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Salmonella serotypes exist; Salmonella enterica serovar Typhimurium and Enteritidis have
garnered major attention as seafood-borne pathogens. The disease-causing capacity of
Salmonella is attributed to its ability to express a wide assemblage of virulence factors that help
the bacterium invade, colonize and survive in seafood environments and in the gastrointestinal

tracts of humans. More than this, the emergence of antimicrobial resistance in Salmonella

detected from seafood is a significant task for the seafood industry in safeguarding the health
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of humans worldwide. Implementation of comprehensive surveillance programs, good
aquaculture practices, proper handling, processing and adherence to strict food safety
regulations and food safety management are needed to minimize the Salmonella contamination
in seafood. This study is focused on the antimicrobial resistance in Salmonella involved in
different types of seafood.

Keywords: Salmonella; Seafood; Antimicrobial Resistance; Pathogen; Public Health

publication under the terms and

conditions of the Creative Commons
Attribution (CCBY)
(https://creativecommons.org/li
censes/by/4.0/).

license

Introduction

The Gram-negative bacterium Salmonella enterica, belonging to the family Enterobacteriaceae,
is one of the leading causes of food-borne gastroenteritis worldwide. Salmonella is a human and
animal-associated pathogen and its presence in foods and the environment is due to

contamination from these sources. Salmonella infections are manifested as diarrhea, fever,
vomiting and abdominal cramps [1,2]. Infection due to Salmonella is an important public health

concern across the world, along with an economic burden because of the expenses of disease
control and treatment [3-5]. Other manifestations of Salmonella infections include bacteremia, meningitis, urinary tract infections,
etc. S. enterica comprises more than 1500 serotypes distributed over diverse sources [6]. Typhoidal strains of Salmonella, namely
S. Typhi and S. Paratyphi, are exclusively associated with humans, while all other serovars are widely distributed in animals,
birds, reptiles, etc [7]. Food-borne salmonellosis is one of the leading causes of human illness worldwide [8]. Every year, 1.4
million cases of food-borne salmonellosis occur in the US alone [9]. Worldwide, non-typhoidal Salmonella are responsible for 93.8
million food-borne infections and 1, 55, 000 deaths annually [10]. Although infections by non-typhoidal Salmonella are generally
self-limiting, they cause considerable morbidity due to their widespread presence in foods of different origins. Approximately
95 % of cases of salmonellosis are associated with consuming contaminated products like meat, eggs, poultry, milk, fresh produce
and seafood [11]. Fish and shellfish are not known to harbor Salmonella as their natural biota. Salmonella in seafood is due to the
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secondary contamination occurring at various stages, from harvest to consumption [12]. Fish in their natural habitat are
contaminated by bacterial pathogens due to the discharge of domestic, agricultural wastes and land runoff.

Salmonella can be found in the digestive tracts of birds, reptiles, animals and humans. Common serotypes of Salmonella have been
involved with direct or indirect contact with reptiles such as turtles, snakes, lizards and iguanas) [13]. Food and water can be
contaminated with Salmonella by coming in contact with the feces of infected people or animals [14]. In addition to being a healthy
food with high nutritional value seafood can be associated with high risks, mainly those related to bacterial contamination.
Significant epidemiological data is available on the presence of Salmonella in seafood and related illnesses, stressing the need for
Salmonella risk management in seafood. The occurrence of Salmonella in aquaculture fish products due to the use of untreated or
contaminated water during production and cross-contamination while handling and transportation is a significant public health
concern. In aquatic environments, the survival rate of Salmonella is very high and can survive longer than V. cholerae in highly
eutrophic river water [15].

Salmonella contamination is a major problem in farmed fish and shellfish. The incidence of salmonellosis in many countries due
to the consumption of contaminated seafood, such as uncooked shellfish, is a primary concern of public health agencies [16].
Seafood, particularly shellfish in the United States, accounted for 7.42 % of all food poisoning-related deaths due to Salmonella
infections from 1990 to 1998 [11]. In recent decades, the per capita consumption of seafood and aquaculture products has
increased significantly [17-19]. With this, potential risks of exposure to foodborne pathogens have also increased.

In recent years, antimicrobial resistance among non-typhoidal Salmonella has been on the rise, presumably due to the use of
antimicrobial agents in food animals [20,21]. Most infections with antibiotic-resistant Salmonella are acquired by eating
contaminated foods of animal origin [22]. Unregulated doses of antibiotics in fish culture ponds can also significantly contribute
to the rise in antibiotic-resistant bacteria in seafood [23]. The presence of antibiotic-resistant bacteria in seafood produced in or
exported to developed countries has been reported by many authors [24,25]. This is especially important in East and Southeast
Asia, where most aquaculture production and consumption occurs [26].

Antibiotic Resistance

Antimicrobial resistance is a major public health issue in all over the world [27,28]. Bacteria exhibit antibiotic-resistant properties
owing to three basic mechanisms such as (i) modification of the antibiotic by reducing antibiotic absorption or increasing efflux
of the antibiotic drugs by using their enzymes, (ii) alteration of the target site of the antibiotics and (iii) acquisition of the capacity
to alter or break the antibiotic [29]. Various lines of corroboration reveal that the application of antimicrobial agents in food
animals contributes to the emergence and circulation of antimicrobial resistance in food-borne Salmonella [30]. In the current
scenario, antimicrobial resistance is a serious issue that impedes the treatment of salmonellosis [31,32]. The prevalence of
antimicrobial-resistant bacteria worldwide occurs due to the epidemic spread of a specific bacterial isolate and the genetic
material exchange from one microbe to another. The emergence of Multidrug-Resistant (MDR) Salmonella serovars limits
therapeutic options in both humans and animals [33]. Treatment of gastrointestinal illness posed by NTS does not recommend
antimicrobial treatment in healthy humans as the infection often is self-limiting. Individuals suffering from severe illness,
immune suppression or bacteremia are given antimicrobial therapy [7]. Application of first-line antimicrobial drugs should
include ampicillin, chloramphenicol or trimethoprim-sulfamethoxazole [7,34].

History of Antimicrobial Resistance in Salmonella

The antibiotic chloramphenicol, which was discovered in 1948, was very effective as a drug for typhoid fever and was used on a
large scale. After two years, chloramphenicol-resistant S. Typhi was reported from England [35], probably due to its
indiscriminate application. However, it was not a major problem till 1972. Salmonellosis outbreaks were continuously being
reported in Mexico (1972), India (1972), Vietnam (1973) and Korea (1977). Ampicillin was also reported to be ineffective against
this strain. Till 1975, co-trimoxazole remained an effective alternative drug until resistance to it was reported in France. By the
end of 1980s, strains of S. Typhi became resistant to all these three antibiotics [36]. Multidrug-Resistant Typhoid Fever (MDRTF)
can be defined as typhoid fever due to S. Typhi strains that are resistant to three first-line recommended drugs for treatment such
as ampicillin, chloramphenicol and co-trimoxazole [37]. The repeated occurrence of MDRTF in children prompted the use of
ciprofloxacin. The following studies showed that ciprofloxacin was safe, effective and less expensive for children. Therefore,
fluoroquinolones have started to be used across the world as the drug of choice for the treatment of MDRTF. In 1992, S. Typhi,
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resistant to fluoroquinolones, was reported in the United Kingdom and other nations, including India. With the resistance
development of quinolone (nalidixic acid), third-generation cephalosporins were used, but sporadic reports of resistance to them
were also observed [38]. A report by Elhadi (2014) in Saudi Arabia, the isolated Salmonella sp. from seafood were exhibited the
highest rate of resistance to antibiotics such as tetracycline (90.71%), ampicillin (70%) and amoxicillin-clavulanic acid (45%) [39].

Plasmid Profiles of Salmonella

Virulence plasmids are a well-defined category of plasmids found in Salmonella, with sizes ranging from 2 to 200 kb [40]. Plasmid-
mediated resistance occurs when antimicrobial-resistant genes carried on plasmids are transferred from one prokaryote to
another via horizontal gene transfer. Bacteria can transmit plasmids from one cell to another via conjugation, allowing antibiotic-
resistant plasmids to spread throughout bacterial cells [41]. The presence of plasmid-borne virulence genes in Salmonella was
initially suggested in 1982. However, recent evidence suggests that virulence plasmids have a lesser role in Salmonella
pathogenesis than in E. coli, Yersinia spp. and Shigella spp. [42]. Only a few Salmonella serovars, primarily from subspecies I, have
been identified to possess virulence plasmids, including S. Paratyphi C, S. Enteritidis, S. Typhimurium, S. Dublin, S. Choleraesuis, S.
Gallinarum and S. Pullorum [43]. These plasmids are known as "serovar-specific plasmids," and their size ranges from 50 to 90 kb;
however, not every isolate of a plasmid-bearing serovar carries the virulence plasmid [44 - 46]. Salmonella Typhi Salmonella
Paratyphi A, Salmonella Paratyphi B and Salmonella Sendai do not contain virulence plasmids and the SPV region [43,46]. To confer
the virulent phenotype, only a 7.8 kb region, SPV (Salmonella plasmid virulence), is necessary and other loci of the plasmid
implicated in the synthesis of fimbriae and serum resistance may play a role in different phases of the infection. The spv region
of Subspecies I contains five genes known as spvRABCD, which are thought to contribute to colonization and resistance to
complement killing by the rck gene [44]. The pef (plasmid encoded fimbriae) locus contains four genes designated as pefBACD
and additional ORFs (orf5, orf6, orf7, orf8, orf9 and orfll) whose function cannot be determined from sequence analysis [47].
The known gene rck involved in serum resistance was found between the last two ORFs. Plasmids of Salmonella Enteritidis and
Salmonella Typhimurium carry the per gene, which determines the formation of surface filamentous structures [42]. Baumler, et
al., demonstrated that PEF mediates adherence to the small intestine of mice, when used pefC insertion mutants of Salmonella
Typhimurium. The role of resistance in Salmonella to bacteriolytic activity of normal serum was found to be mediated by the long-
chain Lipopolysaccharide (LPS) of Salmonella. Three virulence plasmid genes, traT, rck and rsk, have been suggested to be
involved in serum resistance [42].

Transposons: Other than transposition, transposons in bacteria may carry additional genes for functions like resistance to
antibiotics. Transposons in bacteria can jump to plasmid DNA from chromosomal DNA and back, causing the transfer and
permanent addition of genes, such as those encoding antibiotic resistance [49]. This way, a resistant gene can be directly
incorporated into host chromosomal DNA and need no dependence on plasmid transfer for spread [41]. It is also observed that
integrons have been associated with the widely distributed transposon Tn21. The Tn21 transposon encodes genes and sites
required for transposition (including tnpA, tnpR, tnpM, res and inverted repeats) and integrons are located in the left arm,
adjacent to the tnpM gene [50]. The aad A1 gene cassette is found to confer resistance to streptomycin and spectinomycin in Tn21-
associated integrons [50]. Streptomycin resistance genes such as strA-strB and tet(A) resistance gene are also found encoded in
transposon Tn5393. They are frequently located on plasmids of multidrug-resistant S. enterica strains of different serotypes [51].

Integrons: Integrons form an essential ‘building block’” of many transposons and allow the rapid formation and expression of new
combinations of genes in response to selection pressures [52]. The prevalence of integrons in multidrug- resistant serotypes of
Salmonella is widespread and documented in several studies [53]. Khan, et al., reported the presence of class 1 integrons in S.
Bareilly and S. Oslo. Recchia and Hall reported about 60-100 gene cassettes located on integrons responsible for bacterial resistance
to a broad spectrum of antimicrobial agents [54,55]. Gene cassettes present in resistance integrons encode resistance to antibiotics,
while gene cassettes within super integrons encode a variety of functions. There are four classes of integrons, of which two classes
are found in Salmonella [56]. Class 1 integrons called In2 are found associated with transposon Tn21, a member of the Tn3 family
of transposable elements and In2 and Tn21 are found widely distributed in Gram negative bacteria [51]. Class 2 integrons are
found associated with the Tn7 family of transposons [57].
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Figure 1: Transmission and antibiotic resistance mechanisms in Salmonella spp. [58-61].

Antibiotic Resistance Mechanisms in Salmonella

In Salmonella enterica, the horizontal transmission of antibiotic-resistance genes located in the plasmid or within the chromosome
contributes to the dissemination of antibiotic resistance [62]. Under antibiotic pressure, bacteria that are resistant to one
antimicrobial agent quickly evolve and soon develop resistance against other multiple drugs [63]. Bacteria resist antimicrobial
activity by: inactivation of the antimicrobials, alteration of the antimicrobial target site, efflux or transport of the antimicrobials
and limiting the permeability of the antimicrobial agent (Fig. 1) [59]. Antimicrobial resistant genes acquired by integrons,
plasmids or transposons can transfer resistance to other bacterial species or strains. Transposons can transfer antibiotic resistance
genes, allowing them to recombine with the chromosome or plasmid. Integrons are composed of the recombination enzyme
integrase encoded by the intl gene, a recombination site identified by integrase. Cassettes existing in the integrin are expressed
by promoters which are essential gene [64]. These systems efficiently improve the acquisition of external genes such as antibiotic
resistance genes in the bacterial genome, primarily through plasmids. Furthermore, conjugation facilitates the transmission of
resistance genes existing in plasmids via integron or transposon into the other bacterial species or strains [63].

S. Typhimurium DT104 showing resistance to the trimethoprim is linked to mobile non-conjugative plasmids [65]. S. Typhimurium
definitive type (DT) 104 is a multidrug-resistant pathogen that has posed a severe threat to animal husbandry. It was initially
discovered in the United Kingdom. It has been associated with animals (monogastric) and ruminants, which are responsible for
foodborne outbreaks through meat and meat products. This phage is chromosomally encoded and resistant to more than five
drugs, such as ampicillin, chloramphenicol, florfenicol, streptomycin, sulfonamides and tetracyclines. Resistance to
fluoroquinolones in non-typhoidal Salmonella is particularly concerning, as fluoroquinolones is the treatment of choice for
invasive salmonellosis in adults. The genes that code for gyrase (gyrA and gyrB) and topoisomerase IV target fluoroquinolones
in bacterial cells and mutations in these genes cause fluoroquinolone resistance [65,66].

Plasmid-Mediated Quinolone Resistance (PMQR) genes, such as oqxAB and aac(6')-Ib-cr, are also found in ciprofloxacin-resistant
clinical isolates of S. Typhimurium at higher frequencies of 44% and 89%, respectively. The mutation of the PMQR genes, together
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with the gyrA gene, increases the minimum inhibitory concentration of ciprofloxacin in S. Typhimurium by fourfold. To inhibit
fluoroquinolone impact on PMQRs, qnr genes are attached to DNA gyrase and topoisomerase. Fluoroquinolones are ejected into
the extracellular space and the PMQR gene, qepA, is closely associated with efflux pumps [67]. Therefore, the combined effect
of the mechanism is responsible for the resistance of non-typhoidal Salmonella towards fluoroquinolones [68]. Non-typhoidal
Salmonella spp. has developed extended-spectrum resistance to cephalosporins, particularly ceftriaxone, which is a severe concern
because these medicines are used to treat invasive non-typhoidal salmonellosis in children. Salmonella develops resistance to -
lactam antibiotics mostly through enzyme hydrolysis [69]. In Salmonella, the first TEM-type -lactamase, TEM-3, was identified,
which displayed the features of ESBL [70-72]. Around 90 types of TEM and 25 types of SHV (sulphydryl variable) 3-lactamases
are found in the environment [70,73].

Plasmid-mediated ESBLs, such as Cefotaxime (CTX-M), are one of the major concerns since they are often detected in Salmonella
spp. and play a role in the hydrolysis of cefotaxime. CTX-M ESBL genes horizontally transfer via conjugation plasmids and
transposons, which are primary active processes linked with CTX-M ESBLs acquisition. CTX-M-type [-lactamase expansion
differs from that of TEM- and SHV-type p-lactamases, which share similar amino acid changes [71]. However, it has been
observed that the serine residue at position 237 in CIX-M enzymes contributes significantly to extended-spectrum antibiotic
resistance [74]. In Salmonella, ESBLs genes such as blaTEM-1 and blaSHV-1 confer resistance to third-generation cephalosporins.
Genes such as blaCTX-M and blaSHV-5 encoded on transferable plasmids can pose a severe threat to present antibiotic treatment
strategies in humans [62].

OXA-type -lactamases can withstand cephalolecithin and ampicillin. It also has high hydrolytic activity against oxacillin and
cloxacillin [75]. Salmonella generates OXA-48 carbapenemase (S. Kentucky) and OXA-1 encoding poultry isolates have been
reported [72,76]. Non-Typhoidal Salmonella (NTS) PER-type ESBLs that hydrolyze penicillins and cephalosporins have also been
identified [77]. Non-Typhoidal Salmonella frequently produces intrinsic cephalosporinases such as DHA, CMY and ACC-1
enzymes [65,77]. Salmonella serovars contain [-lactamases such SHV-9, CMY-7 and OXA-30, indicating strong cross-resistance
among non-typhoidal Salmonella strains [78]. In aminoglycoside antibiotics, the aminoglycoside acetyltransferases modify amino
groups. The genes that encode aminoglycoside acetyltransferases are known as aac and they are commonly found in Salmonella
genomic islands, integrons and plasmids. Acetyltransferases enzymes provide resistance to important antibiotics viz. kanamycin
and gentamicin. The aminoglycoside hydroxyl group of phosphorylating enzymes, such as aminoglycoside
phosphotransferases, has been linked to the development of resistance against aminoglycoside antibiotics in Salmonella. Some
aminoglycoside phosphotransferases are resistant to neomycin and kanamycin. Among several forms of aminoglycoside
adenylyltransferase enzyme coding genes, aadA provides resistance to streptomycin and aadB to gentamicin and tobramycin in
Salmonella [79].

Levy, et al., discovered the tetracycline efflux pump (Tet) [80]. Efflux pumps are plasma membrane proteins in bacteria that aid
in drug elimination. They are relatively nonselective and may pump a wide range of medicines, including quinolones; these
transport proteins are called Multidrug-Resistant (MDR) pumps. The host bacterial cells carrying the plasmid pBR322 were
discovered to lower the concentration of tetracycline antibiotic in the cell. The delayed phase of antibiotic efflux benefits the
bacteria because it gives them enough time to adapt to the antibiotics and become resistant through mutations or changes in
drug targets [81]. Salmonella efflux mechanism mostly involves tet genes, which provide resistance to chlortetracycline,
doxycycline, oxytetracycline and tetracycline [82]. However, from clinical or retail meat isolates tet(B), tet(C), tet(D), tet(G) and
tet(H) genes have been reported in non-typhoidal Salmonella [79,83]. Tet(A) genes have been found in integrons, plasmids and
genomic island 1, while tet(B) genes have been discovered in transferable plasmids. The tet(A) genes have been detected in some
Salmonella serovars namely S. Typhimurium, S. Agona, S. Dublin, S. Choleraesuis and S. Heidelberg [79].

The sul gene in Salmonella is responsible for sulfonamide resistance. Common sul genes, such as sull, sul2 and sul3, are present
in major Salmonella serovars such as S. Enteritidis, S. Typhimurium, S. Heidelberg and S. Hadar. Denyer, et al., reported that
resistance to sulphonamides is achieved by a plasmid-encoded transport system that actively expels the drug out of the cell [84].
These genes are primarily found in integrons, Salmonella Genomic Islands (SGIs) or transferrable plasmids [79]. The other gene,
dhfr, is responsible for expressing a trimethoprim insensitive form of Dihydrofolate Reductase (DHFR). These genes are strongly
connected with integrons, Salmonella genomic islands or plasmids [79].
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The development of antibiotic resistance in opposition to phenicol antibiotic drugs such as chloramphenicol and florfenicol
occurs by two key mechanisms: enzymatic inactivation of antibiotics by chloramphenicol O-acetyltransferase and the efflux
pump. Chloramphenicol O-acetyltransferase cannot inactive the florfenicol because the acetyl group of at fluorinated C-3
position in florfenicol is not accepted [85]. O-acetyltransferases genes are often known as cat genes and are frequently associated
with plasmids. catl and cat2 are the two most common genes found in non-typhoidal Salmonella serovars. The cat genes interact
with plasmids, transposons or gene cassettes and other genetic mobile elements [79].

Prevalence of Antibiotic-Resistant Salmonella in seafood

Seafood is one of the most frequently implicated carriers for the spread of antibiotic-resistant bacteria [16,86,87]. The regular use
of antimicrobials in food animals has resulted in the development of resistant bacteria in the food chain and excreta of these food
animals will pollute the environment with such bacteria, which in turn may be transmitted to humans via water or food. Filter-
feeding animals such as oysters and clams can accumulate higher concentrations of bacteria than the surrounding water, which
leads to biomagnification of pathogenic bacteria [88]. In the United States, antibiotic-resistant Salmonella (24%) were found in
imported seafood identified as, S. Newport, S. Typhimurium var. Copenhagen and S. Lansing. They were resistant to trimethoprim-
sulfamethoxazole combination, sulfisoxazole, tetracycline, streptomycin and spectinomycin [87]. Another study found that farm-
raised shrimps were more resistant to antibiotics than wild-caught shrimps. Farmed shrimps harbored 9.8 %, 3.6 % and 10.5 %
of Salmonella serovar with reduced susceptibility to chloramphenicol, ceftriaxone and tetracycline, respectively, whereas wild-
caught shrimps, 2.8%, 1.4% and 1.1 % bacterial isolates showed reduced susceptibility to these antibiotics which was lower than
the farm-raised shrimp. From farm-raised shrimp, one Salmonella isolate was resistant to ampicillin, ceftriaxone, gentamicin,
streptomycin and trimethoprim [89].

Several investigations found the presence of antibiotic-resistant Salmonella in a variety of seafood such as oysters and fish, fresh
fish and fish and shellfish [24,55,90-92]. A study found that two Salmonella strains from serovars Oslo and Bareilly were resistant
to trimethoprim/sulfamethoxazole, sulfisoxazole, ampicillin, tetracycline and chloramphenicol antibiotics in the United States
between 2000 and 2005 [55]. Two isolates harbored class I integrons, indicating that the resistance genes might easily be
transmitted to other harmful bacteria. A study between 2006 and 2012 from Shanghai, China reported 179 isolates of Salmonella
were resistant ciprofloxacin. Of these 17 (9.49%) isolates were obtained seafood sources [93]. Another study from India revealed
that 59 Salmonella isolates were isolated from seafood comprising 6 different non-typhoidal Salmonella Serovars. Of this, 50% of
isolates were shown to multidrug resistant, with the highest resistance to nalidixic acid followed by cotrimoxazole [94]. A recent
study reported that all (n=89) serotyped Salmonella recovered from seafood were exposed to antibiotic sensitivity profiling by
conventional disc diffusion method. The results of antibiotic sensitivity assay revealed that 12.9 % of the isolates were resistant
to more than 6 antibiotics. Resistance to clinically significant antibiotics belonging to cephalosporin and fluoroquinolone groups
of antibiotics, although less frequently, is a matter of concern. The study also detected blaCTX-M in 8 isolates resistant to [3-
lactams, gnrD and qnrS in 4 quinolone resistant isolates and fetB in 2 tetracycline resistant isolates [95]. The emergence of
numerous antibiotic-resistant bacteria in seafood is causing increasing worry. Because there are no strict rules prohibiting the
overuse and misuse of antibiotics, resistance develops and spreads quickly from the food chain to the environment and to
humans, culminating in an antibiotic-induced vicious cycle. The rise of antibiotic-resistant bacteria has already posed a severe
threat to human health and it is only growing with the usage of antibiotics. From a seafood safety standpoint, quick action is
required to prevent the spread of antibiotic-resistant microorganisms via seafood.

Conclusion

Salmonellosis is a major public health concern worldwide. According to various studies, infection due to Salmonella is not only
restricted to poor hygiene and it may not be able to control or eradicate Salmonella contamination in seafood, Fish and shellfish
and seafood products by simply controlling indicator organism levels. Moreover, the development of Multi-drug resistant
Salmonella Serovars presents a major difficulty in treating infections brought on by these strains. In this context, effective
preventive and control measures should be implemented. One of the effective preventive measures is to application of limited
antimicrobial drugs in seafood that have been recommended to curb the spread of Salmonella infection. The utilization of recent
and new innovative technology to trace and eliminate Salmonella at each step of supply chains, including seafood processing,
handling and preservation, can be recommended. One of the significant steps to its control is implementing a powerful level of
cooperation and funding between health authorities and different nations, which is necessary from the human health perspective.
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