatem Celik et al [106]
Vietnam (Nha Trang) 60 shrimp blactx-m-1, blactx-m-9, blaTtem, Leetal [107]

and blaSHV

antimicrobial enzymes, and peptides [111]. Several actions are undertaken globally by governments with various programs, which include
the ”One Health” approach, Global Antimicrobial Resistance and Use Surveillance System (GLASS), Global Action Plan for managing
AMR (GAP-AMR) to narrow down the information gap in antibiotics usage and also link the health of community with that of its associated
environment [112].

6. Conclusion

Seafood caught usually contains Vibrio spp, but the presence of Escherichia coli indicates the secondary contamination of seafood. One
of the main reasons is the release of improperly treated domestic and hospital sewage into coastal waters. The irrelevant and illogical use
of antibiotics in aquatic environments also contributes to the propagation of antibiotic resistance. Such fish acts as a reservoir of resistant
genes that are transmitted to the community when eaten raw or via cross-contamination. Continuous surveillance and documentation of
antibiotics from production to consumption should be maintained. The over-the-counter availability of critically important antibiotics should
be controlled, and educating the general public regarding the importance of antibiotics and their resistance is a pressing need. Studies
reported on ESBL-EC bacteria in seafood highlight the threat to the public, indicating their circulation between the environment and
the community. Hence, policymakers should take necessary measures and implement effective management practices, such as antibiotic
stewardship programs and the one health approach, in every state and district to address the issue of antibiotic resistance.
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