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Abstract

Antimicrobial Resistance (AMR) is the decreased sensitivity of 
microbes to drugs that are capable of causing cell death or inhibi-
tion of growth. It is one of the key issues linked with foodborne 
infections caused by various resistant pathogenic microorganisms. 
Nontyphoidal Salmonella (NTS) is one of the leading causes of food-
borne infections in which its serotypes are usually zoonotic. The 
source of this resistance is classified as natural and acquired and 
the mechanism of AMR emergence in NTS can also be divided into 
two broad categories: biochemical and genetic mechanisms. The 
biochemical mechanisms are enzymatic inactivation, antimicrobial 
permeability reduction, active efflux pumps, and others; while the 
genetics mechanisms include mutation and horizontal and verti-
cal resistant gene transfer. The techniques of AMR diagnosis are 
conducted by conventional and non-conventional methods. The 
utilization of antimicrobials for growth promotion, prophylaxis and 
its misuse in humans or animals, and contamination of the environ-
ment are some of the factors that attribute to AMR development. 
NTS infection is common throughout the world including Ethio-
pia and developed resistance to different antimicrobials, and the 
mechanism of AMR development and its diagnosis is not common 
in the developing countries including our country. The mechanisms 
by which NTS develop resistance to antimicrobials should be known 
very well and its dissemination to human, animals, and the environ-
ment could be managed, and methods for the diagnosis of AMR 
in NTS species should be available for the identification of resis-
tant antimicrobials to give proper treatments and other measures. 
Additionally, proper policies and regulation systems on antimicro-
bial use and its distribution should be developed and implemented 
properly.
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mining Regions; RNA: Ribonucleic acid; RT-PCR: Reverse Transcrip-
tase Polymerase Chain Reaction; SERS: Surface Enhanced Raman 
Spectroscopy; SGI1: Salmonella Genomic Island 1; T4SS: Type IV 
Secretion System; WGS: Whole Genome Sequencing; WHO: World 
Health Organization; WMS: Whole Metagenome SequencingIntroduction

The global increment of foodborne infections linked with 
antimicrobial-resistant pathogenic microorganisms and the dis-
semination of Antimicrobial Resistance (AMR) is one of the key 
issues in developing and developed countries. The emergence 
of multi-antimicrobial resistant Salmonella strains and the con-
tinuous spread of its clones is one related concern for human 
health in different countries. Incidents of multidrug resistance 
in Salmonella species, and other bacterial pathogens causing 
enteric diseases, have been reported in different countries and 
became a main health concern as they can spread worldwide 
[1].

Salmonella is a genus of the Enterobacteriaceae family 
which is characterized as a gram-negative, rod-shaped, non-
spore-forming, and facultative anaerobic bacterium and moves 
using a peritrichous flagellum. Based on the serotype, its ge-
nome ranges from 4460 to 4857 Kilobase (kb) [2]. Salmonella 
can be divided into typhoid and Non-Typhoid Salmonella (NTS) 
regarding their ability to develop specific pathologies in hu-
mans. Typhoid serovars are a subcategory of serovars known 
as specialists (adapted), capable of infecting and colonizing only 
a very narrow range of hosts, and include the Typhi, Sendai, 
and Paratyphi A, B, and C serovars, highly adapted to humans 
and presenting only higher primates and humans as reservoirs. 
Generalist serovars are capable of triggering infections in both 
humans and animals, including NTS Enteritidis and Typhimuri-
um, known mainly for their epidemiological relevance. These 
serovars are mainly transmitted by animal-based foods, such 
as beef, pork, poultry, and contaminated raw eggs, fruits, and 
vegetables can also serve as vehicles. Poor access to improved 
water supplies and inadequate sanitation facilities, combined 
with growing urbanization, favor the transmission of NTS se-
rovars [3]. 

Some NTS serovars demonstrate evident host predilection 
and usually are associated with a specific animal host, such as 
Choleraesuis and Dublin, which prefer pigs and cattle, respec-
tively, but may also infrequently cause disease in other mam-
mals, including humans. These NTS can cause invasive infec-
tions, and invasive NTS (iNTS) in humans [4]. 

Nontyphoidal Salmonella is a leading cause of foodborne in-
fection worldwide in which its serotypes are usually zoonotic 
and have a wide range of animal reservoirs [5]. Some serotypes 
of Salmonella enterica (S. enterica) are considered emerging 
zoonotic pathogens, generating outbreaks worldwide in the 
human population. It is estimated that S. enterica gastroenteri-
tis is responsible for about 93.8 million illnesses and 155,000 
deaths worldwide each year, and of these, 80.3 million cases 
are estimated to be foodborne [6]. It is a facultative intracellular 
pathogen that is capable of causing different disease syndromes 
in a wide range of hosts. S. Typhimurium (S. Typhimurium) and 
Salmonella Enteritidis (S. Enteritidis) are the most frequently 
isolated serovars throughout the world, leading to severe eco-
nomic losses [7]. 

Poultry and other food animals are considered the common 
reservoirs of S. enterica and undercooked poultry products are 
the major sources of human infection with NTS. Several studies 

on Salmonella isolates from poultry products and farms in the 
past studies were found to be resistant to several antimicrobi-
als. Information on farm-level prevalence and antimicrobial 
susceptibility status of isolates can explain the level of public 
health risk associated with poultry products [8]. Antimicrobial 
Resistance is the decreased sensitivity of microbes to antibiotics 
that are capable of causing cell death or inhibiting growth [9]. 
This can be determined through antimicrobial sensitivity testing 
of Salmonella isolates to determine their susceptibility or resis-
tance to the antibiotics. Resistance in Salmonella is encoded by 
genes that are present on either chromosome or extra-chromo-
somal DNA (plasmid) or transferable genetic materials (transpo-
sons, integrons), which is determined by genetic or molecular 
methods. Although resistance may occur due to mutation in key 
genetic loci in the bacterial genome, most resistance to antimi-
crobial agents mediated by genes is acquired via mobile genetic 
elements such as plasmids and transposons [10]. 

The mechanisms of antimicrobial development to NTS can 
result from enzymatic inactivation, decreased permeability, and 
development of efflux pump systems, alteration of target sites, 
and in most cases in many serovars the overproduction of target 
sites to overwhelm the used antibiotics. In several cases investi-
gated, antibiotic resistance can be acquired through natural se-
lection or mutation (induced or spontaneous); this however can 
be chromosomal mutation by the production of chromosomally 
mediated inducible enzymes or acquisition of plasmid-resistant 
genes which is the most common genetic basis of antibiotic re-
sistance [11].

The diagnosis of resistance genotype is accomplished 
through the detection of novel genetic materials and charac-
terization of mutations in specific genes through Polymerase 
Chain Reaction (PCR), Deoxyribonucleic Acid (DNA) probes, 
and other amplification techniques [12]. Genotypic analysis of 
the antibiotic-resistant Salmonella species by use of real-time-
polymerase chain reaction and molecular fingerprinting of DNA 
has been used to good effect. Plasmid gene profile analysis is a 
quick and relatively easy method to fingerprint strains and has 
been used in both human and veterinary medicine to study the 
spread of AMR Salmonella. Phage typing or alternative genetic 
techniques and full DNA sequencing are increasingly used to 
study genetic variations in AMR Salmonella species chiefly be-
cause of their low-cost automated methods [13]. 

However, the development of resistance in the responsible 
pathogens has worsened the situation often with very few re-
sources to investigate and provide reliable susceptibility data 
on which rational treatments can be based as well as means to 
optimize the use of antimicrobial agents in most of the devel-
oping countries [14]. NTS is one of these resistance-developed 
microbes having major public health concerns and economic 
importance throughout the world, and the mechanism of AMR 
development and its diagnosis is not common in developing 
countries including Ethiopia. 

In light of the above background information and existing 
facts, this review paper is prepared with the following objec-
tives:
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 � To review the mechanisms by which NTS develops re-
sistance to antimicrobials

 � To describe the techniques that are used for the diag-
nosis of AMR in NTS species

Origins of Antimicrobial Resistance

Bacteria as a group or species are not necessarily uniformly 
susceptible or resistant to any particular antimicrobial agent. 
Levels of resistance may vary greatly within related bacterial 
groups. Susceptibility and resistance to antimicrobial agents are 
often measured as a function of Minimum Inhibitory Concen-
tration (MIC), the minimal concentration of a drug that will in-
hibit the growth of the bacteria. The susceptibility is a range of 
the average MICs for any given drug across the same bacterial 
species. If that average MIC for a species is in the resistant part 
of the range, the species is considered to have intrinsic resis-
tance to that drug. Bacteria may also acquire resistance genes 
from other related organisms, and the level of resistance will 
vary depending on the species and the genes acquired [15].

Natural Resistance 

Intrinsic resistance: Intrinsic resistance may be defined as a 
trait that is shared universally within a bacterial species, is inde-
pendent of previous antibiotic exposure, and is not related to 
horizontal gene transfer. The most common intrinsic resistance 
forms are reduced permeability of the outer membrane (most 
specifically the Lipopolysaccharide (LPS), in gram-negative bac-
teria) and the natural activity of efflux pumps [16]. 

Induced resistance: Induced resistance means that the genes 
are naturally occurring in the bacteria, but are only expressed 
to resistance levels after exposure to an antibiotic. Multidrug-
efflux pumps are one of the common mechanisms of induced 
resistance [17].

Acquired Resistance

The genetic material that confers resistance can be acquired 
through all of the main routes by which bacteria acquire any 
genetic material: transformation, transposition, and conjuga-
tion; all termed Horizontal Gene Transfer (HGT); and, the bac-
teria may experience mutations to its chromosomal DNA. The 
acquisition may be temporary or permanent. Plasmid-mediated 
transmission of resistance genes is the most common route for 
the acquisition of outside genetic material; bacteriophage-
borne transmission is fairly rare. Bacteria can be naturally com-
petent and as a result capable of acquiring genetic material 
directly from the outside environment. Internally, insertion se-
quences and integrins may move genetic material around, and 
stressors (starvation, ultraviolet radiation, chemicals, etc.) are 
the common causes of genetic mutations (substitutions, dele-
tions, and so on) [18]. 

Mechanisms of Antimicrobial Resistance In Nontyphoidal 
Salmonella Infections

Various mechanisms of AMR have been reported and these 
mechanisms lead to the emergence of multidrug resistance in 
Salmonella species. These mechanisms can be classified into 
two broad categories which involve biochemical mechanisms 
and genetic mechanisms [19].

Biochemical Mechanisms of Antimicrobial Resistance

Enzymatic inactivation: The enzymatic mechanisms of anti-
biotic resistance include hydrolysis, group transfer, and redox 

processes [20]. In terms of diversity, evolution, and spread, an-
tibiotic resistance enzymes contribute remarkably to the bacte-
rial ability to overcome antibiotic pressure. The β-lactamases 
are the oldest known and the most diverse antibiotic-degrading 
enzymes that cleave the β-lactam ring of the penicillin group 
of antibiotics and render them ineffective. Scientific evidence 
suggests the existence of β-lactamases before penicillin was 
clinically employed, emphasizing that the production of antimi-
crobial compounds and the mechanisms to endure them occur 
in parallel in the environment [21].

Antimicrobial permeability reduction: The other mecha-
nism of resistance to antimicrobial agents involves prevent-
ing drug permeability and access to the internal milieu of the 
pathogenic cells [22]. The molecular systems involved in the 
reduced permeability of antimicrobial agents include resistance 
mechanisms at the bacterial cell wall. The extensive structural 
nature of the LPS layer constitutes a formidable barrier to the 
passage of small molecules, especially those that are growth in-
hibitory in their properties [23]. Another important molecular 
mechanism for conferring resistance via permeability reduction 
involves porins, which are integral outer membrane proteins 
with water-filled pore-like channels that permit the passage of 
molecules with definitive sizes and charges. The relationship 
between bacterial AMR and the outer membrane porins can 
take one of several ways. A wide-type porin can be highly se-
lective towards the entry of certain nutrients, like sugars, and 
not permit the passage of many antimicrobial agents. However, 
for those porins for which no such highly selective properties 
are a problem, then in such cases, the porin molecules may be 
depleted from the membrane or functionally disrupted by mu-
tation. In other cases, permissive porins may be regulated by 
channel blockers or by Ribonucleic Acid (RNA) specific antisense 
modulators [24].

Active efflux pumps of antimicrobial agents: Efflux pumps 
are present in all bacteria and are integral parts of bacterial 
physiology, being involved in diverse functions such as the ex-
pulsion of toxic products of metabolism, and the maintenance 
of homeostasis. However, antibiotics as incidental substrates of 
efflux pumps have resulted in them being viewed largely as bac-
terial mechanisms of antimicrobial resistance, and have critical 
roles in ensuring bacterial survival and evolution into resistant 
strains. These bacterial multidrug efflux pump systems are en-
ergetically driven by Adenosine Triphosphate (ATP) hydrolysis, 
called primary active transport, and by electrochemical ion gra-
dients or ion motive forces, called secondary active transport 
[25].

Figure 1: The common mechanisms of AMR in bacteria.
Includes: enzymatic hydrolysis (1), enzymatic modifications of an-
tibiotics by group transfer and redox process (2), modifications of 
antibiotic targets (3), reduced permeability to antibiotics by modi-
fications of porins (4), and active extrusion of antibiotics by mem-
brane efflux pumps (5).
Source: [21]
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Active transport of antimicrobial agents represents an essen-
tial resistance mechanism in bacterial pathogens. As multiple 
structurally distinct antimicrobial agents with disparate modes 
of action are exported to the extracellular milieu, their growth 
inhibitory properties towards bacteria are diminished, if not 
wholly circumvented. During the primary active transport of an-
timicrobial agents, bacteria exploit the biological energy stored 
in the form of intact ATP to export drugs against the drug con-
centration gradient by performing ATP hydrolysis [26]. During 
the export of antibacterial agents from bacterial cells, ATP is hy-
drolyzed to energize the drug translocation through the trans-
porter in an outward direction across the membrane. Thus, as 
the transporter substrate actively accumulates outside the cell, 
AMR is conferred upon the bacterial pathogen. One of the best-
studied of these primary active drug efflux systems is the ATP-
Binding Cassette (ABC) efflux pump family. The ABC transporter 
represents one of the most abundant protein families known 
across all taxa of living organisms [27].

Antimicrobial targets alteration: Antimicrobial targets play 
vital roles in microbial growth or survival and, thus, serve as 
potentially useful targets for mitigating infection. These targets 
must differ or be completely absent from humans or the animal 
species being treated with an antimicrobial to allow for a selec-
tive mode of action. A classic example of such a target is pepti-
doglycan. Peptidoglycan is essential to the growth and survival 
of many bacterial species and has a chemical structure that is 
not present in the mammalian hosts they infect. This allows for 
the targeting of enzymes responsible for the synthesis and as-
sembly of peptidoglycan. The function of proteins associated 
with these target sites makes it non-viable for a bacterium to 
evolve resistance by removing these proteins. However, muta-
tions that allow for continued functionality while reducing the 
ability of an antimicrobial agent to bind them at the target site 
have been a veritable regularity in the arms race between an-
timicrobial substances and antimicrobial-resistant bacteria. In 
addition to peptidoglycan, alteration in target sites has been at-
tributed to ribosomes, nucleic acid enzymes, and LPS [28].

Biofilm formation: A biofilm is a structured consortium of 
bacteria embedded in a self-produced polymer matrix consist-
ing of polysaccharides, proteins, and DNA. Bacterial biofilms 
cause chronic infections because they show increased toler-
ance to antibiotics and disinfectant chemicals as well as resist-
ing phagocytosis and other components of the body's defense 
system. Biofilm production occurs in many loci, including teeth 
plaque, water environments, medical catheters, and trauma 
wounds, and those microorganisms that are found in biofilms 
are protected from the entry of multiple antimicrobial agents 
[29]. Thus, biofilms are increasingly becoming a challenge in the 
human clinical medicine arena when considering potential che-
motherapies with antibacterial agents, and this is recognized as 
one mode of resistance [30].

Antimicrobial targets protection: One of the significant lines 
of defense against an antimicrobial is the bacterial cell wall.  This 
structure also acts as a physical barrier to encase the cytoplasm 
and cell membrane from the external world [31]. Prokaryotic 
cell walls are made up of linear glycan strands cross-linked by 
small peptides and this peptidoglycan helps to limit which sub-
stances can continue towards the cell membrane and ultimately 
into the cytoplasm. Peptidoglycan also plays an essential role 
in bacterial growth and proliferation. While the cell wall helps 

Table 1: Different Mechanisms of antimicrobial resistance.
Mechanism Bacterial proteins/targets

responsible
Antibiotic targets

Enzyme

Hydrolysis
β-lactamases
Esterase
C-P lyase complex

β-lactams
Macrolide
Fosfomycin

Group transfer

Acetyltransferase
Phosphotransferase
Nucleotidyltransferase
Glycosyltransferase
Ribosyltransferase
Thiol transferase

Streptogramins, aminoglycosides, chloramphenicol
Aminoglycosides, macrolides
Lincomycin,clindamycin, aminoglycosides
Macrolides
Rifampin
Fosfomycin

Redox process TetX Tetracyclines

Target modification

Structural alterations/modifications
Mutations in genes
Amino acid substitutions
Methylation
Mutation

Penicillin-binding proteins
Cell wall precursors
Ribosomal subunits
RNA polymerase
DNA gyrase/topoisomerase
16S rRNA
23S rRNA
23S rRNA

β-lactam antibiotics
Vancomycin
Streptomycin
Rifamycin
Quinolones
Aminoglycosides
Macrolide
Oxazolidinones

Reduced
permeability

Reduced expression/defective 
protein

Porins β-lactams, fluoroquinolones, aminoglycosides, chloramphenicol

Target Protection Ribosome protection Ribosome protection proteins Tetracycline

Efflux Active extrusion Membrane proteins All major antibiotics
Source: [20] 

Figure 2: Antibiotic resistance gene clusters in three Salmonella se-
rotypes in Swine.
Bleomycin and EtBr resistance gene (Green) flanked by antibiotic 
resistance genes marked in green. The arrow shows the orientation 
of the genes and genes are color coded to define different classes 
of antibiotic resistance, mobile, and other genes categories
Source: [81].
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protect cytoplasmic antimicrobial targets, it also ended up be-
ing the target for the first natural antibiotic, penicillin, which 
prevents the complete formation of this barrier by inhibiting 
peptide cross-linking to occur [32].

With this mechanism of protection compromised due to the 
advent of β-lactam antibiotics, prokaryotes began to synthesize 
another tier of protection: β-lactamases. These enzymes help 
to protect the peptidoglycan cell wall from β-lactam antibiot-
ics, precisely. β-lactamase enzymes help confer resistant bacte-
rial phenotypes, as their mechanism of action hydrolyzes the 
β-lactam ring of such antibiotics, and the resulting chemical 
structure can no longer hinder bacterial cell wall synthesis [21] 

(Figure 1) and (Table 1).

Genetics Mechanisms of Antimicrobial Resistance

The genes coding for AMR and virulence at times share 
common features of both being located in the bacterial chro-
mosome, as well as on plasmid. They are associated in gene 
clusters to form resistance or Pathogenicity Island, which are 
transferred by mobile genetic elements such as integrons, 
transposons, or phage. The major genetic mechanisms of re-
sistance include Mutation, and horizontal and Vertical resistant 
gene transfer [33].

Mutation: Mutation is one of the mechanisms by which 
resistance to antimicrobials can be developed. For example, 
mechanisms of resistance utilized by S. Typhimurium to resist 
quinolones include the occurrence of point mutations in the 
Quinolone-Resistance Determining Regions (QRDRs) of topoi-
somerase genes, efflux pump genes, and plasmids and cip-
rofloxacin modifying enzymes. The study conducted by [34] 
revealed that point mutations in the QRDRs of 31 ciprofloxacin-
resistant S. Typhimurium were detected. 

Mutations that aid in antimicrobial resistance usually only oc-
cur in a few types of genes; those encoding drug targets, trans-
porters, regulators that control drug transporters, and those 
encoding antibiotic-modifying enzymes [16]. Bacteria have an 
average mutation rate of 1 for every 106 to 109 cell divisions, and 
most of these mutations will be deleterious to the cell [18]. One 
huge conundrum of AMR is that the use of these drugs leads to 
increased resistance. Even the use of low or very low concentra-
tions of antimicrobials (sub-inhibitory) can lead to a selection 
of high-level resistance in successive bacterial generations, may 
select for bacteria that are hypermutable strains (increase the 
mutation rate), may increase the ability to acquire resistance to 
other antimicrobial agents, and may promote the movement of 
mobile genetic elements [17].

Horizontal and vertical resistant gene transfer: Horizontal 
gene transfer has occurred throughout evolutionary history, 
and one can consider two independent sets of events, largely 
differentiated by their time and the strength of selection pres-
sure. The horizontal transfer of genetic determinants from a do-

nor bacterium into recipient bacteria is mediated by the Type IV 
Secretion System (T4SS) encoded on conjugative elements. The 
presence of several T4SS-associated genes in the correspond-
ing isolates suggests the ability of these isolates to acquire and 
disseminate genetic determinants such as AMR and virulence 
genes [35]. In HGT, the genes involved must either have come 
from commensal or environmental bacteria, since they were 
not present in human pathogens before the use of antibiotics. 
There is, in fact, compelling evidence that environmental bacte-
ria are their origin [18].

Diagnostic Techniques of Antimicrobial Resistance

Conventional Methods

Conventional methods of AMR diagnosis mainly include 
culture-based and molecular-based approaches. Recently, mi-
croscopy-based and spectrometry-based approaches have also 
been incorporated into the tools for developing diagnostics 
[36].

Phenotypic methods: Culture-based methods can be divided 
into two categories, manual and automated, and it depends on 
phenotypic resistance detection by evaluating bacterial growth 
in the presence of antibiotics. Manual tests include disk diffu-
sion, agar dilution, gradient test, and broth microdilution anti-
microbial susceptibility testing methods. Broth dilution-based 
platforms typically use ready-made cartridges or plates includ-
ing positive controls and gradient concentrations of antibiotics. 
Sensititre panels belong to the category of microdilution meth-
ods, and typically, such panels are plastic multi-well micro-titer 
plates precision-dosed with dried antimicrobial agents. Com-
mercial platforms like VITEK COMPACT, Sensititre ARIS 2X, and 
Alfred 60AST system are some of the automated methods [37].

Such platforms usually offer real-time growth monitoring 
and MIC analysis through their comprehensive databases which 
include a broad spectrum of organisms. These methods provide 
qualitative and quantitative data for the strain under investiga-
tion. Disk diffusion provides a zone of inhibition. Epsilometer 
tests (E-tests) belong to the gradient test methods and are es-
pecially useful for fastidious microorganisms. Dilution methods 
and E-tests provide quantitative values [38] for the MIC, as the 
lowest concentration of a given antimicrobial which prevents 
the visible overnight growth of a culture [39]. 

Molecular methods

PCR-based methods: A PCR is the most commonly used nu-
cleic acid amplification technique for the detection of Antimi-
crobial Resistant Genes (ARGs) [40], and other techniques like 
real-time [41], quantitative [42], digital [43], and multiplex [44] 
PCR assays have further boosted clinical acceptance of genetic 
testing. The changes in Next Generation Sequencing (NGS) and 
Whole Genome Sequencing (WGS) have impacted the availabil-
ity of ARG targets, paving the way for high throughput quanti-

Table 2: Biosensors used in the detection of antibiotic-resistant Salmonella serotypes.

Salmonella Serotypes Sensing Method
Sample Matrix

Analysis Time (min) Detection Limit (CFU/mL)

S. Typhimurium DT104 SERS Assay media 30 105

S. Typhimurium DT104 SERS Assay media 15 105

S. Typhimurium SERS H2O and milk 120 20

S. Enterica Raman Spectroscopy Urine 150 N/A

S. Enteritidis Fluorescence Water, milk, and beef 30 2.0 × 102

S. Typhimurium DT104 and S. Typhi SERS Assay media 120 100
Source: [60].
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tative PCR (HT-qPCR), which is comparatively fast, convenient, 
and allowing for simultaneous investigation of a large number 
of ARGs [45],  and it has been successfully used with various 
sample types, such as animal feces, soil, and surface water [46]. 
In the past decades, Ligation-Mediated PCR (LM PCR) coupled 
with a low denaturation temperature method has been pro-
posed leading to specific melting-profile DNA patterns, both 
fungal and bacterial isolates. This method is suitable for strain 
characterization and differentiation [47].

Isothermal amplification methods: It is another develop-
ment, and several methods of isothermal nucleic acid amplifica-
tion have been developed, which include strand displacement 
amplification, transcription-mediated amplification, nucleic 
acid sequence-based amplification, rolling circle amplification, 
recombinase polymerase amplification, loop-mediated isother-
mal amplification, and helicase-dependent amplification. These 
methods have paved the way for the implementation of rapid, 
next-generation molecular diagnostics [48].

DNA microarrays: A DNA microarray is a tool, which allows 
for the assessment of bacterial genomic diversity. This approach 
relies on the detection of the presence or absence of genes in 
a target organism when compared to a reference strain or ge-
nome [49]. There have been many advancements in DNA mi-
croarray technology during the past two decades [50]. A fast 
and simple DNA labeling system based on biotinylated primers 
specific to the linkers has been developed for disposable micro-
arrays [51].

Non-Conventional Methods

This AMR diagnosing method consists of sequencing, Matrix-
Assisted Laser Desorption/Ionization Time-of-Flight Mass Spec-
trometry (MALDI-TOF MS), and Fourier Transforms Infrared 
(FTIR) spectroscopy.

Genome Sequencing and Metagenomics in AMR Diagnosis: 
The major technical advancement of NGS was multiplexing, al-
lowing for the simultaneous analysis of thousands of samples. 
Typically, an NGS workflow comprises DNA extraction and frag-
mentation, adaptor ligation, DNA amplification, and sequenc-
ing. The Illumina platforms, which use synthesis technology 
where reversible terminator nucleotides labeled with fluores-
cence are incorporated into DNA strands and visualized via their 
fluorophore excitation, were subsequently incorporated with 
the same aim [52].

Oxford Nanopore Technologies developed another approach 
relying on DNA molecule's movement through a nanopore and 
measuring an electrical signal changing analogously to the base 
presently passing the pore [53]. The introduced second and 
third-generation sequencing approaches have paved the way 
for single-genome sequencing, as well as for the characteriza-
tion of complex microbial communities and the identification 
of antibiotic resistance determinants [54]. Whole Metagenome 
Sequencing (WMS) and analysis of genetic material in patient 
samples allow for the identification of ARG directly from clinical 
specimens without the need for prior isolation or identification 
of specific bacteria.

Numerous methods, tools, and databases have been re-
ported in past years for the detection of genetic determinants 
related to AMR from WGS [55] and WMS data [56]. These evolv-
ing methods and technologies act as complementary tools to 
traditional culture-based methods, providing opportunities for 
rapid and sensitive resistance determination in uncultivable 

and cultivable bacteria. More information on the use of data-
bases for AMR detection can be found in two recent reviews. 
The organization of sequencing data is considered a crucial 
pre-processing step before ARG analysis. Short reads, produced 
by technologies like Illumina, could be processed employing 
assembly-based methods (sequencing reads are initially assem-
bled into contiguous fragments followed by annotation where 
comparison takes place with public or custom reference data-
bases), or directly analyzed utilizing read-based methods where 
resistance determinants are forecasted by mapping reads to a 
reference database [57].

The MinION nanopore system (Oxford Nanopore) is a por-
table, palm-sized, real-time device for DNA and RNA sequenc-
ing, able to detect changes in ionic current upon DNA or RNA 
passing through the nanopores.

Pyrosequencing

The detection and identification based on virulence genes, 
which led to an assay based on pyrosequencing for character-
izing ARG profiles were developed [58]. The efficiency of the 
pyrosequencing was evaluated based on the rapid detection of 
resistance to Fluoroquinolones (FQs), Rifampicin (RIF), Kanamy-
cin (KAN), and Capreomycin (CAP) in tuberculosis clinical iso-
lates. The sensitivity of the assay for detecting the resistance to 
RIF, FQs, CAP, and KAN was 100%, 100%, 40%, and 50%, respec-
tively, with 100% specificity. This assay was considered as a fast 
and effective method for the detection of mutations [59]; but, it 
has been superseded by other sequencing technologies.

Whole genome sequencing

Whole genome sequencing is a powerful, inexpensive open 
accessible epidemiological tool that can predict the genotypic 
and phenotypic resistance of a suspected bacterium in just a 
few days. Multi-locus sequence typing, multiple-locus variable 
number of tandem repeat analysis, single-nucleotide polymor-
phism analysis, CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats)-multi-locus virulence sequence typing, 
and NGS are some of the techniques used in the sequencing of 
NTS antibiotic-resistant gene clusters [60]. 

Upon acquisition, sequences are then compared to refer-
ence sets sourced from databases such as ResFinder, Basic Local 
Alignment Search Tool (BLAST), and ARG- ANNOT, followed by a 
phenotypic test to validate the predicted accuracy. Typically, an 
isolate will be genotypically resistant if a suspected AMR gene is 
75% identical to a reference sequence [61].

Whole genome sequencing for predicting AMR in NTS was 
evaluated in human and food isolates employing v2 or v3 chem-
istry with paired-end 2- by 25- or 2- by 300-bp reads on the 
MiSeq platform (Illumina). The data suggested that acquired 
resistance is highly correlated with the presence of known re-
sistance determinants, useful for risk assessment linked to drug 
use in food animal production (Figure 2) [62].

Combination of Short and Long Read WGS Sequencing 

Plasmids are capable of transferring ARGs among bacterial 
isolates. Nonetheless, they are difficult to assemble from short-
read WGS data. Short and long-read WGS sequencing was used 
to characterize ARGs on plasmids as well as establish their local-
ization. Because of the rising concern about the spread of ARGs, 
it is of crucial importance to establish their location, especially 
when they are in mobile elements. Risk assessment of AMR 
spread was feasible by overcoming the challenges of plasmid 
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reconstruction when employing the combination of long and 
short-read sequencing [63].

Nanopore Sequencing 

Nanopore sequencing has been widely used for performing 
de novo bacterial assembly [64] undertaking metagenomics 
studies [65], and detecting ARGs [66]. The MinION nanopore 
sequencer was implemented to resolve the structure as well 
as the chromosomal insertion site of a composite antibiotic re-
sistance island in Salmonella Typhi [67]. Long-read analysis of 
WGS data facilitated the identification of mobile genetic ele-
ments where AMR determinants were positioned and revealed 
the combination of various AMR determinants co-located on 
the same mobile element. The MinION could successfully iden-
tify bacterial pathogens as well as acquired resistance genes 
without culturing directly from urine samples within 4 hours. 
This study highlights the importance of WMS-based diagnosis 
in adjusting antimicrobial therapy [68]. 

The Oxford Nanopore MinION long-read DNA sequencing 
device was exploited for the detection of ARGs, the assessment 
of ARGs' taxonomic origin as well as decoding of their genetic 
organization and possible correlation with mobilization mark-
ers. Based on the findings, targeted intervention measures 
could be implemented to mitigate the risks of ARGs transfer-
ring among sites and, thus, improve biosecurity practices in 
hospitals and other environments [69]. MinION nanopore se-
quencing was also employed for the rapid pathogen, plasmids, 
and ARG identification in bacterial DNA extracted from positive 
blood cultures [70]. 

Matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI- TOF MS) in AMR diagnosis: Ma-
trix-Assisted Laser Desorption/Ionization Time-of-Flight Mass 
Spectrometry (MALDI- TOF MS) can be used for the detection of 
AMR, alternatively to traditional genotypic or phenotypic bac-
terial characterization [71]. It relies on the cellular proteome 
and is capable of profiling proteins (mainly ribosomal, 2–20 kD) 
from whole bacterial cell extracts creating a bacterial spectral 
fingerprint or profiles that discriminate microorganisms at a 
genus, species, and subspecies level [72]. MALDI-TOF MS has 
also allowed the detection of AMR mechanisms, (for example, 
carbapenemases) [73]. It is considered a reliable, rapid (within 
minutes), accurate, easy-to-use, cost-effective, and environ-
mentally friendly methodology [74].

Fourier Transform Infrared (FTIR) spectroscopy in AMR di-
agnosis: FTIR spectroscopy is a phenotypic method that has 
emerged as an attractive and dynamic weapon enriching the 
tools employed for biochemical analysis, owing to the detailed 
information it can provide on the chemical composition at the 
molecular level. FTIR spectroscopy allows for the quantifica-
tion of the Infrared light absorption by molecules such as lipids, 
LPS, carbohydrates, proteins, and nucleic acids, resulting in a 
characteristic FTIR spectrum that represents the complete com-
position of the sample [75]. These characteristic spectra of the 
cell biomolecules offer ample functional and structural informa-
tion. Infrared spectroscopy has been applied to differentiate the 
molecular changes associated with the development of AMR in 
prokaryotes [76]. In 2017, the detection of structural molecular 
changes linked to AMR by employing FTIR microscopy coupled 
with a novel statistical classification approach for spectral analy-
sis was developed [77].

Microfluidics and Lab-on-a-Chip Technologies towards Rap-
id Diagnosis 

Lab-on-a-Chip (LoC) technology has been used in the detec-
tion of antibiotic-resistant bacteria [78]. Some of the advan-
tages offered by the LoC technology compared to macro-scale 
methods are fast and high throughput analysis, accurate fluid 
manipulation, low cost, low reagent, and power consumption, 
smaller sample volume, automation, integration, compactness, 
and portability [79]. 

Genotypic and phenotypic assays are the two main catego-
ries of microfluidic-based detection methods. Genotypic micro-
fluidic assays (for example PCR, LAMP) target genetic markers 
(for example ARG), thus circumventing bacterial growth and 
allowing for shorter TAT (several hours) [80]. The implementa-
tion of microfluidics combined with isothermal DNA amplifica-
tion protocols offers enhanced features due to the elimination 
of thermal cycling [81]. This approach is highly promising for 
the development of cheap, convenient, and efficient diagnostic 
tools for food safety, clinical, and environmental applications 
[82]. On the other hand, phenotypic microfluidic assays moni-
tor the growth of bacteria in the presence of antibiotics, thus 
offering accurate antimicrobial susceptibility test results.

Optical biosensors: Different biosensors based on fluores-
cence, absorption, refractive index, Raman, and Surface En-
hanced Raman Spectroscopy (SERS) techniques have been used 
in the identification of AMR Salmonella (Table 2) [83]. 

Surface Enhanced Raman Spectroscopy is considered a main 
biochemical fingerprinting approach since it can precisely re-
flect the macromolecular profiles as well as the changes occur-
ring within the bacterial cells as a result of antibiotic action [84]. 
SERS has been applied for the investigation of the resistance 
or susceptibility to antibiotics of bacteria, as well as for study-
ing the working mechanism of antibiotics relying on the whole 
cells' spectral fingerprint. SERS is capable of providing rapid, ac-
curate, and ultra-sensitive detection of resistant bacteria with 
minimum requirements for sample preparation and handling 
[85].

Colorimetric-based approaches: The development of colo-
rimetric-based microfluidic platforms addresses the pathogen 
identification and antimicrobial susceptibility test. On-chip de-
termination of MIC is also provided via a colorimetric assay using 
a pH-dependent colorimetric broth. The total TAT of the on-chip 
microfluidic assay is 16–24h, approximately. Automated fluidic 
control, for example, transportation, and mixing is achieved us-
ing a pneumatically controlled custom-made module connected 
to the microfluidic chip. The initial loading of all samples [250µL 
of bacterial suspension (106 CFU/mL) /chamber] and reagents 
was performed manually [86]. The micro-device consisted of an 
array of incubation microchambers loaded with chromogenic 
medium and antibiotics.

pH-based approaches: A microfluidic device integrating 
polymer-based microfluidic channels with a pH-sensitive chito-
san hydrogel was proposed for the detection of small pH chang-
es for rapid antimicrobial susceptibility tests. Fourier-Trans-
formed Reflectometric Interference Spectroscopy (FT-RIFS) was 
used for the real-time observation of the changes in the pH. 
The Turnaround Time (TAT) for the detection of whole bacterial 
growth was less than 2 hours [87]. The multiplexed colorimetric 
assay was facilitated via the use of paper substrates within the 
cell culture microchambers, allowing for a versatile combina-
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tion of the antimicrobial agents and the chromogenic media. 
The assay was completed within 15 hours and the outcome of 
the chromogenic reaction was monitored via a camera Snap-
shots were taken every 30 min and analyzed with image analy-
sis software [88].

Quartz-Crystal Microbalance (QCM)-based approaches: A 
quartz-crystal microbalance is a physical nanogram-sensitive 
device with a piezoelectric sensor and it facilitates the real-
time, rapid, on-site detection of AMR bacteria [89]. It has been 
described that ARG detection employs a Magnesium Zinc Ox-
ide (MZO) nanostructure-modified quartz crystal microbalance 
(MZOnano-QCM) biosensor [90]. The main advantages of this 
method are low cost, low demand in clinical samples volume, 
and it has rapidity (within 10 minutes) [91].

Point-of-Care (POC) approaches: A POC system is used for 
AMR diagnosis and phenotypic antimicrobial susceptibility tests 
of bacteriuria and urinary tract infection [91]. The TAT is 2 hours 
with the ability of detection and quantification of bacterial 
concentrations ranging from 50 to 105 CFU/ml. The detection 
is based on a portable particle-counting instrument compris-
ing a miniature confocal microscope coupled with software for 
real-time data analysis. The detection system allows for growth 
curve measurements of fluorescently stained bacterial cells in 
control and antibiotic-treated samples. The main advantages of 
the proposed POC lie in the elimination of pre-processing steps 
example: pre-culture, enrichment, and centrifugation of urine 
samples as well as in the sensitivity of the instrument [92]. One 
limitation of this method is the negative effect of mixed cultures 
both on the specificity and the sensitivity of the results.

Multiplex approaches: A multiplex (eight samples) micro-
fluidic chip for high throughput rapid phenotypic Antimicrobial 
susceptibility test was proposed. A mix of bacterial isolates 
and agarose was loaded in an array of microchambers within 
the chip. The growth rate of bacterial colonies under antibiotic 
gradients is monitored with the aid of a custom-built dark-field 
microscope coupled to a motorized camera (taking snapshots 
every 10 min) followed by automated image analysis. The TAT 
is 5 hours and the method achieves stable MIC values showing 
100% agreement with reference (broth microdilution) MIC val-
ues. The key advantage of this system is the ability to simultane-
ously and rapidly analyze eight samples on a single chip, which 
can also allow for parallel testing of several antibiotics [93].

Single-cell or single-molecule approaches: A rapid antimi-
crobial susceptibility test system based on a microfluidic aga-
rose channel with immobilized bacteria allows for single-cell 
growth and monitoring by microscopy [94]. The TAT for deter-
mining susceptibility, by monitoring the growth of the bacteria 
(single-cell level) in the presence of antibiotics, was 30 minutes. 
Moreover, the proposed system can be extensively applied for 
bacteria detection and complex (blood cultures, urine, whole 
blood) polymicrobial samples analysis [95].

Factors for Antimicrobial Resistance Development, Its Con-
sequences, and Strategies to Combat Resistance Problems 
Posed By Non-Typhoid Salmonella

Predisposing Factors for the Development of Antimicrobial 
Resistance

The factors identified as driving global AMR include misuse 
of antimicrobials in humans or animals, contamination of the 
environment (including sewage and heavy metals), healthcare 
transmission, travel, mass drug administration, and incorrect 

dosing of antibiotics [96] and it is mainly driven by inappropri-
ate use. In many countries, antibiotics can be bought without 
a prescription or do not have underlying standard treatment 
guidelines. These factors increase antibiotic resistance because 
of a lack of knowledge of proper antibiotic use [97]. 

The utilization of antimicrobials in agriculture for the growth 
promotion of animals, for prophylaxis, and the treatment of dis-
eases caused by bacterial pathogens can lead to the develop-
ment of AMR in pathogens. In different studies, both pig and 
chicken meats have been documented as reservoirs for drug-re-
sistant Salmonella species. This transmission of drug resistance 
through the food chain is considered a major public health con-
cern [1].

Antibiotic resistance in NTS strains can be also due to genetic 
mutations or through the acquisition of resistance encoding 
genes on mobile elements [98]. Plasmids are typical carriers of 
determinants that confer resistance against conventional an-
tibiotics such as ampicillin, chloramphenicol, and tetracycline. 
However, the chromosome can also harbor these determinants, 
for example, on the multidrug resistance region of Salmonella 
Genomic Island 1 (SGI1) [99].

Consequences of Antimicrobial Resistance in Nontyphoidal 
Salmonella Species

There are various clinical and public health consequences 
associated with AMR in NTS species. These involve increased 
mortality and morbidity, thereby posing threats to public 
health, and failure in therapy, thereby resulting in limitations 
in the choice of treatment after the establishment of microbial 
diagnosis and increased burden of illness [100]. The dissemina-
tion of Multi-Drug Resistant (MDR) Salmonella from animals to 
humans is a major adverse consequence for public health which 
leads to treatment failure in human infectious diseases [99]. 

The other consequences may involve outbreaks in settings 
where patients are treated with antimicrobial drugs, increased 
transmission of resistant Salmonella strains, longer stay in the 
hospital, which increases the risk of acquisition of nosocomial 
infections [100]; increased virulence of Salmonella species as a 
result of ‘drug-bug combination’ that poses selective pressure 
on the microorganism [101] and increased cost of treatments 
[102].

Strategies to Combat Resistance Problems Posed By Nonty-
phoidal Salmonella

Several efforts have been adopted by several organizations, 
governments, and researchers to combat AMR imposed by 
some pathogenic organisms that are of public health signifi-
cance including Salmonella species [103]. The efforts to address 
threats posed by AMR include monitoring programs for AMR 
microbes that integrate human, animal, and food sampling 
schemes, modification of drugs that led to the production of 
third and fourth-generation cephalosporins, and the use of me-
dicinal plants also known as herbal medicine [19].

Additionally, the following are also needed to be done to 
track down the current rise in the spread of resistant S. Enterica: 
intensive surveillance of vended foods in developing countries 
to reduce the microbial risk associated with their consumption, 
public enlightenment to discourage the patronage of vended 
foods should be intensified as vended foods which is a potential 
vector responsible for the spread of resistant Salmonella spe-
cies, or high level of hygiene practice should be maintained by 
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food vendors under strict supervision and monitoring by food 
regulatory authorities [104].

Conclusion and Recommendations

Antimicrobial resistance is one of the key issues that are 
linked with food-borne infections caused by resistant patho-
genic microorganisms in developing and developed countries. 
NTS is one of these food-borne illnesses, causing salmonellosis 
which can be transmitted through the ingestion of contami-
nated food of animal origin and vegetables. The emergence of 
AMR is developed by biochemical and genetic mechanisms, and 
it is diagnosed by conventional and non-conventional methods. 
In another way, the factors such as misuse of antimicrobials in 
humans or animals, contamination of the environment, utili-
zation of antimicrobials for growth promotion of animals, for 
prophylaxis, and incorrect dose of treatment predispose the oc-
currence of AMR. As a result, the development of AMR poses 
serious public health and economic impacts and various efforts 
are adopted by different organizations and researchers to ad-
dress the threats posed by AMR. 

Therefore, based on the above facts, the following recom-
mendations are forwarded: 

 ¾ The mechanisms by which NTS develops resistance to 
antimicrobials should be known and its dissemination to hu-
mans, animals, and the environment should be prevented and 
controlled.

 ¾ The methods and techniques that are essential for 
the diagnosis of AMR in NTS species and the important related 
technologies should be available as much as possible by con-
cerning bodies for the identification of resistant genes and re-
sistant antimicrobials and the use of proper drugs. 

 ¾ Additionally, proper policies and regulation systems 
for antimicrobial use and distribution should be developed and 
implemented.
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