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ABSTRACT

Salmonella, a Gram-negative bacterial genus, merits distinction within the
context of infectious diseases for its remarkable pathogenic versatility. It substantiates
its prominence by precipitating a spectrum of clinical entities, encompassing self-
limited gastroenteritis to life-threatening systemic infections. This thesis embarks upon
an exploration of non-typhoidal Salmonella (NTS), a subset of the Salmonella genus
that accounts for a substantial proportion of global gastrointestinal infections. While
typhoidal-Salmonella serovars (S. Typhi and S. Paratyphi), cause the systemic illness
known as typhoid fever, NTS serovars present a diverse range of clinical
manifestations, including localized gastroenteric issues, bloodstream infections, and
associated clinical complications. Most cases of non-Typhoidal salmonellosis are
induced by various serovars known for their ability to cause self-limiting diarrhoea
across a wide range of hosts. Non-typhoidal Salmonella has garnered global attention
due to its capacity to provoke various enteric diseases, posing challenges for diagnosis

and treatment, especially in less developed regions.

One key strategy for addressing the NTS disease burden is controlling the spread
of the causative agent. Therefore, it is crucial to conduct epidemiological investigations
using diverse typing methods. Despite being prevalent in Asia and frequently associated
with diarrheal illnesses, there exists a dearth of comprehensive data on NTS infections
in the region, with limited reports primarily from India and a few other Asian countries.
In the Indian context, to develop effective surveillance and control strategies, it is
essential to periodically generate accurate epidemiological data on NTS. Hence, this
study aims to examine the prevalence and various characteristics of NTS isolates

received from different regions of the country.

This study presents a characterization of NTS isolates received from diverse
regions in India. The samples were received at the ‘National Salmonella and
Escherichia Centre’ (NSEC) at the Central Research Institute, Kasauli, a distinguished
reference laboratory with over six decades of expertise. This collection of Salmonella
isolates, originated from hospitals, veterinary research institutes, as well as fisheries
and food department laboratories, distributed across various geographical locations in

India. These NTS isolates, categorized into human, food, environment, and animal



sources, underwent a comprehensive processing regimen involving purification,
biotyping, and serotyping. Moreover, the primary focus of the study entailed examining
the antibiogram patterns of the NTS isolates. Subsequent investigations included
identifying NTS strains producing extended-spectrum beta-lactamase (ESBL),
detecting genes associated with ESBL production, identifying carbapenemase activity,
assessing virulence factors such as biofilm formation and colicin production, and finally
pinpointing the gene responsible for drug resistance in NTS, notably the blaCTX-M15
gene linked to resistance against third-generation cephalosporins, particularly

cefotaxime.

The study involved 999 samples, which underwent further processing for
comprehensive identification and subsequent investigations. Among them, 300 (30%)
isolates were found to be non-Salmonella and thus excluded from the study. The
remaining 699 (70%) isolates were identified as Salmonella and used in the subsequent
study. Of the 699 isolates collected, 539 (77.1%) were confirmed to be non-Typhoidal
Salmonella, which was the main focus of the study. The remaining isolates were either
rough Salmonella or Typhoidal Salmonella and were not used further. Serotyping
categorized these 539 NTS into 17 serovars. S. enterica serovar Typhimurium and
Lindenburg demonstrated substantial prevalence accounting for 167 (30.98%) and 135
(25.05%) of the isolates, respectively. The remaining 15 NTS serovars, collectively

represent nearly 44% of the total.

The study of geographical distribution of these 539 serovar revealed that 313
(58.07%) serovars originated from the southern part of the country; 98 (18.18%) from
the Northern region; 89 (16.51%) from the western region; 37(6.86%) from Eastern

region and 2 (0.37%) from central part of the country.

A source-wise distribution of the NTS revealed that the majority i.e.,
319(58.18%) were of human origin; 99(18.36%) from food sources; 83 (15.4%) from
animal sources and 38 (7.05%) from environmental sources. Further, the distribution
of NTS across different human and non-human sources revealed that human fecal
samples emerged as the dominant reservoir for NTS isolates, representing 63.95% (204
out of 319) followed by 22.8 % from blood, while other sites (urine, cerebrospinal fluid
(CSF), pus, tissue, and body fluid samples) collectively yielded < 15% (40/319).



Amongst the 17 NTS serovars acquired in this study, it is notable that 10 of these
serovars were present in the samples sourced from human-related origins. A further
detailed analysis based on each source sub-category revealed that the serovars
Lindenburg (75 out of 204, or 36.76%) and Typhimurium (52 out of 204, or 25.49%)
collectively showed their dominance within the samples originating from fecal sources.
This study reports the first single incidence where serovar Mathura was isolated from
the human blood sample. Among the NTS from animal sources, 43 (51.8%) NTS
isolates were derived from animal fecal samples; Poultry feces contributed 11 (13.3%);
7 (8.4%) NTS isolates were sourced directly from poultry specimens; 1 NTS isolate
was obtained from calf fetal stomach content; 4 NTS isolates were extracted from
poultry diarrhoea samples. Serovar Typhimurium (32/83, 38.6%) dominated among the
NTS collection from animals, followed by S. enterica serovar Lindenburg (11/83,
13.3%); S. enterica serovar Weltevreden (9/83, 10.8%) and S. enterica serovar
Stuttgart (8/83, 9.6%). NTS Serovars such as Mathura, Anatum, Bazenheid, Tennessee,
Enteritidis, and Senftenberg, collectively represented 27.7% (23/83) of the total
collection. Among the NTS from food sources, 32 (32.3%), were recovered from raw
pork; Seafood contributed 12 (12.1%); Poultry meat contributed 6 (6.1%); Raw cow or
buffalo milk samples yielded 13 (13.1%) and Meat (fish, pork, beef) contributed 11
(11.1%) to the total NTS collection from food sources. S. enterica serovar
Typhimurium stands out as a predominant serovar with 45.4% isolates out of 99;
followed by S. enterica serovar Lindenburg with an isolation rate of 21.2% (21/99).
The contribution of environmental sources to NTS collection was 7.05% with S.
enterica serovar Mathura dominated with 25 isolates; followed by 5 isolates of Jaffna,
one isolate each of Typhimurium and Enteritidis; 2 isolates of Enteritidis, and 4 of

Hissar.

The antibiogram profiling of 539 isolates was done using 19 antimicrobial drugs
belonging to various classes. The results showed a concerning 44.90% (242 out of 539)
of NTS isolates exhibited resistance to Cefotaxime; Followed by Nalidixic acid (39.9%
); Piperacillin/tazobactam (27.7%); Ampicillin (27.09%), amoxicillin/clavulanic acid
(25.97%); Trimethoprim (19.67%); nitrofurantoin  (17.44%); co-trimoxazole
(14.47%); Imipenem (13.73%); Kanamycin (12.1%);  Ceftriaxone (11.9%);



Ciprofloxacin ~ (11.1%); Cefuroxime (11.1%); Meropenem(10.2%); Gentamicin
(6.1%); Norfloxacin (6.1%); Amikacin (5.9%); Cefepime (1.7%) and Chloramphenicol
(0.9%). The multi-drug resistance profile of NTS revealed different patterns of
resistance. The southern region exhibited the greatest proportion of multidrug
resistance across all categories of drugs. 44 out of 83 isolates (53%) from animal
sources and 158 out of 319 isolates (49.5%) from human sources exhibit MDR and
XDR behaviours.

Further, test results to detect ESBL, depicted 24 (4.45%) isolates as ESBL
producers. Among these 24, 11 ESBL Positive NTS confirmed by a single drug
Ceftazidime and Ceftazidime-Clavulanic acid; 9 ESBL Positive NTS confirmed by a
single drug Cefotaxime and Cefotaxime -Clavulanic acid; and 4 NTS showed overall
Positivity towards both the drugs and their combinations with Clavulanic acid.
Furthermore. Among 24 ESBL-producing NTS, 16 isolates were of human origin while
4, 3 & 1 isolates were obtained from environmental sources, animal sources, and food
items respectively. S. enterica serovar Typhimurium dominated in human fecal samples
followed by serovars Lindenburg (n=3), Weltevreden (n=2), Choleraesuis (n=1), and
Enteritidis (n=1). While a single isolate each of serovars Typhimurium and
Weltevreden was isolated from CSF and tissue samples respectively. Samples from
environmental; animals; and food sources were found to harbor ESBL-producing NTS
serovars such as Mathura (n=3) and Hissar (n=1); Typhimurium (n=1), Anatum (n=1);
and Senftenberg (n=1) respectively. In this study, a targeted investigation was
undertaken on 24 phenotypically confirmed ESBL-producing NTS serovars to
characterize the presence of ESBL genes, specifically blactx-m1s, blacmy-2, blasnv, and
blarem. Few serovars harbored multiple genes ESBL genes; 7 NTS isolates harbored
blactx-m1s gene, 12 & 4 isolates harbored the blacmy-2 gene and blatem genes
respectively. Two serovars, specifically Lindenburg (n=2) and Weltevreden (n=1),
originating from human fecal samples, were identified as hosts for a maximum of three
ESBL genes out of the four, excluding blasny. Furthermore, a total of 4 isolates,
comprising two instances of S. enterica serovar Weltevreden and two of S. enterica
serovar Typhimurium, were found to carry the blactx-mis with blacmy-2 gene

combination. Additionally, one isolate, specifically S. enterica serovar Lindenburg, was

Vi



identified as carrying the blactx-m1s with the TEM gene combination. Among the 4
environmental isolates, two isolates specifically S. enterica serovar Mathura showed
the presence of blactx-m15 genes only and all other three genes were not detected. One
isolate from animal source, namely S. enterica serovar Anatum (E11) was found to

harbour three genes blactx-mis, blacmy-2, and blatem.

In the present study, an in-depth analysis of the antibiogram profiles of 539 NTS
isolates unveiled that 96 of these isolates demonstrated resistance to carbapenem
antibiotics, particularly imipenem and meropenem, with 41 and 22 isolates
respectively, while 33 isolates were resistant to both drugs. None of the isolates
exhibited the presence of the carbapenemase enzyme.

In the present study, all 539 NTS isolates were tested to detect the production of
biofilm. A substantial portion, specifically 374 (70% ) isolates of the NTS pool,
exhibited biofilm-producing capabilities with different grades of biofilm production
such as ‘strong’, ‘moderate’, and ‘weak’. Among these 374 biofilm-producing NTS,
220 (58.8%) originated from human sources; 77 (20.6%) from food, 53 (14.2%) from
animals, and 24 (6.4%) from environmental sources. Further analysis, unveiled that
approximately 6.4% (24 out of 374) were classified as strong biofilm producers, while
28.3% (106 out of 374) exhibited a moderate level of biofilm formation. The remaining
65.2% displayed a weak level of biofilm formation. Furthermore, in this study, an
association between the biofilm-producing NTS isolates and multiple drug resistance
behaviour has also been observed in the NTS isolates under investigation.

Additionally, the results of the colicin detection test indicated a relatively low
occurrence of colicin activity among the NTS isolates, with 24 out of 539 isolates
(4.45%) demonstrating the capability to produce colicins. The colicin production rate
was observed to be higher among NTS isolates obtained from human sources (13/24,
54.16%), followed by those obtained from food items (6/24, 25%) and animals (5/24,
20.83%). Conversely, none of the environmental isolates showed colicin activity.

Additionally, 223 cefotaxime-resistant NTS were subjected to the detection of the
blactx-m1s gene and the results revealed that 65 isolates, constituting 29.1%, were

identified as harbouring this gene. The regional breakdown showcased distinct
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patterns, with the Southern region demonstrating the highest prevalence rate at 73.8%
(48 out of 65). Serovars Lindenburg (16) and Typhimurium (18) were particularly
prevalent in this region, collectively accounting for 70% of blacTx-m1s gene-positive
isolates. A similar trend was observed in other regions, notably for the occurrence of
blactx-m15 gene-bearing S. Typhimurium. Furthermore, the Southern region exhibited
the presence of other blactx-mis gene-positive serovars, including Enteritidis (9),
Choleraesuis (3), Kentucky (1), and Weltevreden (1). Additionally, a lower occurrence
of less common serovars such as Anatum (1), Bazenheid (1), and Mathura (1), was also

observed in this study.

Given the significance of NTS serovars in human, environmental, animal, and
food, this research underscored the need for continued studies to better understand the
epidemiology of NTS as the available data on the prevalence of NTS are limited or
inconsistent. The results of this research raise significant public health concerns and
underscore the necessity for enhancing nationwide NTS surveillance to identify and
manage these highly virulent NTS serovars. This is essential for enhancing knowledge
and implementing effective control measures on both regional and national levels to

mitigate infections caused by this group of pathogens.
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1. INTRODUCTION

Infectious diseases have persistently afflicted human populations, bearing
profound implications for global public health. These illnesses, driven by a multitude
of pathogens, exert the capacity to instigate substantial morbidity and mortality rates,
while concurrently challenging societal infrastructures and healthcare systems. Among
these pathogenic entities, the Salmonella genus emerges as a challenging rival within
the domain of foodborne illnesses, characterized by its tendency for adaptability,

resilience, and the capacity to infect a diverse array of hosts.

This thesis embarks upon an exploration of non-typhoidal Salmonella (NTS), a
subset of the Salmonella genus that accounts for a substantial proportion of global
gastrointestinal infections. While Typhoidal Salmonella strains, typified by S. Typhi
and S. Paratyphi, cause the severe systemic illness known as typhoid fever, NTS
serovars collectively exhibit a broad spectrum of clinical manifestations. These
encompass localized gastroenteric pathologies, bloodstream infections, and related
clinical sequelae. NTS predominantly propagates through the transmission channels of
contaminated consumables and potable water sources, thereby ascertaining its
prominence in matters concerning public health, food safety, and the extensive
landscape of global health security.

Salmonella, a Gram-negative bacterial genus, merits distinction within the
context of infectious diseases for its remarkable pathogenic versatility. It substantiates
its prominence by precipitating a spectrum of clinical entities, encompassing self-

limited gastroenteritis to severe systemic infections (Sears et al., 2023).

The genus Salmonella comprises two species, S. bongori and S. enterica. The
latter is further subdivided into six subspecies. Among these, S. enterica subsp.
enterica, with its extensive diversity, stands out. This subspecies plays a predominant
role, accounting for approximately 99% of salmonellosis cases in both human and

warm-blooded animal populations (Aleksandrowicz et al., 2023).

Salmonella encompasses a spectrum of clinical manifestations in human hosts,

including bacteremia, enteric fever, gastroenteritis, and other extra-intestinal
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complications, alongside the potential for a chronic carrier state (Darby & Sheorey,
2008; Eng et al., 2015). The occurrence of these varied clinical syndromes is contingent

upon specific host factors and the serotype of Salmonella involved.

The enteric fever is a collective term for both Typhoid and Paratyphoid fevers. S.
Typhi is the causative agent of former while the latter is caused by either of S. Paratyphi
A, B, and C (Issenhuth-Jeanjean, 2014; Chen et al., 2023). In humans, infection
typically arises from the ingestion of food and water contaminated with fecal matter
harbouring the pathogen. The disease's incubation period extends to seven days or
beyond and manifests with symptoms such as abdominal discomfort, headache, and
diarrhoea, often accompanied by fever (Bhan et al., 2005). The outcome of the infection
varies among different age groups more specifically children develop diarrhoea more
commonly while older persons or patients with immunocompromised states develop
constipation (Thielman and Guerrant, 2004). Individuals at the extremes of age and
those with underlying comorbidities are at a notably heightened risk of developing
bacteremia compared to those with enteric salmonellosis (Ballal et al., 2016). The
Enteric fever is described by a distinctive fever pattern with a low-grade fever initially
(between 37.5°C - 38.2°C) which if untreated slowly develops into a high-grade fever
(38.2°C — 41.5°C) (Patel et al., 2010). Alongside fever, patients may experience
myalgia, bradycardia, and hepatosplenomegaly, manifested as liver or spleen
enlargement, as well as the appearance of rose spots on the chest or abdomen (Kuvandik
et al., 2009). Patients with recurrent infections may develop some complications like
pancreatitis, hepatitis, and cholecystitis. Additionally, severe infections in Peyer’s
patches or lymphatic nodules, located in the terminal ileum can result in extensive

tissue damage, leading to perforations and hemorrhage (Eng et al., 2015).

Non-typhoidal Salmonella species are predominantly accountable for foodborne
infections, acquired through contact (direct or indirect) with animals or by consuming
foods e.g., meat, seafood, poultry products, and leafy vegetables (Antony, 2023).
Contributing factors include compromised immune status, inadequate sanitation
infrastructure, and suboptimal practices associated with food handling and hygiene

(Devleesschauwer et al., 2018).



Gastroenteritis is typified by inflammation of the gastrointestinal tract, presenting
symptoms such as diarrhoea, vomiting, nausea, and abdominal cramps, distinct from
enteric fever which involves no liver or spleen involvement. (Wang et al., 2023). NTS
infections usually do not lead to serious complications, however mild complications
like cholecystitis, pancreatitis, and appendicitis have been reported earlier without any
haemorrhagic conditions (Acheson and Hohmann, 2001). Symptoms typically manifest
within 6-12 hours post-infection and typically resolve on their own within 10 days
(Crump et al., 2008). However, NTS infections in infants, young children, aged persons,
and immunocompromised individuals have been reported to develop into severe

complications (Scallan et al., 2011).

In addition to the clinical diseases described earlier, almost all non-Typhoidal
Salmonella infections lead to bacteremia and other extra-intestinal complications.
Particularly, S. Dublin and S. Choleraesuis, recognized as highly invasive strains, are
linked with bacteremia (Woods et al., 2008; Jones et al., 2008) and are characterized by
high-grade fever akin to enteric fever. In certain serious conditions, the bacteremia may
also lead to septic shock and death in patients, thereby depicting high mortality rates.

The majority of non-Typhoidal salmonellosis cases arises from various serovars,
which are characterized by their wide host range and their ability to trigger self-
resolving diarrhoea (Crump et al., 2015). The distribution of these serovars varies
widely over time and place (Hendriksen et al., 2011; Van et al., 2012) and has a wide
host range (Maguire et al.,1993; Gordon 2011). In addition to the typical diarrheal
syndrome observed in human infected with NTS , invasive (bloodstream) disease can
also occur by NTS known as iNTS disease (Feasey et al., 2012; Crump and Heyderman,
2015) primarily caused by the serovars Typhimurium and Enteritidis (Kariuki and
Onsare, 2015; Feasey et al., 2015), and is presented with a severe systemic infection

resembling the typhoid fever (Crump et al., 2011, 2015; Crump and Heyderman, 2015).

NTS infections constitute a significant global health concern, engendering
morbidity and mortality across diverse socioeconomic settings (Gong et al., 2022).
Globally, Salmonellae are one of the four primary causative agents of diarrheal diseases

(CDC, 2022). NTS has gained global scientific attention due to its capacity to cause a



wide spectrum of enteric diseases, presenting a challenge for diagnosis and cure,
particularly in the developing world. The Institute of Health Metrics and Evaluation
(IHME) reported even higher estimates, with 73.9 million cases & associated 61,600
deaths attributed to NTS in 2019. The World Health Organization (WHO) estimates
an annual incidence of approximately 93.8 million cases of Salmonellosis attributed to
NTS, resulting in an estimated 155,000 mortalities (Mohakud et al., 2022). Further,
global estimates for invasive (INTS) infections showed 535,000 reported cases and
77,500 documented fatalities. In Southeast Asia alone, an estimated 22.8 million cases
of Salmonellosis and over 37,000 deaths occur annually, (Majowicz et al., 2010; Van
etal., 2012).

Salmonellae are facultative intracellular pathogens, transmitted through food or
water contaminated with these microbes. They invade the host cells and survive
intracellularly thereby increasing their pathogenic potential by evading host-mediated
defense mechanisms. The pathogenic potential of Salmonellae is increasing rapidly,
posing a growing threat. The commonly employed antimicrobial drugs for the treatment
of salmonellosis, have now become ineffective due to the emergence of drug resistance
worldwide (Su et al., 2004). The spread of drug-resistance genes amongst different
species has further aggravated the problem by introducing multidrug-resistant strains.
(Chiu et al., 2002, 2004)

Preventing the spread of NTS-related diseases is crucial, and therefore,
epidemiological studies play a key role in achieving this goal. Various typing
techniques are employed to investigate NTS, enabling the identification of relationships
among isolates from different patients or regions. This helps to uncover common
transmission sources of the pathogen, aiding in disease control efforts (Kang and
Dunne, 2003).

Numerous phenotypic and genotypic methods are available for typing NTS,
including biotyping, serotyping, phage typing, and antimicrobial susceptibility testing.
Although these methods may not always provide comprehensive epidemiological
information, yet they establish the phenotypic characteristics of the isolates and help in

understanding antimicrobial resistance patterns, thus aiding in disease prevention



strategies (Mohanty et al., 2006). Additionally, molecular techniques such as PFGE,
conjugation, RFLP analysis, RAPD analysis, and Microarray have been introduced to
further elucidate the epidemiological patterns of NTS infections (Aktas et al., 2007;
Sirichote et al., 2010; Fernandes et al., 2003; Ogunremi et al., 2014).

Invasive NTS is frequently implicated in cases of diarrhoea in Asia; however,
comprehensive data on NTS infections from the region are scarce, with limited reports
originating from India (Menezes et al., 2010) in addition to other Asian countries like
Taiwan (Chen et al., 2012), Thailand (Kiratisin, 2008; Hendriksen et al., 2012) and
Vietnam (Nga et al., 2012). In India, NTS infections have become a serious public
health problem, following a global trend and becoming more prevalent
(Sudhanthirakodi, 2016). The epidemiology of NTS in India remains relatively under-
documented due to the absence of effective surveillance systems and the lack of suitable
diagnostic tools (Jain et al., 2020). The burden of NTS in Asia is increasing. However,
there is currently a lack of data regarding clinical symptoms, patient demographics,
disease outcomes, or the specific infecting serovars associated with NTS infections in
India. To develop effective surveillance and rational control strategies for combating
the disease, it is essential to generate detailed and accurate epidemiological data on
NTS periodically. Therefore, in the present study, we have planned to investigate the
prevalence and different characteristics of non-typhoidal Salmonellae from the isolates
obtained from different parts of the country.
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2. REVIEW OF LITERATURE

2.1. Bacteriology & Cultural Characteristics

Lignieres coined the generic name “Salmonella ” (Le Minor, 1981) after the
name of pathologist Dr. D.E. Salmon who isolated it for the first time from pigs in 1885
(Salmon and Smith, 1885). The genus “Salmonella ” is described as an intracellular
pathogen, which exhibits a great diversity with more than 2600 serotypes or serovars
(Issenhuth-Jeanjean et al., 2014; Marzel et al., 2016).

The genus Salmonella is defined as Gram-negative bacilli 2-4um long and 0.6
pm in diameter. They are often motile using peritrichous flagella except for S.
Gallinarum Pullorum. The majority of Salmonella strains possess common fimbriae,
with many fimbriated strains exhibiting Type-I fimbriae that are linked to mannose-
sensitive adhesive properties except S. Paratyphi A and S. Gallinarum Pullorum
(Duguid et al., 1966, 1975; Duguid and Old, 1980, 1994). Some of them are capsulated.
These are easily cultivable on ordinary laboratory media over a wide temperature range
from 7 — 48°C, at pH 4-8, and at water activities above 0.93 (Baird & Parker, 1990).
Even the species surviving & proliferating below 4°C and pH less than 4.0 have been
reported (d’Aoust, 1991; Foster, 1992). They are aerobic and/or facultative anaerobes.
The colony size on blood agar and nutrient agar ranges in diameter from 2-4 mm, with
a circular, low convex, and smooth surface. On MacConkey’s agar (a differential and
selective media), the colonies are colourless due to the absence of lactose fermentation.
Several selective media have been proposed for the isolation purpose namely bile salt
agar: deoxycholate citrate agar (DCA) initially suggested by Leifson (1935); Hektoen
Enteric agar (King and Metzger, 1968); Salmonella & Shigella (SS) agar (Pollock and
Dahlgren, 1974), and XLD agar (Taylor, 1965), the brilliant green agars with
modifications (Edel and Kampelmacher, 1968: Van Schothorst et al., 1987) and
bismuth sulfite agar (Leininger, 1976).

All species ferment glucose, resulting in the production of acid with or without
gas. Hydrogen sulfide (H2S) is produced by most Salmonella, but serovars Paratyphi A
and Choleraesuis are the exceptions. Citrate is generally utilized except for serovars
Typhi and Paratyphi A. They are found typically in the intestine of humans and animals,



though, some species may occur in soil. Many species are pathogenic. The G+C content
of DNA is in the range of 48-50 mol% (Holmes, 1998).

2.2. Classification

The classification system used for Salmonella has undergone substantial revisions
over time and remains subject to ongoing updates and refinements. Before 1983,
multiple Salmonella species were recognized. However, subsequent experimental
evidence, demonstrating a high degree of DNA similarity among Salmonella species,
led to the classification of all Salmonella isolates into a single species namely S.
Choleraesuis (Crosa et al., 1973; Farmer, 1995). Based on host range and DNA
similarity, S. Choleraesuis was further divided into seven subgroups. Subgroup-I

encompassed all serotypes pathogenic for humans (Tauxe, 1998).

This classification transformed in 1999 when Euzéby proposed designating
"Salmonella enterica " as a new type species of Salmonella, replacing S. Choleraesuis
with S. enterica (Euzeéby, 1999). Presently, the genus Salmonella is recognized as
comprising two species: S. enterica and S. bongori having six and one subspecies
respectively. These seven subspecies can now be serotyped into over 2,600 distinct
serotypes (Issenhuth-Jeanjean et al., 2014; Marzel et al., 2016). This classification
system has been widely accepted and is employed by institutions such as the World
Health Organization (WHO) and in publications endorsed by the American Society for
Microbiology (Popoff et al., 2004). According to this system, the genus Salmonella is
classified into two species based on 16S rRNA sequence analysis: Salmonella enterica
(the type species) and Salmonella bongori. Further differentiation within the type
species, S. enterica, is based on genomic relatedness and biochemical properties,
resulting in six subspecies as presented in Table 2.1 (Reeves et al., 1989; Hurley et al.,
2014). These subspecies are further differentiated into ‘serovars’ based on the somatic

‘O’ and flagellar ‘H’ antigens (Hurley et al., 2014).



Table 2.1: Classification of Salmonella (Hurley et al., 2014).

Genus: Salmonella
Species: S. enterica S. bongori Subsp.
\Y
Subspecies: Serovar:
. enterica e Typhoidal :
e.g. S. Typhi, S. Paratyphi.
e Non-Typhoidal :
e.g. S. Typhimurium, S.
Enteritidis.
Il. salamae
Illa. arozonae
[1lb. diarizonae
IV. houtenae
VI. indica

2.3. Pathogenesis:

The majority of Salmonella strains are virulent and possess the ability to cause
severe diseases by invading and replicating within host cells. In humans, various
serotypes of Salmonella can result in a range of illness severity, with factors such as
age and the individual's health status playing a significant role. Young children (under
5 years), the elderly individuals, and those undergoing immunosuppressive medications
tend to experience more severe Salmonella infections compared to healthy adults (Eng
et al., 2015). Salmonella has developed sophisticated mechanisms that enable it to
initiate its phagocytosis, facilitating its entry into host cells (Hansen-Wester et al.,
2002). This remarkable capability is attributed to the presence of Salmonella
pathogenicity islands (SPIs) and clusters of genes located on large chromosomal DNA
(Grassl and Finlay, 2008). Upon ingestion of the food or water contaminated by these
bacteria, these pathogens adhere to the intestinal wall's lining and enter epithelial cells
via SPIs. These SPIs encompass a Type-Ill secretion system, functioning as a sensory
probe to detect their presence in the host cell. Additionally, this system facilitates the
secretion of effector proteins directly into the cytoplasm of the host cell. These effector

proteins play a crucial role in helping the bacteria infect the host cells, survive, and



replicate intracellularly, thus evading host-mediated immune responses (Takaya et al.,
2003). This ability for intracellular persistence is vital for the pathogenicity of
Salmonella (Bakowski et al., 2008). Generally, after bacteria are phagocytosed, the
host's immune system is activated, resulting in the fusion of lysosomes with
phagosomes. Digestive enzymes in the lysosomes then degrade the bacteria. However,
in the case of Salmonella, the effector proteins encoded by the Type-Ill secretion
system cause structural alterations in the phagosome, preventing the fusion of
lysosomes with it. Consequently, the bacteria can evade degradation by lytic enzymes
(Eng et al., 2015). This ability of intracellular survival and multiplication of the bacteria
in macrophages leads to their dissemination to the reticuloendothelial (RE) system
(Monack et al., 2004).

2.4. Clinical Manifestations

Salmonella species are extensively distributed in the environment and are
commonly present in farm effluents, human sewage, and any materials that have been

exposed to fecal contamination (Antony, 2023).

In humans, Salmonella infections can result in various clinical presentations,
including: enteric fever, gastroenteritis, bacteremia, and other extra-intestinal
complications, as well as a chronic carrier state (Darby and Sheorey, 2008; Eng et al.,
2015). The specific clinical manifestations depend on host factors and the serotype of

the Salmonella strain involved.

The term ‘enteric fever’ encompasses both Typhoid and Paratyphoid fevers with
S. Typhi being the causative agent responsible for Typhoid fever while the latter is
caused by S. Paratyphi A, B, and C (Issenhuth-Jeanjean, 2014; Chen et al., 2023).

Human infection commonly arises from the ingestion of food or water
contaminated with waste from infected individuals. Following an incubation period that
can extend beyond seven days, symptoms typically begin with abdominal pain,
headache, and diarrhoea, which then progress to fever (Bhan et al., 2005). Age plays a
significant role in the clinical presentation, as children are more likely to experience

diarrhoea, while constipation is more frequently observed in older adults or



immunocompromised individuals (Thielman and Guerrant, 2004). Those at the
extremes of age or with pre-existing health conditions face a higher risk of bacteremia

compared to those with enteric salmonellosis alone (Ballal et al., 2016).

Enteric fever has a characteristic fever progression, beginning with a mild fever
(37.5-38.2°C) that, if untreated, can escalate to high-grade levels (38.2-41.5°C) (Patel
et al., 2010). Patients may present with muscle pain, bradycardia, hepatosplenomegaly
(enlargement of the liver or spleen), and, occasionally, rose-coloured spots on the chest
or abdomen, in addition to fever (Kuvandik et al., 2009). Recurrent infections can lead
to complications such as pancreatitis, hepatitis, and cholecystitis, with more severe
infections in Peyer’s patches or lymph nodes in the terminal ileum causing tissue

damage, hemorrhage, and potentially life-threatening perforations (Eng et al., 2015).

Non-typhoidal Salmonella (NTS) species are predominantly linked to foodborne
gastroenteritis, typically contracted through animal contact or consumption of
contaminated foods, including meat, seafood, poultry, and leafy vegetables (Antony,
2023). Factors that increase susceptibility to NTS infections include
immunocompromised conditions, inadequate sanitation, and poor food-handling

practices (Devleesschauwer et al., 2018).

Gastroenteritis from NTS involves inflammation of the gastrointestinal tract and
presents with diarrhoea, vomiting, nausea, and abdominal cramps, unlike enteric fever,
which often affects the liver and spleen (Wang et al., 2023). While NTS infections are
generally self-limiting within 6 to 12 hours of symptom onset and resolve within 10
days (Crump et al., 2008), mild complications such as cholecystitis, pancreatitis, and
appendicitis may occasionally occur (Acheson and Hohmann, 2001). More severe
outcomes, however, are noted in infants, young children, the elderly, and those with

weakened immune systems (Scallan et al., 2011).

Beyond these clinical presentations, nearly all non-typhoidal Salmonella
infections pose a risk for bacteremia and other extra-intestinal complications. The
strains S. Dublin and S. Choleraesuis are especially invasive, commonly associated with

bacteremia and high-grade fevers similar to enteric fever (Woods et al., 2008; Jones et
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al., 2008). In severe cases, bacteremia may progress to septic shock, significantly

increasing the risk of mortality.

As mentioned above, the NTS infections are more serious in terms of the
bacteremia they cause compared to Typhoidal Salmonella infections. The bacteremia
has been reported in 5% of NTS-infected patients. Extra-intestinal complications have
also been reported in some patients with NTS infections e.g. cellulitis, urinary tract
infection (UTI), pneumonia, meningitis and endocarditis (Shimoni et al., 1999; Arii et
al., 2002).

NTS infections represent a significant global health concern, especially for
children (Magwedere et al., 2015). NTS typically manifests as gastroenteritis in
children (Chen et al., 2023). A study conducted in the United States, focusing on
children under the age of 5, found that NTS was responsible for the highest proportion
(42%) of isolated bacterial enteric pathogens (Scallan et al., 2013). Furthermore,
septicemia associated with NTS gastroenteritis has been reported in young children
under 5 years, often presenting with a high fever as the predominant clinical symptom
(Shuai and Chaomin, 2023). In Taiwan, NTS has emerged as the predominant pathogen
associated with childhood bacterial enterocolitis that requires hospitalization (Su and
Chiu, 2007).

While NTS infections are commonly presented with symptoms like
gastroenteritis, enteric fever, and bacteremia, a recent study has reported a rare
occurrence of bone and joint infections, specifically multifocal osteomyelitis attributed
to S. Dublin in an immunocompromised patient. This particular case represents a rare
subset, accounting for only 0.8% of all Salmonella infections and a mere 0.45% of all
osteomyelitis cases (Jiang et al., 2023). Furthermore, there is growing evidence
suggesting a potential association between NTS and gall bladder cancer (lyer et al.,
2016).

Nosocomial outbreaks of Salmonella infections have been documented in the
past, although they are relatively infrequent. VVarious modes of nosocomial transmission

have been reported, including cases attributed to the reactivation of latent Salmonella
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infections (Buchwald and Blaser, 1984; Khuri-Bulos et al., 1994; Delaloye et al., 2004).
In a recent study, an unusual case was reported where Salmonella bacteremia developed
in a patient after intubation resulting into an extended hospital stay (Oxman et al.,
2023).

Salmonella bacteremia has been documented to occur without the typical
accompanying diarrheal illness. Invasive diseases can manifest in various forms,
including osteomyelitis, abscesses, meningitis, endocarditis, septic arthritis,
pericarditis, respiratory symptoms, abdominal infections, endovascular infections, and
more (Gong et al., 2022). Hence, infections caused by NTS remain a formidable
challenge for healthcare systems across the globe, presenting an immediate and critical

global public health issue.
2.5. Virulence Factors in non-Typhoidal Salmonella :

Virulence factors are the molecular mechanisms that enable pathogenic bacteria
to colonize host tissues and cause disease. NTS is a gram-negative bacterium that
possesses several virulence factors which help it to establish and maintain an infection
in the host. Some of the key virulence factors associated with NTS are:

2.5.1 Lipopolysaccharides (LPS):

It is a constituent of the outer membrane of the bacterial cell wall. About 70% of
the outer membrane surface of Gram-negative bacteria is comprised of LPS, playing a
pivotal role in safeguarding the bacterial cell against host defense mechanisms and
antibiotics. This feature establishes LPS as one of the foremost virulence factors in
Gram-negative bacteria (Lodowska et al., 2007). LPS consists of Lipid A, core
oligosaccharide, and O-antigen polysaccharide in many bacteria (Raetz and Whitfield,
2002). Lipid A, the most conservative part, is covalently linked to the core
oligosaccharide, providing an anchor to the outer membrane and imparting biological
activity to LPS. The O-antigen, an immune-dominant component of LPS, forms the
basis for serotyping in Salmonella species (Thomsen et al., 2003). The O-antigen
exhibits variability in composition and the number of polysaccharide subunits
(Krzyzewska-Dudek et al., 2022). Notably, in Salmonella, O-antigen capsules play a

12



crucial role in adhesion processes and the persistence of bacteria in the environment
(Jacques, M., 1996; Barak et al., 2007; Crawford et al., 2008 ). LPS serves as a potent
activator of the host's immune response and can induce systemic inflammatory response
syndrome (SIRS) and sepsis, with potentially fatal outcomes in severe cases.
Additionally, LPS plays a significant role in the initial step of biofilm formation,

namely, the adhesion of microorganisms to a surface (Williams and Fletcher, 1996).
2.5.2 Fimbriae:

Amongst various virulence factors, fimbriae play a major role in the pathogenesis
of Salmonella sp. and also act as a source of diversity amongst Salmonella serovars
(Dufresne and Daigle, 2017). Fimbriae are thin protein filaments that can help the
bacteria to bind to host cells, and this adherence can enhance invasion and colonization
of host cells (Townsend et al., 2001; Humphries et al., 2003; Rehman et al., 2019). In
addition, they participate in various other functions, such as interacting with
macrophages, forming biofilms, ensuring intestinal persistence, and promoting
bacterial aggregation (Edwards et al., 2000; Boddicker et al., 2002; Althouse et al.,
2003; Harris et al., 2006; Sabbagh et al., 2010; Sabbagh et al., 2012). The expression
of fimbriae in Salmonella was first described by Duguid and Gillies (1958), by
demonstrating agglutination of RBCs of some species by Salmonella fimbriae. A great
variety of fimbriae have now been identified and the modern system of classification
has broadly classified them based on their assembly pathways as CU, N/P, and T4
fimbriae (Nuccio and Baumler, 2007; Fronzes et al., 2008). The CU assembly is
distinguished by interactions among its subunits—a periplasmic chaperone and an outer
membrane usher—facilitating the biogenesis of mature fimbriae. Extracellularly, a
nucleator initiates the formation of fibre aggregates through the N/P pathway. T4
fimbriae require ATP for their assembly and employ sophisticated machinery for
fimbrial formation. Additionally, T4 fimbriae possess the unique capability to retract
and reverse the fimbrial assembly process (Fronzes et al., 2008). Fimbriae play a crucial
role in virulence by facilitating bacterial interaction with host cells (Low et al., 1996;
Edwards and Puente, 1998). The distribution of fimbrial operons among enteric bacteria
suggests a role for fimbriae in pathogenesis especially. Broadly distributed fimbrial

operons may provide general adhesive functions, whereas those with limited
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distribution may offer specific functions required for virulence. For instance, the
common type | fimbriae found in many Gram-negative bacteria mediates adherence to
the pharynx, intestinal epithelium, and bladder. In contrast, plasmid-encoded fimbriae
specific to Salmonella bind specifically to M cells in the intestine (Low et al., 1996;
Baumler et al., 1997). Most fimbriae, except for type IV pili, share a conserved
mechanism for translocation to the bacterial surface. Upon entering the intestinal
milieu, Salmonella fimbriae adeptly navigate the mucous layer, facilitating their
invasion of the host epithelium (Wang et al., 2018). These fimbriae play a pivotal role
in engaging non-phagocytic enterocytes within the intestinal epithelium, initiating a
robust adhesion process (Dufresne and  Saulnier-Bellemare, 2018). Notably,
Salmonella fimbriae exhibit a predilection for microfold (M) cells—specialized
intestinal epithelial cells characterized by diminished mucous coverage, glycocalyx,
and shorter microvilli (Tahoun et al., 2012). This preferential adherence, particularly
to M-cells, likely facilitates the ingress of Salmonella into intestinal epithelial cells,
navigating through the basement of these cells. Subsequently, these epithelial cells shed
Salmonella into the intestinal lumen, providing an environment conducive to bacterial
replication—an indispensable step for their continued survival. This finely orchestrated
mechanism appears to be instrumental in the effective intestinal colonization of
Salmonella, ultimately culminating in the establishment of an acute infection (Azriel et
al., 2017; Gast et al., 2017).

2.5.3 Flagella:

Flagella are whip-like appendages that protrude from the surface of many
bacteria, serving as the primary organelles of locomotion. This movement allows
bacteria to navigate their environment, responding to stimuli like temperature gradients,
nutrient availability, or chemical signals. Salmonella, being a motile bacterium, utilizes
its flagella to navigate toward favorable environments, such as the intestinal tract
(Wadhwa and Berg, 2022). Beyond locomotion, flagella plays a crucial role in the
adhesion and invasion of host cells, contributing significantly to Salmonella infection
(Jahan et al., 2022). In addition to their role in locomotion, flagella are essential for
several other functions. They are required for bacterial movement to surfaces to

facilitate attachment and play a crucial role in propelling organisms as they search for
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other bacteria (Pratt and Kolter, 1998; Crawford et al., 2010). This multifunctionality
underscores the significance of flagella in various aspects of bacterial behaviour and

survival.

2.5.4 Colicins:

The antibacterial proteins or peptides produced by bacteria are broadly termed
bacteriocins. In the case of the members of the family Enterobacteriaceae, these are
specifically termed ‘colicins’ (Markovi¢ et al., 2022). The initial evidence of colicin
production dates back to 1925 when it was discovered in E. coli (Cascales et al., 2007).
Some Salmonella enterica serovars especially S. Typhimurium is known to produce
colicin 1B (Collb) (Nedialkova et al., 2014; Gollan at al., 2024). Some researchers have
cloned and expressed colicin-like proteins from Salmonella called ‘salmocins’ in plants
and found them to be more potent than colicins (Schneider et al., 2018). Colicins are
large molecular weight proteins (Cascales et al., 2007) that are often produced under
stress conditions (Gordon and O’Brien, 2006). A diverse range of colicins and
microcins employ various cytotoxic mechanisms as their mode of action. These
mechanisms include pore formation, degradation of peptidoglycan precursors,
phosphatase activity, RNase activity (often targeting 16S rRNA and specific tRNAS),
and DNase activity (Cascales et al., 2007). Colicin is typically not synthesized under
normal physiological conditions; however, a limited number of colicin molecules are
consistently present within the cell. The production of colicin undergoes a substantial
increase in response to various DNA-damaging agents, such as UV light and the
antibiotic mitomycin-C, as well as environmental factors like nutrient deprivation or
elevated bacterial population density, triggering an "SOS response™ (Herschman and
Helinski, 1967). Alternatively, activation of colicin synthesis may also occur through
thymine starvation, catabolite repression, and mutation of the ompR gene (Pugsley et
al., 1983; Ebina and Nakazawa, 1983). This results in colicin expression and
accumulation within the cell cytoplasm, but its release in the extracellular environment
requires colicin lysis proteins. These are the small lipoproteins and are co-expressed
with colicin proteins and facilitate the colicin release by lysing the host cell envelope
and thus causing its death (Cascales et al., 2007; Dekker et al., 1999). Colicins may also

possess enzymatic activity such as hydrolases or transferases, targeting phosphodiester
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bonds in the DNA (DNase) or RNA (rRNase or tRNase) of the host cell. DNase colicins
degrade DNA by creating dents in dsSDNA through repeated cleavage (Cascales et al.,
2007). These colicins are metal-dependent, and while the nature of the required metal
ions remains unknown, research suggests that Zn?* and Ni?* serve as necessary
cofactors for enzyme activity (James et al., 2002; Ku et al., 2002). RNase colicins
induce cell death by inhibiting protein synthesis, and interestingly, no cofactors are
needed for this activity. The target molecules of RNase colicins include 16S rRNA and
anticodon loops of tRNA (Cascales et al., 2007). Nuclease colicins are produced and
released from the cell in complex with their nuclease-specific immunity proteins,

safeguarding the producing cell from lethal activity (Krone et al., 1986).

2.5.5 Secretion systems:

Bacteria have evolved various secretion systems to export proteins and other
molecules across their cell membranes. These secretion systems play crucial roles in
bacterial pathogenicity, survival, and interactions with their environment (Green and
Mecsas, 2016). Salmonella possesses several secretion systems, each with specific

functions. Here are some of the well-known secretion systems in Salmonella:

2.5.5.1 Type | Secretion System (T1SS):

Salmonella utilizes T1SS for the secretion of specific virulence factors. T1SS
serves as a direct means of exporting specific proteins from the bacterial cytoplasm to
the extracellular milieu. These proteins encompass adenylate cyclases, proteases,
lipases, surface layer proteins and toxins (Lenders et al., 2015). In Salmonella, two non-
fimbrial adhesins secreted by the Type | Secretion System (T1SS) have been identified:
BapA and SiiE (adhesion proteins) (Barlag and Hensel, 2015; Wagner et al., 2011).
Kirchweger et al. (2019) recently illustrated that the periplasmic domain of SiiA
exhibits direct binding to peptidoglycan in-vitro, with this interaction being contingent
upon pH levels. The mutation in Arg162 was identified as potentially affecting both the
peptidoglycan binding affinity and the invasion of polarized epithelial cells
(Kirchweger et al., 2019). Another investigation highlighted the indispensable role of
the BapA adhesin in S. Enteritidis, showing its requirement for the formation of
biofilms and invasion within the murine host (Latasa et al., 2005).
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2.5.5.2 Type 111 Secretion System (T3SS):

The Type Il Secretion System (T3SS) is a needle-like apparatus that enables
bacteria to directly inject effector proteins into host cells (Notti and Stebbins, 2016).
Salmonella's T3SS is a crucial virulence factor that enables the bacterium to invade and
manipulate host cells during infection. Salmonella enterica is equipped with two gene
clusters for Type 111 Secretion Systems (T3SS), known as T3SS-1 and T3SS-2, situated
on Salmonella Pathogenicity Island 1 (SPI-1) and SPI-2, respectively. The T3SS-1
cluster plays a pivotal role in the initial phase of invasion, targeting intestinal epithelial
cells and microfold (M) cells within the gut lumen. Its activation triggers
proinflammatory responses, contributing to the early stages of infection (Bao et al.,
2020). In contrast, T3SS-2 is linked to the later phases of infection, encompassing
intracellular survival and replication within host phagocyte (Anderson and Kendall,
2017; Hensel et al., 1998). Following internalization into the host cell, Salmonella can
establish Salmonella - Containing Vacuoles (SCVs). These vacuoles serve as protective
compartments, shielding the bacterium from degradation and providing an environment

conducive to its intracellular survival and growth (Bao et al., 2020).

2.5.5.3 Type IV Secretion System (T4SS):

T4SS is involved in the transfer of DNA between bacteria (conjugation) and the
delivery of effector proteins to host cells. T4SSs can be categorized into three functional
types. The first type involves conjugation systems, facilitating the transfer of DNA from
one bacterial cell to recipient cells in a contact-dependent manner. The second type is
responsible for mediating the uptake or release of DNA into or from the extracellular
milieu. The third type of T4SSs, primarily found in pathogenic bacteria, is dedicated to
transferring proteins and other molecules into eukaryotic targets (Backert and Meyer,
2006; Alvarez-Martinez and Christie, 2009; Christie, 2016). While T4SS is often
associated with plasmid transfer, some pathogenic strains of Salmonella may employ
T4SS to enhance virulence. Presently, only a limited number of Salmonella enterica
serotypes have been documented to harbor a Type IV Secretion System (T4SS) cluster.
Notable examples include S. enterica serotype Enteritidis (Chen et al., 2009) phage
type 34, certain isolates of S. enterica serotype Montevideo (Delgado-Suéarez et al.,
2018), S. enterica serovar Typhimurium strain ST1660/06 (Li et al., 2012), and a
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majority of S. enterica serovar Heidelberg (Deblais et al., 2018). These T4SS clusters

are located on various plasmids.

2.5.5.4 Type VI Secretion System (T6SS):

T6SS is a complex secretion system involved in the delivery of effector proteins
into both prokaryotic and eukaryotic cells ( Bao et al., 2020). It plays a role in bacterial
competition and interactions with other microorganisms in the environment. The Type
VI Secretion System (T6SS) is a contact-dependent nanomachine of Gram-negative
bacteria (Boyer et al., 2009). The T6SS apparatus is a needle-like structure spanning
the cell envelope, resembling the tail of inverted T4 bacteriophage (Cascales and
Cambillau, 2012). Initially identified in Vibrio cholerae in 2006 (Pukatzki et al., 2006;
Ho et al., 2014), this system has the capability to transport toxins directly into both
prokaryotic and eukaryotic cells (Basler et al., 2013). Presently, three primary types of
T6SSs have been characterized (Type I, I, & II1). Type | T6SS is ubiquitous across
most bacteria and is further categorized into five subtypes. Type Il T6SS is exclusive
to Francisella species, while Type 111 T6SS is encoded solely in Bacteroidales (Russell
et al., 2014). Salmonella encompasses five phylogenetically distinct Type | T6SSs
encoded on different Salmonella Pathogenicity Islands (SPIs), including SP1-6, SPI-19,
SPI-20, SPI-21, and SPI-22. (Blondel et al., 2009; Fookes et al., 2011). T6SSs are
distributed in various Salmonella enterica serotypes and are identified as important
virulence-related factors in breaching the microbiota barrier for efficient colonization.
SPI-6 has been implicated in the pathogenesis of non-Typhoidal Salmonella serovars
(Haneda et al., 2009), while the virulence of S. Typhimurium in mouse models is
associated with T6SS (Liu et al., 2013). Additionally, Salmonella enterica serovars
Typhi and Dublin, exhibit T6SS-related virulence (Wang et al., 2011; Pezoa et al.,
2014). In Salmonella enterica serotype Gallinarum, SPI1-19 and the associated T6SS
cluster contribute to intestinal and organ colonization in chickens (Blondel et al., 2010).
The precise control of T6SS gene clusters by Salmonella allows adaptation to different
environments (Brunet et al., 2015; Wang et al., 2019). Salmonella strains possessing
T6SSs encoded on SPI-19 are primarily isolated from warm-blooded hosts, indicating
a possible role of SPI-19-derived T6SS in host adaptation (Bao et al., 2019).
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These secretion systems collectively contribute to Salmonella’s ability to
establish infection, evade the host immune response, and survive within host cells.
Understanding the specific mechanisms and proteins involved in these secretion
systems is crucial for unravelling the pathogenic strategies of Salmonella and

developing targeted interventions for prevention and treatment.

2.5.6 Biofilm:

Biofilms represent intricate communities of microorganisms, predominantly
bacteria, that adhere to surfaces and are enveloped in a viscous matrix comprising
extracellular polymeric substances (EPS). These substances include polysaccharides,
proteins, nucleic acids, and other molecules synthesized by the microorganisms
dwelling within the biofilm (Harrell et al., 2021). The intricate cell network formed by
biofilms represents a predominant mode of bacterial growth in various environmental
settings. The formation of biofilms occurs as microorganisms affix themselves to a
surface, generating a defensive and adhesive matrix (Harrell et al., 2021). Within a
biofilm matrix or microenvironment, bacteria benefit from a multifaceted protective
shield, conferring resilience against environmental stressors such as UV exposure
(Espeland and Wetzel, 2001), action of disinfectants and immune responses from hosts
(Jensen et al., 2010), and the actions of antibiotics (Mah and O’Toole, 2001; Stewart
and Costerton, 2001; Mah, 2012) and therefore are difficult to eradicate (Burmolle et
al., 2010). This biofilm is often implicated in the development of numerous infections
and outbreaks. Biofilm contributes to the resistance and persistence of bacteria on
diverse biotic and abiotic surfaces (Steenackers et al., 2012). Robust evidence from
different studies underscores the predominant role of biofilms in approximately 80% of
bacterial infections (Davies, 2003; Hall-Stoodley and Stoodley, 2009). Given their
tenacity on abiotic surfaces like medical devices (prosthetics, stents, catheters,
implants, dentures, etc.), biofilms are linked to approximately 50% of nosocomial
infections (Paredes et al., 2014; Percival et al., 2015). Additionally, the presence of
biofilm on food and food processing equipment (Flemming, 2016; Galie et al., 2018),
contamination of water pipelines (Wingender and Flemming, 2011), corrosion of
underwater metal surfaces (de Carvalho, 2018), can cause adverse effects. This

capability underscores the paramount significance of biofilms across varied domains,
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encompassing environmental contexts, industrial settings, and medical applications.
Salmonella, Typhoidal and Non-Typhoidal, both exhibit the capability to colonize
human and other animal hosts and have the potential to induce disease (Harrell et al.,
2021). Salmonella biofilm can occur on any biotic or abiotic surface (Steenackers et al.,
2012). The biofilm, which is known to be highly conserved, provides Salmonella an
additional advantage during the initiation of infection as well as their transmission cycle
(Rémling et al., 2003; MacKenzie et al., 2017; MacKenzie et al., 2019). Like other
biofilm-forming bacteria, biofilm-associated Salmonella is enveloped within a self-
secreted matrix of extracellular polymeric substances (EPSs) comprising proteins,
carbohydrates, and extracellular DNA (eDNA) (Maruzani et al., 2019). These EPSs,
collectively enable cells to securely adhere to surfaces and other cells within the
biofilm, retain moisture in dry environments, and potentially impede the diffusion of
detrimental molecules, such as antimicrobial peptides and antibiotics (Dieltjens et al.,
2020). Salmonella biofilm has been documented on various abiotic surfaces such as
plastics, glass, stainless steel, cement, rubber, etc. (Obe et al., 2022; Thames et al.,
2023; Ormsby et al., 2024) which are commonly used in households, industry,
agriculture. Evidence over the years has made it clear that Salmonella can colonize
various parts of a diverse range of plant species. This colonization extends from seeds
(Mahon et al., 1997) to sprouts (O'Mahony et al., 1990), leaves (Campbell et al., 2001;
Lapidot et al., 2006), roots (Klerks et al., 2007), and even fruits (Guo et al., 2001). This
highlights the significance of plants as important vectors for the transmission of
Salmonella between hosts. Several researchers have conducted studies demonstrating
the isolation of biofilms from diverse environments and hosts. For instance, Stepanovic
et al. (2004) investigated the biofilm formation by Salmonella isolated from humans,
animals, and food on plastic (polystyrene) microplates. Giaouris and Nychas (2006)
focused on demonstrating biofilm formation on stainless steel surfaces. Vestby et al.
(2009) provided insights into the biofilm formation by Salmonella isolated from animal
feed within factory environments. Additionally, Barker and Bloomfield (2000)
explored the association between Salmonella infection in a family and its survival and
persistence in their toilet and bathroom, despite the regular use of disinfectants.
Salmonella demonstrates the capacity to adhere to and form biofilms on epithelial cells,

playing a crucial role in the initiation and perpetuation of mucosal infections in
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susceptible hosts which may result in intestinal carriage (Althouse et al., 2003; Morgan
et al., 2004). In a study by Boddicker et al. (2002), an in-vitro model utilizing Hep-2

cells was employed to replicate infections across different hosts, elucidating the genetic

elements critical for S. Typhimurium biofilm formation on epithelial cells.

Subsequently, these same determinants were demonstrated to be essential in an in-vivo

model involving poultry (Ledeboer & Jones, 2005; Ledeboer et al., 2006).

The significance of biofilms in pathogenicity is notable, as they play a pivotal

role in pathogen establishment, persistence within host environments, and resilience

against various host defences and antimicrobial therapies. Here are some key aspects

of the role of biofilms in pathogenicity:

R/
L X4

R/
L X4

Biofilms enable pathogens to adhere to host tissues and surfaces more
effectively than free-floating (planktonic) cells. This initial adhesion is a critical
step in the establishment of infections (Sauer et al., 2022).

Biofilm formation is frequently linked to chronic infections, as biofilm-
associated bacteria can resist clearance by the immune system and survive
prolonged antibiotic treatments. Biofilms create a protective niche for
pathogens, enhancing their resistance against host immune responses,
antibiotics, and other antimicrobial agents. The matrix of extracellular
polymeric substances (EPS) in biofilms acts as a physical barrier that limits the
penetration of immune cells and drugs (Harrell et al., 2021).

Biofilms contribute to the persistence of infections by allowing pathogens to
evade the host's immune system. Cells within a biofilm can adopt dormant or
slow-growing states, making them less susceptible to the host's defense
mechanisms and antimicrobial treatments (Jensen et al., 2010).
Microorganisms within biofilms can communicate through a process known as
guorum sensing, facilitating coordinated gene expression. This communication
enhances pathogens' virulence and facilitates biofilms® formation and
maintenance (Zhang et al., 2022).

Biofilms are commonly linked to infections associated with medical devices
such as catheters, ventilators and prosthetic implants etc. Pathogens can form
biofilms on these surfaces, leading to persistent infections that are challenging
to treat (Percival et al., 2015).
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%+ Bacteria within biofilms might display heightened virulence in contrast to their
free-floating counterparts. This increased virulence can be attributed to gene
expression changes and the biofilm's overall microenvironment (Franco et al.,
2022).

% Another critical pathogenic role of biofilms is evident in the development of
drug resistance among bacterial species capable of producing biofilms. The
resistance of Salmonella biofilms against antibiotics poses a significant
challenge in combating infections (Steenackers et al., 2012). The association
between biofilm production and resistance to antimicrobial drugs has been
consistently demonstrated in numerous studies conducted over an extended
period (Olson et al., 2002; Linares et al., 2006; Parry & Threlfall, 2008;
Papavasileiou et al., 2010; Turki et al., 2012; Dai et al., 2021; Lenchenko et al.,
2021; Chen et al., 2022; Aleksandrowicz et al., 2023).

It's worth noting that, understanding these virulence factors is crucial for
developing effective therapies and vaccines against Salmonella infections. Studying
these virulence factors can offer valuable insights into the mechanisms driving bacterial
pathogenesis and provide insights into the development of new interventions and

treatments for NTS infections.

2.6. Mode of Transmission

Salmonella is transmitted through the faeco-oral route, with the main vectors
being contaminated food, water, animal contact, and less frequently, human-to-human
contact (Li et al., 2012). An estimated 94% of salmonellosis cases result from the
consumption of contaminated food (Ehuwa et al., 2021). Given its prevalence in various
food production environments, Salmonella can infiltrate the food supply at any stage,

spanning from the initial stages of farming to the final stages of food consumption.

The diverse reservoir of NTS infection poses a challenge for public health to
effectively control the spread to the human population. (Swanson et al., 2007; Dione
et al., 2011). Salmonellosis results from a combination of factors, including those
connected to food, the environment, vectors, humans, machinery, animal

transportation, and animal reservoirs (Koutsoumanis et al., 2019). Salmonella has been
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identified in humans, animals, and environmental samples, serving as significant
pathogens associated with various environmental reservoirs and transmission pathways
(Liu et al., 2018; Ehuwa, et al., 2021; McLure et al., 2022). Many biotic and abiotic
variables contribute to the organism's prevalence in the environment (Harrell et al.,
2021; Ramatla et al., 2022). It is crucial to understand the potential roles that natural
environments may play in harbouring Salmonella for ultimate transmission to food,
animals, and humans (Kurtz et al., 2017). Water and soil are two potential
environmental Salmonella reservoirs that people may come into direct contact with or
ingest (Greene et al., 2008; Li et al., 2021).

Animals are the major reservoirs of Salmonella, especially the NTS. The main
mode of infection in humans involves consuming food or beverages contaminated with
waste from infected animals, coming into contact with infected animals, or eating
undercooked meat from such animals (Eng et al., 2015; Dudhane et al., 2023). Poultry
and products derived from poultry, are prominently recognized as the main sources
often linked to NTS infections in the human food chain (Bangera et al., 2019). India,
as one of the leading global poultry producers (Mottet and Tempio, 2017), holds
considerable importance in this regard. Chicken meat and eggs, among animal-based
food sources, have a widespread acceptance, for a considerable portion of the
impoverished population in India (Fourat et al., 2018). The modernization and
globalization of the poultry industry have introduced novel and intricate pathways for
the dissemination of Salmonella, exacerbating the potential for its transmission (Gast,
2003; Gast et al., 2013). The poultry industry faces significant challenges in eradicating,
eliminating, and controlling foodborne and zoonotic diseases linked to poultry (Al-
Ansari, 2021). Furthermore, pork and beef have been highlighted as primary

contributors to salmonellosis (Ferrari et al., 2019; Soliani et al., 2023).

The use of polluted water, sourced from compromised water reservoirs, in
irrigation poses a potential route for contaminating fruits and vegetables with
Salmonella (Liu et al., 2018; Cho et al., 2020). Consumption of unpasteurized milk has
been identified as a significant means of transmitting NTS to humans (Gebeyehu et al.,
2022; Wang et al., 2023). Salmonella can persist on surfaces in contact with food for

extended durations, increasing the risk of cross-contamination incidents involving food
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handlers, food products, and surfaces within food establishments. (Agarwal et al.,
2022). Such persistence heightens the risk of outbreaks associated with food prepared

in restaurants.

In conclusion, the transmission of NTS is multifaceted. These factors collectively
contribute to the heightened risk of cross-contamination events, underscoring the
importance of stringent hygiene practices and preventive measures within various
stages of food production, processing, and consumption. It is essential to tackle these
pathways of transmission to effectively reduce the impact of outbreaks related to NTS

and to guarantee the safety of the food chain.
2.7. Epidemiology

NTS infections constitute a significant global health concern, engendering
morbidity and mortality across diverse socioeconomic settings (Gong et al., 2022).
Worldwide, Salmonella has been recognized as one of the top four main contributors
to diarrheal illnesses. In US, NTS stands out as the leading cause of hospitalizations
and deaths, and ranks second in causing sickness among foodborne pathogens (Scallan
et al., 2011). The impact of this disease burden is NTS considerable, emphasized by a
concerning statistic indicating that annually, one in every ten people fall victim to this
ailment, leading to the deprivation of more than 33 million healthy years of life
(Havelaar et al., 2010; Lai et al., 2020).

During the period from 20012005, the prevailing serovars responsible for non-
typhoidal Salmonella infections globally were S. Enteritidis (accounting for 65%), S.
Typhimurium (12%), and S. Newport (4%) (Galanis et al., 2006; Fashae et al., 2010;
Hendriksen et al., 2011; Van et al., 2012). Notably, S. Enteritidis emerged as the most
frequent serotype in Asia (38%), Latin America (31%), and Europe (87%) (Galanis et
al., 2006). Certain serovars have been observed to dominate specific regions, such as S.
Weltevreden and S. Stanley in several Southeast Asian nations (Lee et al., 2009;
Hendriksen et al., 2011; Van et al., 2012).

The Foodborne Diseases Active Surveillance Network (FoodNet) has

documented a significant occurrence of NTS infection in the USA, with an annual
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incidence rate exceeding 17% per 100,000 population. While this rate may appear
comparatively lower than in underdeveloped nations, NTS remains a prominent cause
of fatalities, contributing to approximately 40% of all foodborne pathogen-related
deaths in the United States (Barton Behravesh et al., 2011). In 2010, an outbreak
occurred across 16 states in the USA, wherein the CDC reported >1900 cases of NTS
infection by ingesting eggs contaminated with S. Enteritidis (CDC, 2010). The food
products commonly related to the outbreak include milk, poultry, eggs, etc. and the
major contributory factors responsible for such outbreaks include eating undercooked
food materials, improper storage of raw food and handling practices (Lynch et al.,
2006). In China, NTS is responsible for a significant portion, specifically 70% to 80%,
of reported food poisoning incidents (Scallan et al., 2011). In Southeast Asia, there is a
notable prevalence of Salmonella spp. reported in both retailed chicken and pork
products (Inthavong et al., 2006; Luu et al., 2006; Vo et al., 2006; Van et al., 2007; Lay
etal., 2011).

The World Health Organization (WHOQO) estimates that around 93.8 million
instances of Salmonellosis caused by NTS occur annually, leading to an estimated
155,000 deaths (Mohakud et al., 2022). Moreover, global figures for invasive non-
Typhoidal Salmonella (iNTS) infections indicated 535,000 reported cases with 77,500
confirmed deaths. Stanaway et al. (2019) emphasized that sub-Saharan Africa
experiences the highest prevalence of invasive NTS illness, which poses a significant

burden in terms of both morbidity and mortality on a global scale.

Salmonella is known to manifest in various clinical presentations in humans,
including enteric fever, bacteraemia, gastroenteritis, and other extra-intestinal
complications, along with the potential for developing of a chronic carrier state (Darby
and Sheorey, 2008; Eng et al., 2015). Gastroenteritis, being the most widespread form
of Salmonella infection globally, accounting for over 90 million cases and nearly
150,000 deaths annually. In Southeast Asia alone, more than 20 million cases result in
37,600 deaths each year (Majowicz et al., 2010). Evidence has revealed a staggering
96.1 million instances of Salmonella enterocolitis, which has been responsible for
50,800 documented deaths globally (Stanaway et al 2019).
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Despite improved efforts to maintain good health and sanitation, NTS infections
continue to occur globally (Majowicz et al., 2010). Reports indicate that there are
approximately 700 instances of NTS-related illnesses per 100,000 people in Europe and
100 cases per 100,000 people in Israel (Weinberger & Keller, 2005). In developing
nations, especially in Sub-Saharan Africa, where mortality rate exceeding 20% has been
observed among children under three years old and HIV-positive patients (Gordon et
al. 2008), invasive NTS infections are more common compared to developed nations
in Asia (Khan et al., 2010; Phu Huong et al., 2016).

2.8. NTS infections in India:

In India, NTS infections have emerged as a critical public health issue, mirroring
a worldwide pattern and growing in prominence. Research carried out in Kolkata
emphasizes a noteworthy occurrence of NTS in both poultry and meat samples,
highlighting the potential hazard of foodborne illnesses in humans (Sudhanthirakodi,
2016).

In India, diarrhoea ranks as the 3 leading cause of paediatric mortality, and
contributing to 13% of deaths annually in children under the age of 5
(Lakshminarayanan and Jayalakshmy, 2015). Among the bacterial etiologies of
diarrhoea, NTS stands out as a noteworthy zoonotic pathogen frequently encountered
in children. NTS typically spreads through the ingestion of contaminated food or water
or contact with animals or poultry (Scallan et al., 2013; Li et al., 2014; Wen et al.,
2017). Predisposing factors such as compromised immunity, immature indigenous gut
microbiota, and reduced gastric acidity in children may augment susceptibility to NTS
infection (Harb et al., 2017).

In India, there's a lack of extensive documentation regarding the epidemiology of
NTS gastroenteritis in children due to ineffective surveillance systems and inadequate
diagnostic tools (Jain et al., 2020). In a recent investigation by Jain et al. (2020), efforts
were made to comprehensively assess the prevalence of NTS among children under 5
years old who presented with acute gastroenteritis. The study sought to ascertain the
frequency of NTS isolation, the prevalence of particular serovars, antimicrobial

resistance (AMR) patterns, and molecular subtypes of NTS among this paediatric
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cohort. The results revealed an NTS isolation rate of 1.0%, identifying 17 distinct
Salmonella serovars among the participants. These findings offer valuable insights into

the epidemiology and diversity of NTS infections among young children.

In summary, the global epidemiology of NTS reflects a widespread concern with
diverse transmission routes. While global incidences continue to challenge public
health systems, it's imperative to note the specific context in India, where the burden of
NTS is notable. Comprehensive surveillance and interventions are crucial on a global
scale, with tailored strategies required to address the specific challenges posed by NTS
in the Indian context, ensuring a concerted effort to minimize the impact of outbreaks

and enhance food safety worldwide.
2.9. Treatment of NTS infection:

Gastroenteritis caused by NTS typically resolves spontaneously in young adults
globally (Eng et al., 2015). Antibiotic therapy is generally not recommended in most
cases (Jacob et al., 2020) because it does not help in reducing the duration of illness but
also can prolong the bacterial shedding i.e. carrier state (Onwuezobe et al., 2012; Wen
et al.,, 2017; CDC, 2024). However, paediatric, geriatric, immunocompromised, or
atherosclerosis patients, who are more prone to developing invasive disease, may
require antibiotic treatment until the final cure (Galanakis et al., 2007; Tsai et al., 2011).
Bacteremic patients typically necessitate a minimum of seven days of antimicrobial
drug therapy, coupled with an investigation to identify potential sites of infection. In
cases of extraintestinal infections, prolonged therapy, consultation with specialists, and
surgical involvement may be necessary. Immunocompromised patients, due to their
heightened vulnerability, face an increased risk of recurrent invasive disease and,
consequently, often require an extended duration of therapy to effectively manage their
condition (CDC, 2024). Certain antibiotics, notably fluoroquinolones and third-
generation cephalosporins, are categorized as critically important by the WHO (Angulo
et al., 2009). Fluoroquinolones have traditionally been recommended for treating
salmonellosis in adults, while third-generation cephalosporins are favoured for
paediatric cases in the event of fluoroquinolones resistance (Sood et al., 1999).

Presently, fluoroquinolones are preferred as the first line of treatment for adult
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travellers; ceftriaxone can be used to treat children or adults presenting invasive
illnesses due to Salmonella. Azithromycin can be used in children as an alternative
therapy (CDC, 2024). Some studies have recommended the usage of macrolides (e.g.
azithromycin) and carbapenems (e.g. meropenem), in case resistance to first-line
antibiotics occurs (WHO, 2019; Tack et al., 2020).

As of now, there is no available vaccine against NTS, underscoring the
importance of preventive measures. Adopting routine practices, including thorough
handwashing before meals and after contact with animals, is vital. Avoiding the
consumption of raw vegetables or meat, opting for properly cooked food, and drinking
water from safe sources can significantly reduce the risk of infection. Individuals with
illness should abstain from preparing food for others, and even after recovery,
maintaining safe food handling practices is essential, as they may continue to shed
bacteria for an extended period. These measures collectively contribute to curtailing the

chances of acquiring NTS infection and safeguarding public health. (CDC, 2024)
2.10. Antimicrobial Resistance in NTS — The Global Scenario:

Antibiotics, whether natural or synthetic compounds, serve a pivotal role in
preventing infections. However, the rise of antibiotic resistance has significantly
impeded the effective use of these medications. The pervasive presence of Salmonella
strains exhibiting resistance to multiple antibiotics represents a pressing global public
health concern. According to findings from Su et al. (2004), the prevalence of
antimicrobial resistance among Salmonellae has markedly escalated, surging from
20%-30% in the early 1990s to as high as 70% in specific countries. Since the
occurrence of MDR S. Typhimurium DT104 strains in 1990, there has been a
considerable increase in the appearance of different MDR strains (Helms et al. 2005;
Kim and Wei, 2007, 2009).

Earlier drugs such as ampicillin, chloramphenicol and co-trimoxazole were
considered to be the drugs of choice for treatment against NTS infection. However,
indiscriminate use of antibiotics, amongst humans as well as in domestic animals and

poultry has resulted in emergence of MDR Salmonella strains globally (Lee et al., 2009;
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Vo et al., 2010; Meng et al., 2011; Wannaprasat et al., 2011; Chen et al., 2013, Crump
et al., 2015; Adesiji et al., 2018). This global emergence of drug resistance has
complicated the challenges associated with the containment strategies of NTS (Vo et
al., 2010; Aouf et al., 2011).

In a study conducted by Kuo et al. (2014), it was observed that 96% of 110
isolates obtained from diseased pigs in 2011 and 2012 exhibited multidrug resistance
(MDR), indicating resistance to three or more antimicrobial drug classes. Notably, 21%
of these isolates were resistant to ciprofloxacin, while 44% demonstrated resistance to
cefotaxime. Reports from regions with a high prevalence of MDR isolates suggest
heightened resistance to fluoroquinolones (Hasan et al., 2008). Additionally, increased
incidence rates of nalidixic acid resistance reported in countries such as India, Vietnam,
and Pakistan (Ochiai et al., 2008) have raised concerns regarding management and
infection control & prevention (Crump et al., 2011), as nalidixic acid resistance is

indicative of decreased susceptibility to fluorogquinolones (Eng et al., 2015).

In a study by Vlieghe et al. (2012), elevated resistance to azithromycin was
observed in Salmonella enterica-induced bloodstream infections among Cambodian
adults infected with HIV. In the United States in 2014, a modest level of resistance to
ceftriaxone was detected in 2.4% of human NTS isolates, with 0.4% showing resistance
to ciprofloxacin and 0.1% to azithromycin (McDermott et al., 2018). Conversely, in
Europe in 2020, significantly elevated resistance to ciprofloxacin was reported in 14.1%
of human NTS isolates, while resistance to cefotaxime and ceftazidime was noted at

0.8% each, with azithromycin resistance also standing at 0.8% (EFS Authority, 2022).

In another study conducted in Taiwan spanning from 1998 to 2002, exceedingly
high rates of resistance were documented for various antibiotics. Specifically,
resistance rates were reported as follows: ampicillin (48.5%), sulfamethoxazole (68%),
streptomycin (59.0%), chloramphenicol (55.3%), and tetracycline (67.8%) (Lauderdale
et al., 2006).

In a study conducted in China from 2014 to 2016 (Liang et al., 2019), NTS strains

isolated from faecal samples displayed significantly elevated resistance rates to various

29



antibiotics. The research reported notably high levels of resistance, with the highest
rates observed for ampicillin (76.61%), sulfamethoxazole (29.95%), cefotaxime
(29.93%), chloramphenicol (29.77%), ceftazidime (23.20%), ciprofloxacin (7.51%),
and cefoperazone/sulbactam (7.18%). These findings underscore a substantial level of
resistance, particularly against 3"-generation cephalosporins and quinolones,

highlighting the growing challenge of antimicrobial resistance in NTS isolates.

A comparative analysis of NTS drug resistance between 2009-2013 and 2014-
2018 revealed an increasing trend in resistance rates to cefazolin, cefotaxime,
levofloxacin, ciprofloxacin, and imipenem. While resistance rates to ampicillin,
chloramphenicol, cefepime, ceftriaxone, and compound sulfamethoxazole slightly
decreased, they still maintained high levels. Among children with NTS infections,
13.7% were identified as having multi-drug resistant (MDR) isolates. This
comprehensive analysis underscores the evolving patterns of NTS infections and the
dynamic landscape of antibiotic resistance observed over the studied periods (Wu et al.,
2021).

In another study conducted in sub-Saharan Africa from 2015 to 2017 by Tack
et al (2020), multidrug resistance was prevalent, affecting a significant 87.4% of the
864 NTS isolates analysed. The findings further revealed decreased susceptibility to
ciprofloxacin in 7.3% of cases, while ceftriaxone resistance was observed in 15.7%,
and azithromycin resistance in 14.9%.

The extensive utilization of antibiotics in poultry and other livestock farming has
been widespread. Developing countries, in particular, are experiencing high incidences
of drug resistance due to the inappropriate use of antibiotics in farming practices (Van
et al., 2007; Van et al., 2008; Fashae et al., 2010; Yang et al., 2010). This issue is
exacerbated in developing nations where there is inadequate control over the direct sale
of drugs through medical stores or pharmacies without a doctor's prescription
(Ogasawara et al., 2008). Moreover, the easy availability and low cost of certain
antimicrobials aggravate the situation still further (Nguyen et al., 2005; Wannaprasat et
al., 2011). In a recent study conducted in Nigeria, a concerning trend of widespread

multiple drug resistance (MDR) among NTS isolates from poultry was observed. A
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substantial 48% of the NTS isolates exhibited a multidrug-resistant profile.
Furthermore, 73% of these isolates demonstrated high resistance rates to key
antibiotics, including ciprofloxacin, gentamicin, nalidixic acid, sulfamethoxazole, and
tetracycline. Notably, ciprofloxacin resistance was nearly ubiquitous among the tested
NTS isolates. The study identified the indiscriminate use of antibiotics by poultry
farmers as the root cause of this alarming situation, underscoring the need for targeted
interventions and improved antimicrobial stewardship practices in the poultry farming

sector to address the escalating issue of antibiotic resistance (Fagbamila et al., 2023).

Over the years, experimental evidence has consistently underscored the
concerning link between antimicrobial usage in animals and the rising crisis of bacterial
antimicrobial resistance (AMR). This association poses a significant threat to public
health, highlighting the critical need for prudent and responsible antimicrobial use in

both human and veterinary medicine to address the impact of antimicrobial resistance.

In a recent study by Delgado-Suérez et al. (2021), among NTS isolates obtained
from beef in Mexico, several prevalent resistant phenotypes were identified. These
included tetracycline resistance in 40.3% of cases, carbenicillin resistance in 26.0%,
amoxicillin-clavulanic acid resistance in 20.8%, chloramphenicol resistance in 19.5%,
and trimethoprim-sulfamethoxazole resistance in 16.9%. Additionally, over 55% of the
isolates exhibited reduced susceptibility to ciprofloxacin, and 26% were categorized as
MDR. Furthermore, the MDR phenotypes were strongly associated with NTS serovar

Typhimurium accounting for nearly 40% of MDR strains.

In India, the prevailing data on the prevalence and antibiotic susceptibility
patterns of NTS are limited or inconsistent. A study from North India, conducted by
(Taneja et al., 2004), reported resistance rates among NTS isolates. The results revealed
resistance rates of 62.5% to amoxicillin, 66.7% to nalidixic acid, 34.6% to
cotrimoxazole, 48.1% to cefotaxime, 37% to chloramphenicol, and 18.5% to
ciprofloxacin. This study highlighted the existence of antibiotic resistance among NTS
strains in the region and emphasized the importance of continued research and
investigation to better understand and address the dynamics of antibiotic resistance in

India. In a study by Shahane et al (2007) from Pune, India, NTS isolates from paediatric
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and adult patients showed high resistance to commonly used drugs, including ampicillin
(86%), chloramphenicol, cefotaxime, and gentamicin (72.4% each). Another study by
Ballal et al in 2016 reported minimal resistance, with only 3% resistance each to
ampicillin and ciprofloxacin among NTS isolates. These findings highlight variations
in antibiotic resistance patterns among NTS strains in India and underscore the
necessity for continuous surveillance to address the dynamic nature of antimicrobial
resistance. Notably, the study also reported a unique finding in the Indian context — the
isolation of a Ciprofloxacin-resistant Salmonella enterica serovar Kentucky, marking
the first instance of such resistance reported in India. This highlights the introduction
of a new facet of drug resistance in NTS in the country, underlining the evolving

landscape of antibiotic resistance.

In Southern India, an 18-year study (2000-2018) revealed that, 5% of NTS
isolates were MDR in addition, resistance to nalidixic acid was most prevalent being
26%. The resistance rates to other drugs was also found notable viz. ampicillin (18.5%),
chloramphenicol (3.6%), ciprofloxacin (12%), ceftriaxone (6.3%), and cotrimoxazole
(13.5%) with a notable rate subset at 10.52%. (Jacob et al., 2020). These results
underscore the persistent challenge of antimicrobial resistance in NTS over the studied
period, highlighting the need for ongoing surveillance and interventions to address

evolving resistance patterns.

The global emergence of drug resistance has complicated the challenges
associated with the containment strategies of NTS. Enough evidence is available that
depicts the acquisition of human infection by multidrug-resistant strains acquired
through international travel and trade activities (Aarestrup et al., 2007; Hendriksen et
al., 2008; Sirichote et al., 2010). The spread of clinically important resistance amongst
NTS has also been associated with travel across different countries (Barlow et al.,
2014). The global prevalence of antibiotic resistance in NTS isolates is linked to the
unrestricted use of antibiotics in livestock animals (Kim et al., 2012). Historically,
third-generation cephalosporins and fluoroquinolones have been effective in treatment
of the infection. However, there is a concerning rise in resistance to these medications,
as well as to first-line antimicrobial agents (Sethuvel et al., 2015).

Salmonella isolated from humans has shown co-resistance to fluoroquinolones and 3™
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& 4™ -generation cephalosporins (Kulwichit et al., 2007; Zhang et al., 2014). This
growing resistance presents a significant challenge to effectively treating NTS
infections. It underscores the urgent necessity for comprehensive measures to regulate
antibiotic usage, bolster surveillance efforts, and explore alternative therapeutic

strategies.

The rise of antimicrobial-resistant strains has severely limited treatment choices
and heightened the global disease burden (Chen et al., 2013). The rising prevalence of
bacteria that are resistant to commonly prescribed antibiotics presents a substantial
public health concern, complicating the treatment of bacterial infections and
contributing to elevated rates of illness and mortality on a global scale. Addressing the
issues related to antimicrobial resistance demands collaborative actions at local,
national, and international scales to establish efficient surveillance systems, implement
stewardship programs, and conduct research endeavours aimed at creating alternative

treatment approaches and reducing the impact of resistant strains on global health.
2.11. Mechanisms involved in Drug resistance:

In Salmonella, antibiotic resistance primarily arises from mutations in target
genes, such as those encoding Topoisomerase IV & DNA gyrase, and the increased
expression of efflux pumps. Nevertheless, other factors also contribute to resistance,
including changes in the cell envelope, reduced expression of membrane porins,
elevated levels of lipopolysaccharide (LPS) components in the outer cell membrane,
biofilms formation, and the quorum sensing (Martins et al., 2011). The diverse array of
mechanisms involved in antibiotic resistance highlights the intricate nature of

addressing infections caused by this pathogen.

As previously indicated, no treatment is needed in mild gastrointestinal infections
caused by NTS. However, in severe cases of invasive infections, the administration of
first-line antibiotics such as ampicillin, chloramphenicol, and trimethoprim-
sulfamethoxazole, alongside fluoroquinolones or third-generation cephalosporins, is
critical for saving lives. Unfortunately, the emergence of resistance to these

antimicrobials posed serious treatment challenges.
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In Salmonella spp., resistance to ampicillin is attributed to lactamases, while
chloramphenicol resistance is primarily caused by the production of inactivating
enzymes such as chloramphenicol acetyltransferase (CATSs) (Arcangioli et al., 2000).
Fluoroquinolones resistance is typically a result of mutations occurring in DNA gyrase
and topoisomerase 1V, the target enzymes of quinolones (Su et al., 2004). Resistance
typically emerges spontaneously due to point mutations that cause amino acid
substitutions in topoisomerase genes. This is frequently accompanied by decreased
expression of outer membrane porins and heightened expression of multidrug efflux
pumps. These mechanisms collectively contribute to the reduced susceptibility of
bacteria to fluoroquinolones and pose challenges for effective treatment (Hopkins et al.,
2005).

In the case of 3"-Generation cephalosporins, resistance is primarily due to the
extended-spectrum cephalosporinases production, majorly extended-spectrum beta
lactamases (ESBLS) e.g. CTX-M and AmpC beta-lactamases e.g. CMY-2 (Miriagou et
al., 2004; Karthikeyan et al., 2011). Other types such as ACC, DHA, OXA, PER, SHV,
and TEM have also been reported in Salmonella (Su et al., 2004). Horizontal transfer
of these genes is mainly responsible for the spread of resistance (Allen and Poppe,
2002) and thereby allow Salmonella to disseminate to a new genetic lineage (Guerra et
al., 2001; 2002) resulting in increased prevalence in both humans and animals (Llanes
etal., 1999). The increased prevalence of these enzymes in Salmonella spp., along with
reduced susceptibility to quinolones, poses a significant concern from public health
point of view, compromising the efficacy of these drugs in treating Salmonella
infections and underscoring the need for vigilant surveillance and antibiotic

stewardship.

The primary cause of carbapenem resistance in Salmonella isolates lies in mobile
genetic elements that carry diverse classes of f-lactamases, including IMP, KPC, NDM,
OXA, TEM, and VIM (Sahuquillo-Arce et al., 2015). Recent studies suggest that these
carbapenemase genes are often harboured on plasmids within Salmonella serovars,
facilitating their transfer between different Enterobacteria (Sarkar et al., 2015).
The potential transfer of these resistance genes through plasmids raises concerns about

the possible dissemination of carbapenem resistance among different bacterial strains
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(Nhu et al., 2010). This underscores the urgent requirement for rigorous surveillance
and control strategies to mitigate the spread of antibiotic resistance in Salmonella and

similar pathogens.

2.12. Diagnostic methods for Salmonellae:

The laboratory diagnosis of Salmonella infections encompasses several
approaches, each with unique strengths in speed, accuracy, and application context.
Traditional culture-based techniques have long been considered the gold standard for
Salmonella identification, particularly in clinical settings where specificity is crucial.
By using selective media such as Xylose Lysine Deoxycholate (XLD) agar or
Salmonella-Shigella (SS) agar, microbiologists can isolate Salmonella colonies from
clinical specimens, such as stool or blood, as these media inhibit non-Salmonella
growth (Bhunia, 2019). These media also facilitate preliminary identification through
colony morphology, with Salmonella colonies often appearing with a distinctive black
centre due to hydrogen sulphide production. Following isolation, biochemical assays,
provide further species-level differentiation by revealing metabolic characteristics

unique to Salmonella (Andrews et al., 2019).

Serotyping is a valuable diagnostic tool in identifying and differentiating
Salmonella serovars, crucial for effective clinical management and epidemiological
tracking. Using the Kauffmann-White classification scheme, Salmonella serotyping
categorizes serovars based on surface antigens: the O (somatic), H (flagellar), and Vi
(capsular) antigens. This method allowed the classification of Salmonella into more
than 2,600 serovars, each associated with specific disease profiles and transmission
routes (Grimont and Weill, 2007; Issenhuth-Jeanjean et al., 2014; Marzel et al., 2016).
Though, serotyping offers high specificity but requiring skilled personnel and is labour-
intensive (Ibrahim and Morin, 2018; Diep et al., 2019 ).

Recent advancements in molecular techniques, such as PCR-based serotyping
and whole-genome sequencing (WGS), enabling quicker and more comprehensive
profiling of Salmonella serovars, especially valuable in outbreak settings (Deng et al.,
2016). PCR enables the amplification of Salmonella-specific DNA sequences directly

from clinical samples, allowing for rapid detection and significantly shortening
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turnaround time (Siala et al., 2017). This method not only reduces detection time but
also enhances sensitivity, making it effective in identifying low bacterial loads that
might be undetected by traditional methods. Real-time PCR (gPCR) offers additional
advantages by quantifying bacterial DNA and differentiating between various serotypes
or strains through genetic markers (Kasturi and Drgon, 2017). Furthermore, PCR allows
for the detection of antibiotic resistance genes, providing critical insights for treatment
(Nazari et al.,2023; Pavelquesi et al., 2023).

Advanced techniques like whole-genome sequencing (WGS) are also emerging
in Salmonella diagnostics, offering comprehensive genetic data on virulence factors,
phylogenetic relationships particularly for understanding the genetic diversity,
epidemiology, and antibiotic resistance of various Salmonella serovars (Akinyemi et
al., 2023). Although WGS is currently applied more in research and public health
surveillance due to its high costs and technical requirements, it has proven invaluable
for outbreak management (Brummer et al., 2022). By identifying strain-specific genetic
markers, WGS aids in pinpointing infection sources and understanding the spread and
evolution of specific strains, thus enhancing diagnostic precision and informing public

health actions.

Additionally, point-of-care testing (POCT) is helping bring Salmonella
diagnosis closer to patients. Loop Mediated Isothermal Amplification (LAMP)
technology has emerged as an effective tool for rapid diagnosis of Salmonella infections
(Chu et al., 2021; Vinayaka et al., 2022). This technology has been found to be more
sensitive than PCR methodology (Mei et al., 2019) and has been proven to be effective
in detection of S. typhi in blood samples (Kaur et al., 2018). Therefore, POCT methods,
can serve a critical role in preliminary patient management, particularly in outbreak-

prone areas.

In conclusion, advancements in Salmonella diagnostics are progressing swiftly,
with culture, molecular, and immunological methods collectively improving the speed
and accuracy of detection. As diagnostic technology continues to evolve, the primary
aim is to create tools that are faster, more accessible, and highly precise, ultimately
supporting prompt treatment, effective outbreak management, and well-informed

public health strategies.
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3. OBJECTIVES

The current study was designed to assess the prevalence and varied characteristics of
Non-Typhoidal Salmonella (NTS) derived from various sources (including humans,
animals, environment, and food) across different geographical regions of India. To
accomplish the primary aim of this investigation, the following objectives were

outlined:

1. Toidentify the Non-Typhoidal Salmonella (NTS) isolates, received at ‘National
Salmonella and Escherichia’ Centre (NSEC) from different parts of India, by
biochemical and serological technigues.

2. To Study the antibiogram profile of the confirmed NTS isolates.

3. To study the Extended-Spectrum [ —Lactamase (ESBL) and Carbapenemase
production in NTS isolates.

4. Characterization of gene(s) responsible for antimicrobial resistance in NTS.

5. Determination of virulence factors like biofilm and colicins production among
NTS isolates.

6. Analysis of the results obtained from the above studies to correlate prevalence
of NTS in India on the basis of distribution, drug resistance patterns, virulence

factors, and relevant demographic data.
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4. MATERIALS AND METHODS

41 SAMPLES COLLECTION:

This study aimed to characterize Non-Typhoidal Salmonella (NTS) isolates
received, during the period from January, 2016 to December, 2018, from different
regions of India at the National Salmonella and Escherichia Centre (NSEC) located at
the Central Research Institute (CRI) in Kasauli, Himachal Pradesh. The NSEC is a
world-renowned reference laboratory that has been serving the country for over six
decades by serotyping Salmonella isolates submitted to the centre.

This study included 999 Salmonella isolates (both Typhoidal and non-Typhoidal)
received at the NSEC lab for serotyping. These isolates were received from various
sources such as hospitals, laboratories of fisheries and food departments, agricultural
and veterinary research institutes located across different regions in India. These
isolates were categorized into four groups based on their origin, namely humans, food,
environment, and animals. Further sub-grouping was performed based on the specific
origin of NTS within each of these four main groups. For instance, among human NTS
isolates, sub-groups included blood, body fluids, urine, stool, pus, and tissue samples.
In animal sources, sub-groups covered poultry and livestock specimens, including
diarrheal, fecal, and post-mortem samples. Similarly, the food and environmental group
comprised raw cow and buffalo milk, raw pork, animal feed, chicken meat, eggs, fish,
and shrimp.

Upon receipt, the isolates were further processed for identification through

biotyping and serotyping.
4.2 SAMPLE PROCESSING & IDENTIFICATION:

The samples, received in intact condition and following specified transportation
conditions (WHO, 2021) such as stab culture in nutrient agar medium without any
leakage or breakage and packed within a three-layered packaging, were processed
further for identification using a combination of biochemical and serological

techniques.

38



The 999 intact samples were further processed for thorough identification and
subsequent investigations. For identification, these 999 samples were sub-cultured onto
fresh MacConkey Agar (Hi Media Labs. Pvt. Ltd., Mumbai, India) plates. With the help
of a sterile wire loop, the non-lactose fermenting (NLF) and well isolated colony was

picked and streaked onto fresh nutrient agar (NA) slants, in duplicates.
421 BIOTYPING:

The 999 samples, mentioned above, were further subjected to morphological and
biochemical characterization. To achieve this, the isolates (on NA slants) were
identified based on morphological characteristics i.e., Gram’s staining, motility, and
biochemical characteristics as described by Edward and Ewing (1986). The

biochemical characterization was based on various tests viz:

Test for Enzyme detection: Catalase, Oxidase, Urease production
Test for Sugar Fermentation: Glucose, Lactose, Sucrose, Mannitol.
Test for Substrate Utilization: Citrate, Triple Sugar Iron

Test for Decarboxylase: Lysine, Arginine, Ornithine

o ~ W e

Other tests: Indole production, Methyl-Red test, Vogus Proskauer Test,
Cragie’s Tube, Hugh, and Leifson’s O/F test.

The details of the various biochemical tests performed are as under:

4.2.1.1 Enzyme detection tests:
a. Catalase test (Reiner, 2010):

Took a clean glass slide and put a drop of 3% H>0O> and mixed a small amount of
bacterial culture using a clean Pasteur pipette. The appearance of catalase was
confirmed by the production of gas bubbles immediately or within 10 seconds of mixing
the bacterial culture with H20..
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b. Oxidase Test (Shields and Cathcart, 2010; Oladeinde et al., 2011):

Took a strip of sterile Whatman's No. 1 Filter paper and soaked it in the oxidase
reagent (1% solution of tetramethyl-p-phenylene diamine dihydrochloride). Placed the
strip on a clean glass slide. Took an isolated colony of the bacterium with the help of a
sterile Pasteur pipette and smeared it over the moistened area of the filter paper strip.

The absence of deep-purple colour indicated a negative reaction.
c. Urease production test (Brink, 2010; Oladeinde et al., 2011):

Inoculated the entire surface of the medium (Christensen’s medium) in a tube
with the pure culture of the bacterium. Incubated the medium at 35£2°C for overnight.
A urease negative result was indicated by the absence of production of pink colour
around the bacterial growth.

4.2.1.2 Sugar Fermentation Tests (Hummers-Pradier et al., 2005):

Inoculated the test organism in a tube of sugar fermentation medium. Incubated
the tube at 35+2°C for overnight. Observed the results after completion of incubation.
Acid production was indicated by the change in the colour of the indicator (Andrade’s
Indicator) to red while gas production was detected by the appearance of a gas bubble

in the inverted Durham’s tube placed inside the sugar solution.
4.2.1.3 Substrate Utilization Tests:
a. Citrate (Eltahawy and Khalaf, 1988):

Took a tube of Simmon’s Citrate medium and inoculated its surface with the test
organism. After incubation at 35 + 2°C for overnight, observed the tube for any colour
change next day. The appearance of blue colour in the medium around the bacterial

growth indicated a positive test.
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b. Triple Sugar Iron (TSI) (Tankeshwar, 2022):

Took a tube of TSI agar and a straight wire loop and inoculated the test sample
by streaking the surface as well as stabbing the medium to the bottom. Incubated the
tube at 35+2°C overnight. The appearance of red colour was considered as sugar
fermentation, black colour indicated H.S production, while cracks in the medium

indicated CO> production.

4.2.1.4 Amino Acid Decarboxylase & Arginine Dihydrolase tests (Lal and
Cheeptham, 2015):

Inoculated the medium containing amino acid decarboxylase using a straight
wire, then placed the tubes under incubation at a temperature of 35£2°C for overnight.
Observed the result after the completion of incubation. The appearance of yellow colour
indicated glucose fermentation and acid production; however, violet colour indicated

decarboxylation reaction. The control tube remained yellow.
4.2.1.5 Other tests:
a. Nitrate Reduction (NR) Test (Buxton, 2011):

The test culture of bacteria was inoculated into the nitrate broth medium using a
sterile inoculation loop. After incubation overnight at 35£2°C, added few drops of a-
Naphthylamine (NR reagent 1)) followed by Sulfanillic acid (NR reagent II) into the
media tubes. The tubes were observed for any changes in the colour of the medium.
The emergence of a red coloration in the medium was construed as a positive indication

of nitrate reduction.
b. Indole production (MacWilliams, 2012 ):

Inoculated a tube of Tryptone broth with pure culture of the test bacterium and
incubated at 35+2°C overnight. After completion of incubation, checked for the
production of Indole by adding 4 -5 drops of Kovac’s reagent directly on the medium

in the tube. A negative test result was indicated by the absence of a cherry-red ring (and
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instead the appearance of yellow-coloured cloudiness) at the interface between the

medium and the reagent.
c. Methyl-Red (MR) & Vogus Proskauer (VP) Tests (S. McDevitt, 2009):

Inoculated a freshly prepared Glucose Phosphate Medium (GPM) with the pure
culture of the test organism and incubated overnight at 35£2°C. On completion of
incubation, divided the growth in GPM into two parts aseptically into two sterile tubes.
To one portion, 4-5 drops of MR reagent were added. A positive MR test was indicated
by the appearance of a red colour. For the second portion, a few drops of Barritt’s
reagent A (40% w/v KOH) were added, followed by 4 drops of Barritt’s reagent B (5%
v/v a-Naphthol). The mixture was gently mixed and allowed to stand for a few minutes
for the reaction to complete. A negative VP test was indicated by the absence of a
copper-red coloured ring at the interface.

d. Motility detection by Craigie’s Tube (Aygan and Arikan, 2007):

Inoculated the Craigie’s Tube (a glass tube containing a semi-solid agar (0.2% -
0.4%w/v) having a narrow tube embedded in it, which is open at both ends and extends
above the agar surface of agar) with the test sample into the inner tube with the help of
a straight wire and incubated at 35+2°C for overnight. Observed the result after the
completion of incubation. There was a visible turbidity (i.e. growth) on the surface of

the semisolid agar outside of the inner tube, indicating that the organism was motile.
e. Hugh and Leifson’s O/F test (Hutson 2008):

Inoculated the test organism into two tubes of O/F Media (one tube has a mineral
oil overlay than the other) by stabbing and incubated overnight at 35+2°C. Observed
the result after the completion of incubation. Both the tubes showed a change in color
to yellow, indicating that the organism had used both the oxidative as well as

fermentative pathways for sugar utilization.
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422 SEROTYPING:

Following this initial identification through biotyping, a subsequent step was to
confirm the different serovars amongst the genus Salmonella. This was accomplished
through slide agglutination tests, wherein all the 699 Salmonella isolates were tested
using polyvalent and monovalent sera specifically targeting the somatic 'O’ and flagellar

'H'" antigens of Salmonella.

The serotyping of the Salmonella isolates was done as per the standard method
as described originally by the Kauffmann-White-Le Minor (KW) scheme, with minor
modifications (Hendriksen and Larsen (2004); Grimont and Weill, 2007;
Guibourdenche et al., 2010). Serotyping is based on the interaction between an antigen
(Ag) and its specific antibody (Ab) resulting in the formation of Ag-Ab complexes
which are visible to the naked eye thereby help in easy determination of O- and H-
antigen types by a simple slide agglutination test. Some bacterial isolates carry
monophasic- H antigen and thus can be directly serotyped, whereas in some isolates H-
antigen exists in two phases (i.e. diphasic). In such a situation, the second phase is
determined after phase inversion. After complete serotyping of the Salmonella cultures,
the names of the serotypes were determined by using the Kauffmann-White Scheme.

4.2.2.1 Testing for somatic ‘O’ antigen:

Took a clean and grease-free glass slide. With the help of a sterile wire loop, took
adrop of normal saline on the slide and gently mixed a small quantity of the pure culture
of the NTS. [Note: First checked for autoagglutination of the isolate. The isolates that
showed auto-agglutination were not serotyped and not used further]. Added a drop of
the polyvalent antisera (pool of different monovalent antisera against specific ‘O’
antigen) to the bacterial suspension. Tilted the slide side by side for 5-10 seconds to
facilitate the antigen-antibody reaction. The positive reaction was indicated by the
appearance of a white chalky deposit within 10 seconds. The absence of chalky deposits
indicated a negative reaction. Noted down the pool of the polyvalent antisera which
showed a positive slide agglutination reaction. Thereafter the above process was
repeated by testing with all individual mono-specific (monovalent) antisera
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incorporated in the pool. The reaction with mono-specific antisera helped in

determining the exact ‘O’ serotype of the bacterial isolate.
4.2.2.2 Testing for flagellar H-antigen:

Next, the isolate underwent testing with polyvalent H antiserum using a method
akin to the one previously described. Each individual H-antiserum (monovalent) was
then employed to identify the specific H-antigen. This process involved testing the

isolate with each Monovalent-H antiserum available in the pool.

The majority of Salmonella strains possess two separate sets of genes that encode
for H-antigens. As a result, they are described as diphasic, with one phase being specific
(Phase-1) and the other non-specific (Phase-11). Nevertheless, only one phase is active
at a time, as elucidated by Wattiau et al. in 2011. Therefore, to detect the other phase,
a method known as “phase inversion” was used wherein the dominant phase of the H-
antigen was inhibited by incorporating a specific antiserum in a special medium called
“Sven-Gard medium”. This prevented the growth of the dominant phase, allowing
testing of the isolate bearing flagella of the second phase using specific antisera via

slide agglutination, if present. The detailed procedure is mentioned below.

Took 18-20ml of the molten Sven Gard’s agar and cooled to near 45 - 47 °C. In
a petri dish added 2-3 drops of the antiserum against the H antigen which was detected
in Phase 1. Poured the molten Sven Gard’s agar into the Petri plate and mixed gently to
distribute the antisera homogeneously into the medium. Allowed the medium to cool
further and solidify into a semi-solid state. Inoculated the NTS isolate tested above into
the middle of the Petri plate. Incubated the plate at 35 + 2°C for overnight. The next
day checked the growth on the plate. A swarming type of growth occurred due to semi
solid nature of the medium. Then picked the culture from the periphery of the growth
and performed slide agglutination with the H-antiserum as mentioned above. The
occurrence of agglutination indicated the presence of Phase Il H-antigen.
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4.3 PREPARATION OF MASTER STOCK (MS) AND WORKING STOCK
(WS):

All the confirmed NTS isolates were preserved on Nutrient agar slants as working
stock (WS) and Stab Cultures as master stock (MS). The MS cultures were kept under
refrigerated conditions (2-8°C) in a cold room. The working cultures (WS) were
prepared from time to time from the master stock (MS) as per requirements during the

entire study period.
4.4 ANTIBIOGRAM PROFILING:

All identified NTS isolates underwent antibiogram profiling utilizing the Kirby
Bauer’s Disc Diffusion method in accordance with Clinical and Laboratory Standards
Institute guidelines (CLSI, 2014, 2022). A total of 19 antimicrobial drugs representing
different antimicrobial classes (Table 4.1) were used :

Table 4.1: List of 19 antimicrobial drugs used in the study.

S No. Name of the antimicrobial agent Concentration (ug/disc)
1 Amikacin (AK) 30
2 Amoxycillin/clavulanic acid (AMC) 30
3 Ampicillin (AMP) 10
4 Cefepime (CPM) 30
5 Cefotaxime (CTX) 30
6 Ceftriaxone (CTR) 30
7 Cefuroxime (CXM) 30
8 Chloramphenicol (C) 30
9 Ciprofloxacin (CIP) 5
10 Co-trimoxazole (COT) 25
11 Gentamicin (GEN) 10
12 Imipenem (IPM) 10
13 Kanamycin (K) 30
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S No. Name of the antimicrobial agent Concentration (ug/disc)
14 Meropenem (MRP) 10
15 Nalidixic acid (NA) 30
16 Norfloxacin (NX) 10
17 Nitrofurantoin (NIT) 300
18 Piperacillin/tazobactam (PIT) 100/10
19 Trimethoprim (TR) 5

The NTS isolates were sub-cultured from the working stock (WS) onto freshly
prepared nutrient agar plates and then incubated at 35+2°C overnight. The following
day, an isolated colony from the nutrient agar media plate was inoculated into a tube
containing Luria Bertani (LB) broth. The LB broth was then incubated in a shaker
incubator at 35+2°C for 5-6 hours to promote rapid bacterial growth. The turbidity (OD)
was adjusted using LB broth to match the 0.5 McFarland standards, containing
approximately 1.5 x 10"8 CFU/ml. A sterile cotton swab soaked in the NTS culture in
LB broth was used to evenly apply a lawn culture on the surface of an Mueller-Hinton
agar (MHA) plate. Three to four plates were utilized for each NTS isolate to test
sensitivity to each of the 19 antimicrobial discs. The agar surface of the MHA plates
was allowed to dry at room temperature for 3 to 5 minutes with the lid in place. Using
sterile forceps, each of 19 antimicrobial disc were firmly applied onto the surface of the
inoculated MHA plate, ensuring their centres were approximately 24mm apart, with a
maximum of five discs used per plate. The MHA plates were then incubated at 35£2°C
overnight. After incubation, the diameter of the zone of inhibition of bacterial growth
around the discs was measured and compared them with the interpretive chart according
to CLSI guidelines, to determine sensitive, intermediate, or resistant drugs (CLSI, 2014,
CLSI 2022).
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45 EXTENDED SPECTRUM BETA LACTAMASE (ESBL) DETECTION:
4.5.1Phenotypic method:

The detection of Extended Spectrum [-Lactamase (ESBL) production was
conducted using a phenotypic confirmatory test following the National Committee for
Clinical Laboratory Standards (NCCLS) guidelines (CLSI 2014, CLSI 2022, Philippon,

1989). The antimicrobial drugs used are mentioned in the Table 4.2 below:

Table 4.2: List of drugs used for phenotypic detection of ESBL production.

S. No. Name of the antimicrobial agent Concentration
(ng/disc)

1. Ceftazidime 30

2. Cefotaxime 30

3. Ceftazidime with clavulanic acid 30/10

4. Cefotaxime with clavulanic acid 30/10

The NTS isolates were sub-cultured from the working stock (WS) onto freshly
prepared nutrient agar plates, incubated at 35+2°C overnight. Following day, an
isolated colony was inoculated into a tube containing LB broth and incubated at 35+2°C
for 5-6 hours in a shaker incubator. The turbidity (OD) of the culture was adjusted using
LB broth to match the 0.5 McFarland standards, containing approximately 1.5 x 10”8
CFU/ml.

A sterile cotton swab soaked in the NTS culture in LB broth was used to evenly
apply a lawn culture on the surface of an Mueller-Hinton agar (MHA) plate. The agar
surface of the MHA plate was allowed to dry for 3 to 5 minutes with the lid in place.
Using sterile forceps, each of the four antimicrobial discs mentioned earlier was firmly
applied onto the surface of the agar plate, ensuring their centres were approximately
24mm apart. The plates were then incubated at 35+2°C overnight. The diameter of the
zone of inhibition of bacterial growth around the antimicrobial discs was measured,

noting any difference in the diameters around the drugs with clavulanic acid
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(combination drug) and those without clavulanic acid (single drug). The detection of
ESBL production was confirmed by observing a zone of inhibition diameter increase

of more than 5mm around combination drugs compared to single drugs.
4.5.2 Genotypic Assay:

NTS isolates that exhibited positive results in the phenotypic assay for ESBL
production underwent additional confirmation through genotypic analysis, which
involved detecting specific genes associated with ESBL production (blacmy-2, blactx-
m1s, blasnv, blatem) using polymerase Chain Reaction (PCR) based assay as described
by Taneja et al (2014) with some modifications (Table 4.3).

Table 4.3: List of different ESBL genes used.

Gene (size) | Primers Reference
blacmy-2 f - 5-AACACGGTGCAAATCAAACA-3' Taneja et al., 2014
(332bp)

r—5'-CCGATCCTAGCTCAAACAGC-3'

blacrxms | f—5-CCAGAATCAGCGGCGCACGA-3'
(587bp)
r-5-GCGCTTTGCGATGTGCAGCA-3'

blassv | f-5-AAGATCCACTATCGCCAGCAGG-3'
(319bp)
r-5-ATTCAGTTCCGTTTCCCAGCGG-3

blarew | f_5-ATGAGTATTCAACATTTCCG-3'
(859bp)
r-5-ACCAATGCTTAATCAGTGAG-3'

45.2.1 Plasmid DNA extraction:

The bacterial plasmid DNA extraction was done using the plasmid DNA
extraction kit (QIAprep Spin Miniprep kit, QLAGEN GmBH, Germany). The method
as described by the manufacturer was followed without deviation. In brief, 1.5ml of an
overnight LB broth culture of NTS was transferred to a sterile micro-centrifuge tube

and centrifuged at 8000rpm at room temperature for 3-5 minutes to pellet the bacterial
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suspension. After discarding the supernatant, 250 pl Buffer-P1, which contains RNase
A at a concentration of 100 pg/ml (stored at 2-8°C), was added to the pellet and gently
mixed the contents to resuspend the pellet. Then, 250 pl Buffer-P2 (pre-warmed at
37°C) was added and inverted the tubes 4-6 times for proper mixing.

Following this, 350 ul of Buffer-N3 (pre-warmed at 37°C) was added and gently
mixed by inversion of the tube 4-6 times. The mixture was then subjected to
centrifugation at 13,000 rpm for 10 minutes at room temperature, and 800 pl of the
resulting supernatant was carefully applied to the provided Spin column from the Kkit,
while discarding the pellet. The Spin column was centrifuged at 13,000 rpm for 1
minute, and the flow-through was discarded. Washing of the Spin column was
performed twice by adding 500 ul of Buffer-PB and 750 ul of Buffer-PE, followed by
centrifugation at 13,000 rpm for 1 minute each time at room temperature. Following
the final wash, an additional centrifugation step for 1 minute at 13,000 rpm was
conducted to ensure removal of any residual wash buffer. The Spin column was then
transferred to a 1.5ml microcentrifuge tube, and 50 pl of Buffer-EB (for elution) was
added. After incubation for 1-2 minutes, the tube was centrifuged for 1 minute at
13,000rpm to elute the plasmid DNA. The eluate containing the plasmid DNA was
carefully collected, and the Spin column was discarded. Finally, the plasmid DNA was

stored at -20°C until further use.
4.5.2.2 PCR Methodology:

The plasmid DNA obtained above was subjected to detect ESBL-specific genes
using a Polymerase Chain Reaction (PCR) method. The specific ESBL genes utilized
in this study are outlined in Table 4.3. Primers for the PCR reactions were synthesized
by Eurofins Genomics India Pvt. Ltd. The PCR procedure, adapted from Taneja et al.
(2014) with some modifications, was employed for the analysis. PCR reactions were
carried out in thin-walled tubes (0.2 ml capacity) with a final volume of 25ul, (Table
4.4).
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Table 4.4: Recipe for PCR Reaction Mixture (per reaction).

S. No. Reaction Components Quantity
used (ul)
1. Master Mix (FIREPoI®) containing 0.4mM Tris- 2

HCI, 0.1% w/v Tween-20, 0.1M (NH4)2SO4, 1.5mM
MgCly, , 0.2 mM of each of the four dNTPs and
FIREPoI® DNA polymerase

2. Forward Primer 1
3. Reverse Primer 1
4. Plasmid DNA 4
5. Nuclease free water 17

Total volume 25

4.5.2.3 PCR Protocols:

The PCR procedure was carried out in a thermocycler (Eppendorf, Hamburg,
Germany). The specific conditions for each set of primers are detailed below (Table 4.5
t0 4.8).

Table 4.5: PCR Protocol followed for blacmy-2 gene.

Reaction Step Temperature Time No. of Cycles
Initial 94°C 3 min 1
denaturation
DNA 94°C 30s
denaturation
Primer annealing 58 °C 30s 25
Primer extension 72 °C 1 min
Final extension 72 °C 7 min 1
Hold 4°C - -
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Table 4.6: PCR Protocol followed for blactx-m1s gene.

Reaction Step Temperature Time No. of Cycles
Initial 94°C 3 min 1
denaturation
DNA 94°C 30s
denaturation
Primer annealing 64 °C 30s 25
Primer extension 72 °C 1 min
Final extension 72 °C 7 min 1
Hold 4°C - -

Table 4.7: PCR Protocol followed for blaskv gene.

Reaction Step Temperature Time No. of Cycles
Initial 94°C 3 min 1
denaturation
DNA 94°C 30s
denaturation
Primer annealing 59 °C 30s %
Primer extension 72 °C 1 min
Final extension 72 °C 7 min 1
Hold 4°C - -

Table 4.8: PCR Protocol followed for blatem gene.

Reaction Step Temperature Time No. of Cycles
Initial 94°C 3 min 1
denaturation
DNA 94°C 30s
denaturation
Primer annealing 55°C 30s 2
Primer extension 72°C 1 min
Final extension 72°C 7 min 1
Hold 4°C - -
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4.5.2.4 Gel Electrophoresis:

The PCR products were electrophoresed on agarose gel to visualize the amplicons

produced by the reaction.

Agarose Gel Preparation: Took 100ml of 1x TAE Buffer (pH 8.0) in a volumetric
flask. Weighed 2.0 gm of agarose powder using a calibrated weighing balance. Mixed
the agarose in the measured volume of 1XTAE buffer and heated gently to melt the
agarose and form a homogeneous solution. Allowed the mixture to cool to near 50°C
and then added approx. 2-3 pl ethidium bromide (10 mg/ml), mixed the contents gently.
Poured the mixture into a gel casting tray with a comb to mold the well for loading the

samples. Allowed the mixture to cool at room temperature and set into the gel.

Sample loading: The gel tray was merged in the 1x TAE buffer in an electrophoresis
tank. Loaded 10-15ul of the PCR amplicons into each well of the gel. A 50-1500 bp
DNA ladder was also loaded in a well which served as a marker for amplicon size
determination. Connected the power cables from the electric power supply unit to the
electrophoresis tank and started the electrophoresis to proceed at 100mA current. After
completion of the electrophoresis, visualized the gel using a UV trans-illuminator.

Captured the image of the results for records.
46 DETECTION OF CARBAPENEMASE ACTIVITY:

The Modified Hodge’s Test (MHT) by Girlich et al. (2012), was employed for
the detection of carbapenemase activity in NTS. A total of 96 NTS isolates exhibiting

resistance to meropenem and/or imipenem were included in the study.

Initially, the E. coli ATCC 25922 culture was sub-cultured into LB broth and then
incubated at 35+2°C for 5-6 hours in a shaker incubator. Following incubation, the
turbidity (OD) of the culture was adjusted using LB broth to correspond with the 0.5
McFarland standards, containing approximately 1.5 x 108 CFU/ml. Subsequently, the
culture was diluted 1:10 in sterile normal saline. A sterile cotton swab was soaked in
the diluted E. coli culture, and it was then evenly applied as a lawn culture on the surface
of an MHA plate. The agar surface of the MHA plate was allowed to dry for 3 to 5

minutes. With the help of a sterile forcep, the meropenem disc was firmly placed onto
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the surface of the agar plate at the centre. Following this, the test culture of NTS isolates
was streaked in a straight line starting from the edge of the disc till the edge of the plate.
Four NTS isolates were used per plate. The plates were then incubated at 35+2°C
overnight and afterwards examined for a cloverleaf-type indentation of growth of the
test organism and the E. coli ATCC 25922, within the zone of inhibition of the

meropenem disc.

47 DETECTION OF GENE RESPONSIBLE FOR DRUG RESISTANCE IN
NTS:

The 223 NTS isolates displaying resistance to Cefotaxime (CTX) underwent
screening for the presence of the drug resistance gene blactx-mis (Table 4.3) using a
Polymerase Chain Reaction (PCR) based assay. The procedure was adapted from
Taneja et al. (2014) with some modifications.

4.7.1Plasmid DNA extraction:

The bacterial plasmid DNA extraction was performed using the QIAprep Spin
Miniprep kit (QIAGEN GmBH, Germany). The detailed procedure has already been
mentioned under section 4.5.2.1 above.

4.7.2PCR Methodology:

The plasmid DNA obtained earlier underwent detection of specific genes using
Polymerase Chain Reaction (PCR) based method. The detailed procedure has been

mentioned under section 4.5.2.2 & 4.5.2.3 above.
4.7.3Gel Electrophoresis:

The amplicons, generated by the PCR assay, were subjected to gel electrophoresis
for visualization as per the procedure described earlier under section 4.5.2.4 above.
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4.8 DETECTION OF BIOFILM PRODUCTION:

Biofilm production was identified utilizing the Tissue Culture Plate (TCP)
method outlined by Christensen et al. (1985), with minor variations. Overnight broth
cultures of various NTS isolates in Trypticase Soya Broth (TSB) with 1% glucose were
prepared. These NTS cultures were then diluted 1:100 in freshly prepared TSB.
Subsequently, 200 ul of the diluted cultures were dispensed in triplicate into the wells
of a sterile 96-well, flat bottomed, sterile- tissue culture plate, with appropriate labelling
to maintain isolate identification. Triplicate positive and negative controls were also
established. E. coli K-12 culture served as the positive control, while sterile TSB
medium acted as the negative control. The plate was then incubated at 35+2°C

overnight.

Following incubation, the medium from each well were removed, and the wells
were washed 2-3 times with sterile PBS (pH 7.2) to eliminate free-floating bacteria.
The biofilm was subsequently stained by adding 200 pl of safranin dye (0.1%) and
incubating for 15 minutes. Afterward, the wells were washed to remove excess dye and
air-dried. To elute the stain adhered to the biofilm, 200 pl of 30% v/v acetic acid was
added. The plate was further incubated at 35+2°C for 10 minutes to facilitate the elution
process. Finally, the optical density (OD) of the eluate was measured at 490nm using a
micro-ELISA reader. The results were interpreted based on the criteria outlined by
Stepanovic et al. (2007), as detailed in Table 4.9.

Table 4.9: Interpretation criteria for biofilm.

Mean OD of the Test sample (ODx) Class
OD: < ODc Negative
OD:<2 x OD¢ and > OD¢ Weak
OD: <4x0ODcand >2 x ODc Moderate
OD¢ >4 x OD¢ Strong

Where ODc refers to the cut-off value.; ODc = mean OD of negative control + 3 SD
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4.9 DETECTION OF COLICIN PRODUCTION:

The assessment of colicin production by NTS isolates was done by the
‘phenotypic soft agar overlay’ technique described by Parreira et al. (1998). Initially,
the NTS isolates were inoculated into Luria Bertani (LB) broth and incubated at 35+2°C
overnight. Following incubation, the overnight culture was streaked (or spotted) onto
an LB agar plate and incubated again at 35£2°C overnight. This allowed any produced

colicin to diffuse into the LB agar medium.

After completion of incubation, to eliminate bacterial cells, the plate was exposed
to chloroform vapours for 10-15 minutes. Meanwhile, soft agar (0.4%) was melted and
cooled to approximately 50-55°C. This soft agar was then mixed with an overnight
culture of the Colicin-sensitive strain E. coli K12. The resulting mixture was overlaid
onto the test organism in the Petri plate. After allowing the soft agar to settle
undisturbed for 20 minutes at room temperature, the plates were incubated at 35£2°C

overnight.

The following day, the plates were examined for the presence of an inhibition
zone of growth of the colicin-sensitive strain E. coli K-12 around the test organism's
growth. A positive result was confirmed by the presence of an inhibition zone, while

the absence of such a zone indicated a negative result.
4.10 STATISTICAL ANALYSIS:

IBM SPSS Statistic Ver. 22 was used for the determination of mean, percentages,
standard deviation, and the feature Descriptive statistics > Cross-tabulation for
comparison of various variables. MS Excel 2019 was used for the routine management

of data and preparation of graphs such as pie charts, and bar charts.
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5 RESULTS AND DISCUSSION

5.1 Identification of the isolates:

The 999 isolates were bio-typed based on various morphological and biochemical
tests. Table 5.1 provides a reference for the biochemical test results required to confirm

a bacterial isolate as Salmonella.

Table 5.1: Results of biochemical test performed.

Characteristic \ Reaction
1. Morphology:
Gram’s staining Gram-negative, bacilli, approx. 2-
3um in length.
Motility Motile bacilli
2. Biochemical Tests:
Nitrate Reduction Positive
Enzyme detection tests:
Catalase Positive
Oxidase Negative
Urease production Negative
IMVIiC Test:
Indole Negative
Methyl Red (MR) Positive
Vogus Proskauer (VP) Negative
Citrate Positive
Sugar Fermentation Test:
Glucose (A/G) Acid/Gas Positive
Sucrose Negative*
Lactose Negative
Mannitol Positive*
Substrate Utilization Tests:
Triple Sugar Iron K/A, HS positive, CO; positive*
Decarboxylase tests:
Lysine Positive*
Arginine Negative*
Ornithine Positive*
Miscellaneous:
Cragie’s Tube Positive
Hugh and Leifson’s O/F test Positive/Positive

* Variable characteristics with different NTS.
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The result of morphological and biochemical characterization confirmed the
presence of 699 (70%) Salmonellae isolates whereas the remaining 300 (30%) isolates

belonged to other genera and therefore were not used further in the study.

Further, serotyping was done for the 699 isolates which were confirmed as
Salmonella based on the results of biotyping. Serotyping facilitated the further
categorization of these Salmonella isolates, wherein a substantial majority,
approximately 539 (77.1%) isolates fall under the category of Non-Typhoidal
Salmonella (NTS) (Table 5.2); while 98 (14.0%) isolates, were identified as Typhoidal
Salmonella. Interestingly, the remaining 62 (8.9%) isolates, were found to be auto-
agglutinable Salmonella isolates. The presence of Typhoidal Salmonella is notably
lower, constituting only 15.38% of the total isolates. Remarkably there is a
comparatively higher prevalence of NTS isolates which signifies a notable public health
concern, reflecting the ubiquitous presence and implications, especially NTS infections
in India. In contrast, the presence of Typhoidal Salmonella is relatively lower. This
lower count, while reflecting a relative rarity, does not diminish the significance of
Typhoidal Salmonella within the context of infectious diseases in the region. The lower
counts may be due to the non-reporting of Typhoidal Salmonella to the serotyping
centres due to the easy availability of diagnostic tools at the respective healthcare
centres. Prevalence of Non-Typhoidal Salmonella emphasizes the necessity of targeted
interventions and public health strategies tailored to the specific epidemiological

dynamics associated with this Salmonella category.

Table 5.2: Differentiation of Salmonella based on serotyping.

Type of Salmonellae No. of isolates N(%0)
Rough Salmonella 62 (8.9)
Typhoidal Salmonella 98 (14.0)
Non-Typhoidal Salmonella 539 (77.1)
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The scope of the present thesis exclusively includes Non-Typhoidal Salmonella
(NTS). As such, the Typhoidal Salmonella category was not included in the detailed
analysis or investigation. The objective of this research is to provide an in-depth
understanding of NTS, encompassing their epidemiology and antimicrobial resistance
profiles within the Indian context. The decision to focus solely on NTS reflects a
deliberate choice to provide a comprehensive exploration of this specific Salmonella
category, acknowledging that the distinct Typhoidal Salmonella category falls outside
the purview of this study.

Furthermore, Table 5.3 present a comprehensive overview of the distribution of
539 NTS isolates, the main focus of this study, meticulously categorized into 17 unique
serovars. Each serovar is accompanied by its count, offering valuable insights into the
prevalence and diversity of NTS serovars within our dataset. This detailed breakdown
sheds light on the relative abundance of each serovar, enabling a deeper understanding

of the epidemiological scenario of NTS in our study.

Within our dataset, it is significant to note that specific NTS serovars have
emerged as predominant, with conspicuous prevalence percentages. Notably, S.
enterica serovar Typhimurium and Lindenburg have demonstrated substantial
prominence, accounting for 167 (30.98%) and 135 (25.04%) of the isolates,
respectively, making them the most prevalent serovars. Additionally, S. enterica
serovar Enteritidis accounted for 56 (10.39%) of the total isolates. These findings
emphasize the notable prevalence and dominance of these specific serovars within the

Salmonella population under this study.

Furthermore, it is crucial to highlight the diversity observed among the remaining
14 NTS serovars, collectively representing nearly 33% of the isolates. This diversity
underlines the multifaceted nature of NTS, with a spectrum of serovars exhibiting
relatively lower prevalence rates. These less frequent serovars, while individually
contributing to a smaller portion of the dataset, collectively enrich our understanding
of the broader NTS landscape. Their presence within the dataset prompts inquiries into
their unique ecological niches, potential sources, and transmission dynamics. While not

predominant, these serovars are, on the other hand, vital components of NTS
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epidemiology, warranting meticulous scrutiny as they may hold insights into emerging

patterns, host specificity, or regional variations in NTS distribution.

Table 5.3: List of confirmed Non-Typhoidal Salmonella serovars (n=17)

identified by serotyping. (Data already published Kumar et al., 2022)

S. Name of organism Antigenic | No. of isolates
No. structure N (%0)
1 S. enterica serovar Typhimurium 4,12:i:1,2 167 (30.98)
2 S. enterica serovar Lindenburg 6,8:i:1,2 135 (25.04)
3 | S.enterica serovar Enteritidis 9,12:gm:- 56 (10.39)
4 S. enterica serovar Weltevreden 3,10 :1: Zs 44 (8.16)
5 S. enterica serovar Choleraesuis 6,7:c:1,5 41 (7.60)
6 S. enterica serovar Mathura 9, 46:i:e,n,Z15 33 (6.12)
7 S. enterica serovar Anatum 3,10: e, h:1,6 12 (2.23)
8 S. enterica serovar Jaffna 9,12:d:Zs5 10 (1.86)
9 S. enterica serovar Tennessee 6,7:Z29:- 9(1.67)
10 | S.enterica serovar Stuttgart 6,7:i:Z6 8 (1.48)
11 | S. enterica serovar Kentucky 8, 20: i: Zs 6 (1.11)
12 | S. enterica serovar Bazenheid 8,20: Z10:1,2 4(0.74)
13 | S. enterica serovar Hissar 6,7:c:1,2 4 (0.74)
14 | S. enterica serovar Virchow 6,7:r:1,2 4 (0.74)
15 | S. enterica serovar Poona 13,22:7:1,6 3 (0.56)
16 | S.enterica serovar Senftenberg 1,3,19:,t:- 2 (0.37)
17 | S. enterica serovar Ughelli 3,10:r:15 1 (0.19)
TOTAL 539

59



5.2 Geographical Distribution of the NTS isolates collected under this study:

As mentioned earlier, amongst the various bacterial isolates received from diverse

locations across India (Fig. 5.1), a total of 539 isolates were confirmed as NTS.

“ State(15)/U.T.(2) 0. of
1 Andhra Pradesh (AD) 4
2 Assam (AS) 4
3 Chandigarh UT (CHD) 68
4 Chhattisgarh (CG) 1
5  Haryana (HR) 3
6  Jammu & Kashmir (J&K) 7
7  Karnataka (KA) 24
8 Kerala (KL) 15
9  Madhya Pradesh (MP) 1
10 Maharashtra (MH) 28
11  Mizoram (MZ) 33
12 Puducherry UT (PY) 2
13 Punjab (Pb) 19
2004 ] 14 Rajasthan (RJ) 61
15 Tamil Nadu (TN) 255
16  Telangana (TS) 13
17  Uttar Pradesh (UP) 1
Total 539

Fig. 5.1: Geographic distribution of the source of bacterial isolates across India.

The collection of NTS isolates covered 15 states and 02 union territories (UTSs)
of India. This extensive geographic coverage was instrumental in capturing the
diversity of NTS serovars prevalent in different regions of the country. Samples were
received from various sources, including clinical specimens, animals, and
environmental samples, representing a broad spectrum of potential NTS hosts and
transmission pathways. This extensive and diverse collection provided a
comprehensive understanding of the epidemiology of NTS in India, shedding light on

regional variations, prevalent serovars, and potential sources of infection.
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5.2.1 Distribution of 539 NTS across different regions:

Further analysis of Table 5.4 provides an all-inclusive view of the epidemiology

of NTS across different sources viz. humans, animals, food items, and environment.

Table 5.4: NTS Collection from Different Source Categories.

REGION SOURCE CATEGORY TOTAL
Animal | Environment | Food Item Human
CENTRAL 0 0 0 2 2 (0.37%)
NORTH 45 0 29 24 98
(18.18%)
SOUTH 21 0 3 289 313
(58.07%)
EAST 17 4 16 0 37 (6.86%0)
WEST 0 34 51 4 89
(16.519%)
G. TOTAL 83 38 99 319 539
(15.4%) (7.05%) (18.36%0) | (59.18%)

18.18%

1651%

6.86% &
0.37y -~ —

M Northern India
H Southern India
i Central India
M Eastern India

M Western India

58.07%

Fig. 5.2: Percentage distribution of the NTS isolates based on Geography.
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The distribution pattern of these NTS serovars reveals a notable concentration of
isolates originating from the southern region of the country (Fig. 5.2), surpassing the
proportions observed in other regions. Notably, there exists a lack of uniformity in the
rate of NTS isolate submissions from various regions across the country. Some
laboratories have consistently forwarded their suspected NTS isolates for serovar
confirmation, while others have not exhibited the same consistency. Furthermore, the
elevated rates of collection from the southern regions may be attributed to a greater
number of surveillance centres and laboratories in this geographical area compared to

other regions.

Animal

Environment
7.05%

Human
59.18% Food Item

18.37%

Fig. 5.3: Graphical presentation of NTS associated with different sources

Notably, the consistently high number of NTS isolates originated from human
sources i.e., 319/539 (59.18%). Fig. 5.3, highlights the enduring public health
challenge posed by NTS-related illnesses. This observation suggests that NTS
infections in humans remain an ongoing concern, necessitating continuous efforts in
terms of diagnosis, surveillance, and prevention strategies. These efforts are crucial not
only for managing individual cases but also for curbing potential outbreaks and
reducing the overall burden of NTS-related diseases in the population. The multifaceted
variations in NTS distribution across different regions of India can be attributed to a
complex interplay of ecological, environmental, host-related, healthcare-related, and
cultural factors. Comprehensive epidemiological studies are essential to further
elucidate the specific drivers behind these regional differences, enabling the

development of targeted interventions for NTS control and prevention in each region.
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Additionally, the occurrence of NTS in food items has significant implications
for food safety protocols. The sizeable number of NTS isolates recovered from food
items (99/539, 18.37%) (Fig. 5.3) highlights the pivotal role of safe food handling,
processing, and distribution in preventing foodborne transmission. This observation
underscores the critical need for stringent food safety regulations, robust monitoring of
food supply chains, and public awareness campaigns to minimize the risk of NTS
contamination in food items. Moreover, the collection of NTS isolates from animal
sources (83/539, 15.4%) (Fig. 5.3) underlines the zoonotic potential of NTS infections.
These isolates may originate from various animal reservoirs, including livestock and
poultry. To effectively control the spread of disease, it's essential to grasp how NTS is
transmitted between animals and humans, ensuring the implementation of
comprehensive disease control measures. Strategies aimed at reducing NTS prevalence
in animal populations and enhancing biosecurity measures in animals are crucial

components of zoonotic disease prevention.

While the number of NTS isolates from environmental sources was
comparatively lower (38/539, 7.05%) (Fig. 5.3), it emphasizes that environmental
factors can still play a role in NTS transmission dynamics. This may involve
contamination of water bodies, soil, or other ecological elements contributing to NTS
transmission pathways. These findings accentuate the significance of considering
environmental factors in the broader context of NTS epidemiology.

In summary, the multifaceted observations derived from the analysis of NTS
isolates highlight the complex and interconnected nature of NTS infections. This
complexity stresses the need for interdisciplinary approaches that encompass human
health, food safety, animal health, and environmental factors. A holistic understanding
of NTS transmission dynamics across these source categories is pivotal for shaping
effective public health interventions, guiding policy decisions, and directing future

research efforts in the field of NTS epidemiology and control.
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5.2.2 Distribution of NTS Isolates across Different Human And Non-Human

Sources

As mentioned earlier, the 539 NTS isolates were primarily sourced from various
origins, categorically falling into human, animal, and food/environmental categories.
Human sources encompassed a range of specimens, including blood, body fluids, urine,
stool, pus, and tissue samples. Animal sources spanned samples obtained from poultry
and livestock, including diarrheal, fecal, and post-mortem specimens. In parallel,
food/environmental sources encompassed diverse origins, including raw milk from
cows and buffaloes, raw pork, animal/poultry feed, and chicken meat, as well as eggs,
and seafood such as fish and shrimp.

In Table 5.5, the distribution of Non-Typhoidal Salmonella (NTS) among various
source categories has been presented, a central focus of this study. The data indicates a
significant prevalence of distinct serovars, with S. enterica serovar Typhimurium
emerging as the predominant serovar, constituting nearly 31% (n=167) of the total NTS
(n=539) collection. Following closely, S. enterica serovar Lindenburg secures the
second position, displaying a noteworthy isolation rate of 25% (n= 135), underscoring
its prevalence in the sampled sources. Further examination of the table reveals that S.
enterica serovar Enteritidis represents 10.4% (n=56) of the isolates, positioning it as
the third most prevalent NTS serovar. Additionally, S. enterica serovar Weltevreden
(n=44) and S. enterica serovar Choleraesuis (n=41) exhibit isolation rates of 8.2% and
7.6%, respectively, emphasizing their presence in the studied samples. Remarkably, the
remaining 12 NTS serovars collectively contribute to nearly 22% of the total
distribution.

Further, in-depth examination of serovar distribution revealed that S. enterica
serovar Lindenburg (n= 103) and Typhimurium (n=89) were prominently represented
in the isolates derived from human samples, exhibiting a substantial isolation rate of
32.3% and 27.9% (Table 5.5). This particular serovar prevalence within human contexts
may suggest a specific association or transmission pattern relevant to human health.
Further, the dominance of S. enterica serovar Typhimurium was also observed in both

animal sources and food products, with isolation rates of 38.6% (n= 32) and 45.5%
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(n=45), respectively. The prevalence of Typhimurium in these contexts raises questions
about potential reservoirs, transmission routes, and food safety practices, warranting
further investigation into the specific factors contributing to its prevalence in animals
and food products. Meanwhile, the environmental samples painted a distinct picture,
with S. enterica serovar Mathura taking centre stage and commanding an impressive
isolation rate of 65.8%. This high prevalence in environmental samples raises concerns
about potential contamination sources and highlights the need for targeted measures to

mitigate the environmental spread of this particular serovar.

The nuanced variations in serovar prevalence across these diverse sample
categories underscore the complexity of Salmonella enterica dynamics. Understanding
the specific patterns within each context is crucial for implementing effective
preventive measures tailored to the unique challenges presented by human, animal,
food, and environmental sources. These findings not only contribute to the broader
understanding of Salmonella epidemiology but also provide valuable insights for

developing targeted strategies to enhance public health and food safety.
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Table 5.5. Distribution of NTS isolates across different sources.

Name of the NTS isolates

No. of NTS across Different Source Categories N(%0)

Total no. of NTS isolates

Human Animal Environment | Food product N(%)
S. enterica serovar Anatum 0 4 (4.8) 0 8(8.1) 12 (2.2)
S. enterica serovar Bazenheid 0 4 (4.8) 0 0 4 (0.7)
S. enterica serovar Choleraesuis 40 (12.5) 0 0 1(1.0) 41 (7.6)
S. enterica serovar Enteritidis 50 (15.7) 3(3.6) 3(7.9) 0 56 (10.4)
S. enterica serovar Hissar 0 0 4 (10.5) 0 4 (0.7)
S. enterica serovar Jaffna 5(1.6) 0 5(13.2) 0 10 (1.9)
S. enterica serovar Kentucky 6 (1.9) 0 0 0 6 (1.1)
S. enterica serovar Lindenburg 103 (32.3) 11 (13.3) 0 21 (21.2) 135 (25)
S. enterica serovar Mathura 1(0.3) 7(8.4) 25 (65.8) 0 33(6.1)
S. enterica serovar Poona 3(0.9) 0 0 0 3(0.6)
S. enterica serovar Senftenberg 0 1(1.2) 0 1(1.0) 2 (0.4)
S. enterica serovar Stuttgart 0 8(9.6) 0 0 8 (1.5)
S. enterica serovar Tennessee 0 4 (4.8) 0 5(5.1) 9(1.7)
S. enterica serovar Typhimurium 89 (27.9) 32 (38.6) 1(2.6) 45 (45.5) 167 (31)
S. enterica serovar Ughelli 1(0.3) 0 0 0 1(0.2)
S. enterica serovar Virchow 0 0 0 4 (4.0) 4 (0.7)
S. enterica serovar Weltevreden 21 (6.6) 9 (10.8) 0 14 (14.1) 44 (8.2)

Total 319 (59.2) 83 (15.4) 38 (7.1) 99 (18.37) 539




5.2.2.1 NTS Across Human samples (n=319):

In this study, a detailed examination of 319 NTS isolates was conducted with
meticulous attention to source distribution (Fig. 5.4). Notably, human fecal samples
emerged as the dominant reservoir for NTS isolates, representing 63.9% (204 out of
319). Additionally, a substantial contribution of 22.8% (73 out of 319) from blood
samples emphasizes the significance of understanding the clinical dimensions of NTS
infections. The remaining sources amongst this group (urine, cerebrospinal fluid (CSF),
pus, tissue, and body fluid samples) collectively yielded < 15% (40/319) of the total
isolates. Notably, NTS from the cervical abscess and sputum samples presented the
lowest count, contributing just a single isolate each. These diverse sources and
distribution of NTS within human samples highlight the importance of source-specific
analysis in understanding the epidemiology of NTS infections. These revelations lay a
robust foundation for further exploration into the sources of contamination and

potential routes of disease transmission.
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Fig. 5.4: Distribution of NTS across Human samples.
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Amongst the 17 NTS serovars acquired in this study, it is notable that 10 of these
serovars were present in the samples sourced from human-related origins (Fig. 5.5).
Among these, two serovars, namely Lindenburg (103 out of 319, or 32.28%) and
Typhimurium (89 out of 319, or 27.89%), stood out as the dominant serovars,
collectively representing nearly 60% of the entire NTS collection from human sources.
In contrast, serovars Enteritidis (50 out of 319, or 15.67%) and Choleraesuis (40 out of
319, or 12.54%) held a comparatively lesser pronounced presence, while the remaining
six serovars collectively contributed to just under 11.6% (37 out of 319) of the total

NTS collection from human sources.
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Fig. 5.5: Major NTS serovars isolated from Human Samples.
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Fig. 5.6: Breakdown of Human NTS isolates across various sub-categories.

A further detailed analysis based on each source sub-category revealed that the

serovars Lindenburg (75 out of 204,

or 36.76%) and Typhimurium (52 out of 204, or

25.49%) collectively showed their dominance within the samples originating from fecal
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sources (Fig. 5.6). These two serovars consistently exhibited their presence across a
spectrum of sub-groups, encompassing blood, feces, pus, tissue samples, urine, ascitic
fluid, cervical abscess, cerebrospinal fluid (CSF), and sputum. This remarkable
consistency underscores their versatility in terms of different infection sites within the
body and varied sources of isolation. Consequently, these findings illuminate the
diverse nature of these serovars, which exhibit a propensity to thrive and manifest in a

multitude of clinical and isolation contexts.

Notably, a single isolate of S. enterica serovar Mathura has been isolated from
human blood (Fig. 5.6). This is a very crucial finding of isolation of S. enterica serovar
Mathura in human cases. Despite this, the available data does not offer conclusive
insights into the transmission sources of this serovar to humans.
Remarkably, there is no prior documentation in the literature, either from India or other
countries, about the isolation of S. enterica serovar Mathura from humans. Although
the incidence rate observed in this study is relatively low, it emphasizes the imperative
need for additional investigations to comprehensively explore the epidemiological
significance of this particular NTS serovar in human infections. Future studies should
aim to unravel the potential sources, transmission dynamics, and clinical implications

associated with S. enterica serovar Mathura in human populations.

5.2.2.2 NTS from Animal sources (n=83):

Non-Typhoidal Salmonella (NTS) isolates obtained from various animal sources
are shedding light on the diverse origins of these isolates (Fig. 5.7). Among these, 43
(51.8%) NTS isolates were derived from animal fecal samples, underlining the presence
of NTS in the gastrointestinal tracts of animals. Poultry feces contributed 11 (13.3%)
NTS isolates, emphasizing the relevance of avian sources in NTS epidemiology.
Additionally, 7 (8.4%) NTS isolates were sourced directly from poultry specimens,
indicating the potential for NTS transmission from poultry to humans. Notably, 01 NTS
isolate was obtained from calf fetal stomach content, suggesting the presence of NTS
in young livestock. Furthermore, 4 NTS isolates were extracted from poultry diarrhoea
samples, highlighting the importance of monitoring and addressing NTS infection in

the poultry populations.
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Fig. 5.7. Distribution of NTS across samples from Animal sources.

It's worth mentioning that 16 (19.3%) NTS isolates originated from samples with
an unknown site within the animal category, which underscores the need for precise
sample tracking and source identification in epidemiological studies. Collectively,
these findings illustrate the diverse animal sources of NTS and emphasize the
significance of understanding NTS prevalence and transmission dynamics within both

domestic and wild animal populations.

The analysis revealed the isolation of a diverse range of NTS serovars from
animal sources, with a total of 10 out of the 17 NTS serovars identified in the present
study. The analysis also revealed a very high prevalence of S. enterica serovar
Typhimurium (32/83, 38.6%) (Fig. 5.8), raising significant public health concerns due

to its known zoonotic potential and association with severe human infections.
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Fig. 5.8. Distribution of NTS serovars across animal sources.

The presence of S. enterica serovar Lindenburg (11/83, 13.3%) as the second
most common, alongside notable occurrences of S. enterica serovar Weltevreden (9/83,
10.8%) and S. enterica serovar Stuttgart (8/83, 9.6%), highlights the diversity of
Salmonella serovars circulating in the animals. In addition to the prominent serovars
discussed above, the analysis revealed the presence of a few more NTS serovars
associated with the animal samples. Noteworthy among them were S. enterica serovar
Mathura, Anatum, Bazenheid, Tennessee, Enteritidis, and Senftenberg, collectively
representing 27.7% (23/83) of the total NTS serovars from animals. Notably, a majority
of these were traced back to samples of animal fecal origin (Fig. 5.9). This
comprehensive insight into the prevalence and diversity of Salmonella serovars
emphasizes the importance of ongoing surveillance and targeted measures to mitigate
the potential hazards associated with zoonotic transmission. Understanding the
distribution of these specific NTS serovars is pivotal for a comprehensive assessment
of Salmonella diversity within the animal samples. Each serovar may possess distinct
characteristics and potential public health implications, necessitating further

investigation to elucidate their prevalence, sources, and transmission dynamics.
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Fig. 5.9. Categorization of NTS isolates based on different animal sub-categories.

This all-inclusive insight into the spectrum of NTS serovars contributes valuable
information for targeted surveillance and the development of tailored strategies aimed

at mitigating the risk of Salmonella infections in both animal and human populations.

5.2.2.3 NTS from Food (n=99):

The analysis of NTS isolates from different food items revealed distinct patterns
in terms of their distribution (Fig.5.10). Notably, the highest number of NTS isolates,
totaling 32 (32.3%), were recovered from raw pork, signifying a notable presence of
NTS in this meat source. Raw milk samples from cows or buffalo yielded 13 (13.1%)
NTS isolates, underscoring the significance of pasteurization and stringent hygiene
practices in milk production.

Seafood, another significant category, contributed 12 (12.1%) NTS isolates,
emphasizing the need for vigilant handling and safety practices in the seafood industry.
Animal feed contributed 12 (12.1%) NTS isolates, emphasizing the need for quality
control in animal nutrition. Furthermore, the category "Meat (fish, pork, beef)"
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encompassed 11 (11.1%) NTS isolates, reflecting the diversity of meat sources that may
harbor NTS and the importance of proper handling and cooking. Poultry meat samples
were found to contribute 6 (6.1%) NTS isolates, highlighting the importance of
thorough cooking to eliminate potential pathogens. Intriguingly, one NTS isolate was
found in poultry feed, suggesting a possible route for NTS contamination in poultry

production through feed sources, necessitating rigorous quality control measures.
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Fig. 5.10: Distribution of NTS across Food Samples.

Shrimp samples accounted for 3 NTS isolates, while a single NTS isolate was
identified in eggs, emphasizing the importance of safe handling and cooking practices,
particularly for raw or undercooked eggs.

These findings highlight the critical role of food safety measures, such as
thorough cooking, hygiene, and quality control in food production, to mitigate the risk
of NTS-related infections associated with various food items. Regular monitoring and
surveillance of NTS contamination in food sources are paramount for public health

protection and safety.
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Fig. 5.11. NTS serovars isolated from Food Samples.

Upon analyzing the NTS data gathered from food samples, a notable trend
emerged, indicating that S. enterica serovar Typhimurium stands out as the
predominant serovar. As illustrated in Fig. 5.11, this serovar displayed a significant
occurrence rate, representing 45.4% (45 out of 99 samples) of the total isolates.
Remarkably, S. enterica serovar Typhimurium showcased a widespread presence
across a diverse spectrum of food items. This included eggs, shrimps, animal feed items,
pork, fish, beef, and various seafood, suggesting a versatile contamination pattern (Fig.
5.12). The prevalence of serovar Typhimurium in such a broad range of food products
underscores the importance of thorough food safety measures to address and mitigate

the impact of this particular Salmonella serovar across diverse food categories.

S. enterica serovar Lindenburg emerged as the second most prevalent serovar,
with an isolation rate of 21.2% (21/99) (Fig. 5.11). This serovar was notably found in
food items such as raw milk, poultry meat, and seafood. While, in 8 instances of S.
enterica serovar Lindenburg isolates, the specific origin remained unknown or
unspecified (Fig. 5.12). This lack of information regarding the source or origin of the
isolate highlights a gap in the data, indicating a need for further investigation and
detailed surveillance to determine the potential reservoirs and transmission pathways

of this NTS serovar.
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Fig. 5.12. Breakdown of NTS serovars across various food sub-categories.

5.2.24 NTS from Environment (n= 38):

Among the 539 NTS isolates examined, a subset of 38 isolates was derived from
environmental sources, constituting approximately 7.05% of the total isolates. While
this percentage may appear relatively low, still it carries significant implications for
food safety and public health. Within the environmental sources, specific categories

unveiled distinct patterns (Fig. 5.13).
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Fig. 5.13: Distribution of NTS across Environment Samples.

Notably, the presence of NTS in poultry environments, with four isolates
identified, suggests that conditions within poultry settings may facilitate NTS survival
and transmission. Also, two NTS isolates were recovered from meat shop floor samples,
emphasizing the importance of meticulous hygiene in food retail establishments. The
presence of NTS on meat-cutting knives (two isolates) underscores the risk of cross-
contamination during handling of meat, necessitating stringent sanitation practices.
Most notably, the category of animal fodder environments yielded the highest number
of NTS isolates, totalling 30. This finding highlights the significance of animal feed
environments as a reservoir for NTS, potentially affecting livestock health and food
production chains. These diverse origins of NTS contamination highlight the need for
comprehensive surveillance and mitigation strategies in various environmental settings

to ensure food safety and protect public health.
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The investigation delved into the isolation of various Salmonella enterica
serovars from a range of environmental sources associated with food handling and
storage. Notably, a substantial prevalence was observed in locations linked to animal
food storage, with 25 isolates identified as S. enterica serovar Mathura and 5 isolates
as S. enterica serovar Jaffna (Fig. 5.14). The presence of these serovars in areas
pertinent to animal food storage signals potential sources of contamination,
necessitating targeted interventions to uphold food safety standards in these

environments.
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Fig. 5.14: NTS serovars isolated from Environmental sources.

Within meat-cutting areas, intriguing findings emerged. A single isolate of each
of the two serovars viz S. enterica serovar Typhimurium and Enteritidis was isolated
from meat cutting knives. This discovery prompts inquiries into the hygiene practices
of meat processing and raises concerns about the potential introduction of specific
serovars through equipment or handling procedures. A comprehensive understanding
of Salmonella contamination dynamics in meat processing environments becomes
imperative for instituting effective control measures to forestall the dissemination of

these pathogens.
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Further exploration of meat shop environments revealed additional insights. Two
samples from the meat shop floor were found to harbour S. enterica serovar Enteritidis.
The identification of this serovar on the floor of a meat shop suggests the potential for
cross-contamination, emphasizing the critical need for stringent hygiene standards
throughout the meat handling process. This finding emphasizes the importance of
targeted sanitation measures and employee training to minimize the risk of Salmonella

contamination. in retail settings.

In the poultry setting, the research revealed the detection of serovar Hissar in four
samples. The presence of this serovar in samples linked to poultry raises concerns
regarding biosecurity measures and the potential spread of Salmonella within the
poultry production process. Considering the public health implications of Salmonella
contamination in poultry products, it is crucial to understand and address the factors
contributing to the presence of S. enterica serovar Hissar in poultry environments to

mitigate risks to both animal and human health.

In summary, the study offers a comprehensive examination of the distribution of
various Salmonella enterica serovars across various environmental sources. The results
highlight the importance of implementing improved hygiene practices in specific food
handling and storage facilities to enhance overall food safety. The identification of
specific serovars in each environment provides valuable insights for future research and
intervention strategies aimed at reducing the prevalence of Salmonella in the food

supply chain.

5.3 Antibiogram Profiling of NTS:

The antibiogram profiling of the 539 NTS isolates was done using the standard
disk diffusion method (Photograph 1) as per CLSI guidelines (CLSI 2014, CLSI 2022).
In a comprehensive analysis of antibiotic resistance patterns in Non-Typhoidal
Salmonella (NTS), a concerning trend emerged, reflecting a substantial level of
resistance among the studied strains. Table 5.6 provides a clearer perspective on the

varying degrees of resistance among the 19 antibiotics tested against 539 NTS isolates.
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Photograph 1: Antimicrobial susceptibility testing of NTS by disk diffusion method.
80



As is evident from Table 5.6, cefotaxime emerged with the highest resistance,
occupying the primary position. A concerning 44.90% (242 out of 539) of Non-
Typhoidal Salmonella (NTS) strains exhibited resistance to this crucial antibiotic.
Nalidixic acid and piperacillin/tazobactam followed closely, with resistance rates of
39.89% and 27.27%, respectively, indicating a widespread challenge in combating NTS
infections.

Table 5.6: Antibiotic Susceptibility Profile of NTS Isolates: Ranking Based on
Drug Resistance.

S. | Name of the antimicrobial | Resistant |Intermediate| Sensitive [Rank
No. agent N(%) N(%) N(%)

1. | Cefotaxime 242 (44.9) | 207 (38.4) | 90 (16.7) | 1
2. | Nalidixic acid 215 (39.9) | 59 (10.9) |265 (49.2)| 2
3. | Piperacillin/tazobactam 147 (27.3) | 260 (48.2) [132 (245)| 3
4. | Ampicillin 146 (27.1) | 54 (10.0) |339 (62.9)| 4
5. | Amoxycillin/clavulanic acid | 140 (25.9) | 58 (10.8) |341 (63.3)| 5
6. | Trimethoprim 106 (19.7) 18 (3.3) |415 (76.9)| 6
7. | Nitrofurantoin 94 (17.4) 88 (16.3) 357 (66.2)| 7
8. | Co-trimoxazole 78 (14.5) | 21 (3.90) |[440 (81.6)| 8
9. | Imipenem 74 (13.7) | 141 (26.2) |324 (60.1)| 9
10. | Kanamycin 65 (12.1) | 184 (34.1) [290 (53.8)| 10
11. | Ceftriaxone 64 (11.9) | 167 (30.9) [308 (57.1)| 11
12. | Ciprofloxacin 60 (11.1) [ 108 (20.0) [371 (68.8)| 12.5
13. | cefuroxime sodium 60 (11.1) | 136 (25.2) |343 (63.6)] 12.5
14. | Meropenem 55 (10.2) | 159 (29.5) |325 (60.3)| 14
15. | Gentamicin 33 (6.1) 38 (7.1) |468 (86.8)| 15.5
16. | Norfloxacin 33 (6.1) 44 (8.2) |462 (85.7)| 15.5
17. | Amikacin 32 (5.9) | 71 (13.2) |436 (80.9)| 17
18. | Cefepime 9 (1.7) 29 (5.4) |[501 (92.9)| 18
19. | Chloramphenicol 5 (0.9) 51 (9.5) [483 (89.6)| 19
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The resistance profile extended to commonly prescribed antibiotics, such as
ampicillin (27.1%), amoxicillin/clavulanic acid (25.9%), and trimethoprim (19.7%).
Further down the list, nitrofurantoin displayed a resistance rate of 17.4%, and co-
trimoxazole exhibited a rate of 14.5%, indicating moderate levels of resistance.
Furthermore, the data revealed noteworthy resistance to key antibiotics like
ciprofloxacin (11.1%), imipenem (13.7%), and ceftriaxone (11.87%), which are crucial
for treating severe bacterial infections. Conversely, some antibiotics exhibited lower
resistance rates, including chloramphenicol (0.9%) and cefepime (1.7%).

Cefotaxime, a third-generation cephalosporin antibiotic, has traditionally been
employed in the treatment of various Salmonella infections, as indicated by the existing
literature. Successful applications of cefotaxime include treating diverse Salmonella
infections such as typhoid fever, paratyphoid fever, osteomyelitis, and meningitis
(Dolan et al., 1987; Soe and Overturf, 1987; EKinci et al., 2002). However, there have
been documented instances of Salmonella enterica strains demonstrating resistance to
cefotaxime (Sriyapai et al., 2022; Yang et al., 2023; Sallam et al., 2023; Sasaki et al.,
2023). In the present study, a detailed analysis of cefotaxime-resistant NTS isolates
revealed that human sources contributed the highest percentage, with 162 out of 242
instances, constituting nearly 67%. Additionally, 17.8% of these resistant strains
originated from food items (43 out of 242) (Fig. 5.15). Notably, cephalosporins,
specifically the fourth-generation drug (cefepime), demonstrated significantly higher
efficacy, with a minimal number of NTS strains exhibiting resistance to this particular

antimicrobial drug.

Beta-lactam antibiotics, encompassing penicillins, cephalosporins, and
carbapenems, have traditionally served as a primary therapeutic approach for
Salmonella infections (Pandey and Cascella, 2023). Despite their status as the preferred
treatment for salmonellosis, a considerable number of clinically resistant isolates have
emerged (Diab et al., 2023; Yousefi-Mashouf and Moshtaghi, 2023; Jeamsripong et al.,
2023). The widespread use of beta-lactam antibiotics has further contributed to the rise
of Salmonella strains resistant to these antibiotics, thereby diminishing their
effectiveness (Cebrian et al., 2006; Zeng and Lin, 2013). Consistent with these
observations, the current study delineates a parallel trend. The documented resistance
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profiles of Non-Typhoidal Salmonella (NTS) to Piperacillin/tazobactam (27.3%),
Ampicillin  (27.1%), Amoxicillin/clavulanic acid (25.9% resistance), Imipenem
(13.7%), and Meropenem (10.2%) pose significant challenges in the realm of
antimicrobial therapy (Fig. 5.15). These percentages underscore a substantial subset of
NTS strains exhibiting reduced susceptibility to these antibiotics. Furthermore, an in-
depth analysis of resistance patterns in NTS from diverse sources reveals that isolates
from human origins exhibit the highest resistance, followed by those from food and
animal sources (Fig. 5.15). This highlights varying degrees of resistance in NTS across
different reservoirs, underscoring the importance of understanding and addressing
antibiotic resistance in both clinical and non-clinical settings. Potential contributors to
this resistance include the misuse or overuse of these agents, selective pressures
favouring the propagation of resistant strains, and intrinsic bacterial mechanisms

conferring resistance.

Shifting the focus to the next pivotal category of broad-spectrum antimicrobial
drugs—fluoroquinolones and quinolones—these agents are commonly employed in
treating infections caused by NTS and various other pathogens (Eguale et al., 2017).
Fluoroquinolones, particularly ciprofloxacin, and ofloxacin, are effective drugs for
treating both Typhoidal and non-Typhoidal salmonellosis (Shane et al., 2017; Shaheen
et al., 2021). Quinolones and fluoroquinolones are a class of antibacterial drugs that
work by inhibiting the activity of two essential bacterial enzymes viz. DNA gyrase and
topoisomerase IV (Topo IV) (Fabrega et al., 2009; Correia et al., 2017).
Although quinolones and fluoroquinolones are known for their efficacy, they have been
linked to the development of bacterial resistance, potentially undermining their ability

to effectively treat a range of bacterial infections (Hooper and Jacoby, 2016).
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In the present research, a noteworthy level of nalidixic acid resistant NTS isolates
has been identified, securing the second position in the context of this study, as detailed in
Table 5.6. Among the 215 NTS isolates exhibiting resistance to nalidixic acid, a
predominant fraction—132 NTS isolates—originated from human sources, as depicted in
Fig. 5.16. This emphasizes a concerning trend of nalidixic acid resistance among NTS
strains prevalent in human populations. Moreover, the NTS isolates from environmental
(36/215) and animal (30/215) sources also demonstrated a significant resistance profile to
nalidixic acid, indicating the potential dissemination of resistant strains in non-human
reservoirs. Notably, a smaller subset, comprising 17 out of 215 isolates from food sources,
also exhibited resistance to nalidixic acid, shedding light on the broader spectrum of
reservoirs contributing to resistance development. Furthermore, a substantial proportion of
NTS isolates were found resistant to key fluoroquinolone antibiotics, with 53 out of 60
isolates displaying resistance to ciprofloxacin and 31 out of 33 isolates showing resistance
to norfloxacin. These findings underscore a concerning trend of reduced susceptibility to
fluoroquinolones among the studied isolates. The observed resistance to ciprofloxacin and
norfloxacin, which are regularly used drugs in clinical settings, highlights the potential

challenges in treating infections caused by these resistant strains.

Furthermore, an in-depth analysis of the resistance pattern exhibited by Non-
Typhoidal Salmonella (NTS) towards 19 antimicrobial drugs reveals a notable lack of
effectiveness, towards sulphonamides and nitrofurans, and to a lesser extent,
aminoglycosides. Specifically, within the sulphonamides class, the drugs cotrimoxazole
and trimethoprim demonstrated significant levels of resistance. Cotrimoxazole resistance
was observed in a total of 78 (14.5%) isolates, with 106 (19.7%) isolates exhibiting
resistance to trimethoprim (Table 5.6). This resistance trend is further emphasized within
the sulphonamides category, with a majority of the resistant isolates originating from the

human category, as illustrated in Fig. 5.16.

Resistance to nitrofurantoin was observed in a total of 94 isolates, accounting for
17.4% of the total NTS tested. Notably, within this subset, 46.8% (44 out of 94) of the
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resistant isolates originated from human sources, as depicted in Fig. 5.16, while 26.6% (25
out of 94) were traced back to animal sources. This resistance profile suggests a significant
presence of nitrofurantoin-resistant Non-Typhoidal Salmonella (NTS) strains,
emphasizing the need for targeted strategies to address resistance in both human and animal

reservoirs.

These findings underscore the diminished efficacy of certain antimicrobial drugs
against NTS strains and highlight the urgency of understanding and addressing resistance
patterns, especially in the context of human infections, to guide effective therapeutic

strategies and mitigate the broader challenge of antimicrobial resistance.

The global occurrence of drug resistance in non-Typhoidal Salmonella (NTS)
presents a mounting concern with substantial implications for public health (Tack et al.,
2020; Yousefi-Mashouf and Moshtaghi, 2023; Tiew et al., 2022; Kong-Ngoen et al., 2022;
Yin et al., 2022). The widespread emergence of antibiotic resistance among NTS isolates
has created a challenging scenario, significantly restricting the array of antibiotics available
for effective therapeutic interventions. This limitation poses a serious threat to the
successful treatment of severe NTS infections and necessitates urgent attention and

strategic measures to address the escalating issue of antimicrobial resistance.

5.4 Multidrug resistance among the NTS isolates:

The escalating prevalence of multidrug-resistant (MDR) non-Typhoidal Salmonella
(NTS) poses a substantial and rising threat to public health, carrying significant
implications for the effectiveness of treatment strategies. Studies have unveiled alarming
rates of resistance, exemplified by a notable 25% resistance rate to ceftriaxone in specific
regions (Hengkrawit and Tangjade, 2022). This resistance trend underscores the
formidable challenge of effectively addressing MDR-NTS infections. The issue of
multidrug resistance extends beyond human populations, especially within animal hosts.
The context of animal reservoirs becomes particularly significant, as it adds a layer of
complexity to the dynamics of resistance spread (An et al., 2017). The interconnectedness

between human and animal health emphasizes the need for a holistic approach to tackling
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multidrug resistance, considering the potential interplay and transmission of resistant

strains across different ecosystems.

The present study provides a comprehensive view of the drug resistance profiles
(both multiple drug resistance and extensive drug resistance) exhibited by NTS strains,
providing insights into their resistance patterns against a combination of antibiotics. Table
5.7 categorizes these strains based on their regional origin and the number of drugs to
which they demonstrated resistance. Notably, the southern part of the country stands out,
displaying the highest percentage of resistance across all drug groups, which may be linked

to the larger number of NTS isolates obtained from this region compared to others.

The data underscores a distinct regional variation, with the Southern and Northern
regions showing a notably higher prevalence of MDR and elevated levels of drug resistance
in NTS. This observation is further emphasized by the remarkably high resistance profiles
in both regions, where nearly twenty NTS isolates demonstrated resistance against 10 or

more drugs. Conversely, the contributions from other regions appear comparatively lower.
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Table 5.7: Region-wise resistance profile of different NTS against a combination of

drugs.
N_o. of Indian Regions Total
resistant
drugs Central | East North South West

N(%) | N(%) | N(%) N(%) N(%0)

0-Drug | 1(50.0) | 6(16.2) | 32(32.7) | 60(19.2) | 15(16.9) | 114(21.2)
1-Drug 0 5(13.5) | 16(16.3) | 56(17.9) | 31(34.8) | 108(20.0)
2-Drugs | 1(50.0) | 4(10.8) | 13(13.3) | 46(14.7) | 19(21.4) | 83(15.4)
3-Drugs 0 3(8.1) | 9(9.2) | 24(7.7) | 8(9.0) | 44(8.2)
4-Drugs 0 0 8(8.2) | 22(7.0) | 5(5.6) | 35(6.5)
5-Drugs 0 2(5.4) | 10(10.2) | 20(6.4) | 4(4.5) | 36(6.7)
6-Drugs 0 2(5.4) | 2(2.0) |34(10.8) | 3(3.4) | 41(7.6)
7-Drugs 0 6(16.2) | 4(4.1) | 20(6.4) | 1(1.1) | 31(5.8)
8-Drugs 0 6(16.2) 0 8(2.6) | 2(2.3) | 16(3.0)
9-Drugs 0 1(2.7) | 1(1.0) | 6(1.9) | 1(1.1) | 9@7)
10-Drugs 0 0 0 6(1.9) 0 6(1.1)
11-Drugs 0 2(5.4) 0 5(1.6) 0 7(1.3)
12-Drugs 0 0 0 3(1.0) 0 3(0.6)
13-Drugs 0 0 1(1.0) 0 0 1(0.2)
14-Drugs 0 0 1(1.0) | 1(0.3) 0 2(0.4)
15-Drugs 0 0 1(1.0) | 2(0.6) 0 3(0.6)
Total 2 37 98 313 89 539
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Additionally, the study investigates the distribution of Multi-Drug Resistance
(MDR) and Extensively Drug-Resistant (XDR) patterns in NTS, categorized by their
respective origins. Within the pool of 539 NTS isolates tested against 19 different
antimicrobial agents, a substantial majority showcased resistance to one or more of these
agents. Table 5.8 illustrates these patterns, revealing a significant prevalence of heightened
drug resistance levels among NTS isolates from both human and animal sources.
Specifically, 34 out of 83 isolates (41%) from animal sources and 158 out of 319 isolates
(49.5%) from human sources exhibit MDR and XDR behaviours.

Table 5.8: Source-wise resistance profile of different NTS against a combination of
drugs.

No. of Source categories Total
resistant [“Animal | Environment | Food item | Human

Prugs | No) | N N©) | N(%)

0- Drug | 24(28.9) 1(2.6) 28(28.3) |61(19.1) | 114(21.2)
1-Drug | 15(18.1) 20(52.6) 20(20.2) | 53(16.6) | 108(20.0)
2-Drugs | 10(12.1) 12(31.6) 14(14.1) | 47(14.7) | 83(15.4)
3-Drugs | 10(12.1) 1(2.6) 10(10.1) | 23(7.2) | 44(8.2)
4-Drugs | 4(4.8) 2(5.2) 6(6.1) 23(7.2) | 35(6.5)
5-Drugs | 8(9.6) 0 5(5.1) 23(7.2) | 36(6.7)
6-Drugs | 2(2.4) 1(2.6) 4(4.0) 34(10.7) | 41(7.6)
7-Drugs | 1(1.2) 0 6(6.1) 24(7.5) | 31(5.8)
8-Drugs | 3(3.6) 0 5(5.1) 8(2.5) 16(3.0)
9-Drugs | 2(2.4) 0 1(1.0) 6(1.9) 9(1.7)
10-Drugs 0 0 0 6(1.9) 6(1.1)
11-Drugs | 1(1.2) 1(2.6) 0 5(1.6) 7(1.3)
12-Drugs 0 0 0 3(0.9) 3(0.6)
13-Drugs | 1(1.2) 0 0 0 1(0.2)
14-Drugs | 1(1.2) 0 0 1(0.3) 2(0.4)
15-Drugs | 1(1.2) 0 0 2(0.6) 3(0.6)

Total 83 38 99 319 539
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The diversity of multidrug-resistant isolates was notably pronounced, as depicted in
Table 5.8. A substantial number of these isolates displayed resistance against 1 to 7
antimicrobial agents, illustrating the intricate and varied patterns of resistance within the
NTS population.

A significant observation from this study is the identification of NTS isolates
displaying resistance to more than eight antimicrobial drugs. This particular discovery
carries substantial clinical implications, indicating the ineffectiveness of a significant
portion of commonly utilized antibiotics in addressing NTS infections. The resistance to
multiple antibiotics underlines the complexity associated with managing NTS infections
and underscores the necessity for alternative therapeutic approaches, as conventional
antibiotic treatments may be inadequate in effectively addressing these cases. These
findings highlight the prevalence of multidrug resistance in NTS strains across various
sources.

These findings stress the critical need for comprehensive strategies aimed at
combating the emergence and dissemination of multidrug resistance. The incorporation of
surveillance, antimicrobial stewardship, and research endeavours is essential in
understanding the underlying mechanisms of resistance and devising targeted
interventions. Given that multidrug-resistant NTS remains a substantial public health
challenge, collaborative efforts spanning human and veterinary medicine are imperative to
mitigate its impact and safeguard the effectiveness of antibiotics for both human and

animal populations.
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5.5 Results of Extended Spectrum f —Lactamase (ESBL) production:

The Centre for Disease Control and Prevention (CDC) has categorized ESBL-
producing Enterobacteriaceae as a "serious threat” in its report on antibiotic resistance
(CDC, 2019). ESBL refers to any acquired beta-lactamase, not intrinsic to a species,
rendering antibiotics ineffective, particularly beta-lactam antibiotics like 3™ & 4™ -
Generation cephalosporins, along with monobactams, and carbapenems (Pfaller and
Segreti, 2006; Bali et al., 2010; Fashae, 2010; ECDC, 2012).

In the Enterobacteriaceae family, cephalosporins resistance is primarily caused due
to the production of broad-spectrum beta-lactamases, including ESBLs and AmpC beta-
lactamases (de Jong et al., 2014). ESBL production has been identified in various
Salmonella serovars, leading to multidrug resistance and presenting a substantial public
health risk. The rise and dissemination of distinct ESBL-producing Salmonella enterica
serovars have been documented. Comprehensive information on the prevalence of ESBL-
producing Salmonella is essential in preventing the proliferation of multidrug-resistant

strains and ensure public health safety (Ziech et al., 2016; Dor et al., 2020).

ESBLs are associated with heightened morbidity and mortality rates, increased
healthcare expenses, the potential for foodborne transmission, and asymptomatic carriage
(De Kraker et al., 2011; Leverstein et al., 2011; Kluytmans et al., 2013; Woerther et al.,
2013). These bacteria commonly reside in the intestines of humans and animals, posing
challenges in terms of control and eradication (Carattoli, 2008; Seiffert et al., 2013).
Evidence indicates that plasmid-mediated transfer of ESBL genes can occur between
different strains, species, and genera in Enterobacteriaceae family (Carattoli, 2009).
Moreover, ESBL-producing organisms often exhibit simultaneous resistance to other
antibiotic groups, further constraining effective treatment options (Carattoli, 2013). The
implications of ESBL production underscore the necessity for testing to detect ESBL
production in bacterial isolates and assess its impact on public health. Timely detection of
ESBL-producing strains is crucial to ensure proper treatment thereby minimizing the risk

of transmission to other patients (Garrec et al., 2011). The prevalence of ESBL-producing
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bacteria in healthy populations is on the rise, highlighting the increasing importance of

effective surveillance methods (Woerther et al., 2013).

With this objective in mind, an
initiative was taken to investigate the
presence of ESBL-producing isolates
among the current pool of NTS
isolates. All the 539 NTS isolates
underwent testing for ESBL
production through a phenotypic
confirmatory test using the disk
diffusion method. The NTS isolates
were tested against four
antimicrobial drugs: cefotaxime
(CTX) and ceftazidime (CAZ), as

well as their combinations With ppotograph 2: Testing of ESBL by phenotypic
clavulanic acid, known as CAC and confirmatory test.

CEC (Photograph 2).

To determine ESBL positivity, the isolates were evaluated based on their phenotypic
response. Specifically, a positive ESBL result was confirmed when the inhibition zone
around any combination of antimicrobial agents, i.e., CAC and CEC, showed an increase
of > 5mm compared to the inhibition zone produced around the single antimicrobial agent,
i.e., CAZ and CTX, respectively. This approach aimed to identify and characterize ESBL -
producing isolates within the NTS population to gain a complete understanding of

antibiotic resistance patterns.

Among the 539 isolates, only 24 NTS isolates (4.45%) were identified to exhibit
Extended-Spectrum Beta-Lactamase (ESBL) activity, as indicated in Fig. 5.17. Among
these 24 ESBL-positive isolates, 11 NTS isolates demonstrated ESBL detection solely
through ceftazidime and its combination with clavulanic acid, while 9 NTS isolates showed
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24 ESBL Positive
NTS isolates

ESBL detection through cefotaxime and cefotaxime-clavulanic acid out of the two drugs
tested. In contrast, 4 NTS isolates exhibited ESBL positivity detected by both tested drugs.

|
[11 ESBL Positive\
NTS confirmed by
single drug
Ceftazidime and
Ceftazidime-

Clavulanic acid
\ J

[9 ESBL Positive\
NTS confirmed by
single drug
Cefotaxime and
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Clavulanic acid
\ /
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K 4 NTS showed \
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Clavulanic acid
\ /

Fig. 5.17: Detection of ESBL producer NTS.

Further in-depth analysis of the source of isolation of the 24 ESBL positive NTS
revealed that 16 isolates were of human origin while 4, 3 & 1 isolates were obtained from
environment sources, animal sources, and food items respectively. Table 5.9 provides
further information about the number of different NTS serovars obtained from sources such
as human feces, cerebrospinal fluid (CSF), and tissue samples. Of the 16 ESBL-producing
NTS serovars of human origin, the majority i.e. 14, were obtained from human feces while

one NTS each from CSF and tissue samples was found to produce ESBL.

S. enterica serovar Typhimurium dominated in human fecal samples followed by
serovars Lindenburg (n=3), Weltevreden (n=2), Choleraesuis (n=1), and Enteritidis (n=1).
While S. enterica serovar Typhimurium (n=1) from CSF and S. enterica serovar
Weltevreden (n=1) from tissue sample was identified.
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Table 5.9: ESBL producing NTS serovars

Source Code # NTS serovar Source type ESBL (bla-) genes
CTX- | CMY- | SHV | TEM
M15 2
Human S. enterica serovar .
(n=16) E1-S238 Weltevreden Tissue +ve +ve -ve -ve
E2-S330 S. enter!ca sgrovar Unknown -ve +ve -ve -ve
Typhimurium
E3-S434 . enterica serovar Faeces -ve -ve -ve -ve
Weltevreden
E4-S444 S. ent_erlca serovar Faeces +ve -ve -ve +ve
Lindenburg
E6-S211 S. enterica serpvar Faeces -ve -ve -ve -ve
Choleraesuis
E12-S430 S. enter!ca serovar Faeces +ve +ve -ve -ve
Typhimurium
E13-S442 S. enter!ca sgrovar Faeces -ve +ve -ve -ve
Typhimurium
E14-S529 S. enter!ca sgrovar Faeces -ve +ve -ve -ve
Typhimurium
E16-S230 S. ent_erlca serovar Faeces +ve +ve -ve +ve
Lindenburg
E17-S232 S. enter!ca sgrovar Faeces -ve +ve -ve -ve
Typhimurium
E18-S234 S. ent_erlca serovar Faeces +ve +ve -ve +ve
Lindenburg
E19-5243 . enter!ca serovar Faeces -ve +ve -ve -ve
Typhimurium
E20-S256 S. enter!ca sgrovar Faeces -ve +ve -ve -ve
Typhimurium
E21-S264 S. enterica serovar Faeces +ve +ve -ve +ve
Weltevreden
E20-g347 | S entericaserovar | oop wve | +ve | wve | -ve
Typhimurium
E24-S239 S. enterlcg_sgrovar Faeces +ve -ve -ve -ve
Enteritidis
Envmznment £5-526 S. enterl_ca serovar P_oultry Ve Ve Ve Ve
(n=4) Hissar environment
S. enterica serovar Animal
E9-S284 ' fodder +ve -ve -ve -ve
Mathura
storage
S. enterica serovar Animal
E10-S290 ' fodder -ve -ve -ve -ve
Mathura
storage
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Source Code # NTS serovar Source type ESBL (bla-) genes
CTX- | CMY- | SHV | TEM
M15 2
S. enterica serovar Animal
E23-5286 ' fodder +ve -ve -ve -ve
Mathura
storage
Animal S. enterica serovar
(n=3) E7-S239 Typhimurium Faeces -ve -ve -ve -ve
E8-S246 S. enter!ca serovar Faeces +ve -ve -ve -ve
Typhimurium
S. enterica serovar Fetal
E11-S337 ' Anatum stomach +ve +ve -ve +ve
content
Food (n=1) E15-S556 S. enterica serovar Poultry meat | -ve +ve -ve -ve
Senftenberg

Furthermore, samples from environmental; animals; and food sources were found to
harbour ESBL-producing NTS serovars such as Mathura (n=3) and Hissar (n=1);
Typhimurium (n=1), Anatum (n=1); and Senftenberg (n=1) respectively. Detection of
ESBL-producing S. enterica serovar Typhimurium is a crucial due to its prevalence in food
items (Nadimpalli et al., 2019) indicating that these strains are present in the food supply
and have the potential to cause human infections. These strains are capable of conferring
resistance to cephalosporins commonly used to treat severe salmonellosis in paediatric
patients (Nadimpalli et al., 2019), harbouring a self-transferable plasmid, which facilitates
the spread of ESBL genes among different Salmonella strains (Gonzalez-Lopez et al.,
2014). S. enterica serovar Typhimurium ST131, which produces blactx-mis ESBL, is one
of the highly prevalent among S. enterica serovar Typhimurium and has been detected in
South America, Asia, and Africa (Gonzalez-Lopez et al., 2014). The detection of S.
enterica serovar Typhimurium in cerebrospinal fluid (CSF) in the present study is a rare
but serious occurrence, as it can lead to meningitis and central nervous system infection.
Research has shown that this serovar is capable of invading the brain and triggering
meningitis in animal models, indicating its potential to cause similar infections in humans
(Wickham et al., 2007; Chaudhuri et al., 2018). Studies have reported the presence of S.
Typhimurium in the CSF of individuals with meningitis, highlighting the clinical
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significance of this pathogen in causing invasive central nervous system infections (van
Sorge et al., 2011).

In this study, a targeted investigation was undertaken on 24 phenotypically
confirmed ESBL-producing NTS serovars. The primary aim was to discern and
characterize the presence of ESBL genes, specifically blacrx-mis, blacmy-2, blasky, and
blatem, which commonly occur in NTS isolated in India (Ziech et al., 2016; Okpa et al.,
2020; Sedrakyan et al., 2020; dos Santos et al., 2021; Verma et al., 2022). The findings
revealed significant diversity in the distribution of these genes among the studied serovars,
with some strains carrying one, two, or three of the specified ESBL genes, while others
exhibited the absence of all the four gene types. 5 out of 24 NTS did not indicate presence
of any of the four genes targeted. The prevalence of the two genes, namely blactx-m15 and
blacmy-2, was particularly striking, as a total of 11 and 14 isolates respectively,
demonstrated the presence of these two genes underscoring their dominance in the majority
of these NTS serovars. Notably, none of the 24 NTS serovars were found to harbour the

blasnv gene. The pictorial presentation of these genes is given in the Photographs 3-5.
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Photograph 3: Detection of blactx-m15 (587bp) gene in NTS.

Lane 1: 50-1500bp Ladder Lane 11: E9 -POSITIVE Lane 21: E18 -POSITIVE
Lane 2: E1 -POSITIVE Lane 12: E10 -NEGATIVE Lane 22: E19 -NEGATIVE
Lane 3: E2 -NEGATIVE Lane 13: E11 -POSITIVE Lane 23: E20 -NEGATIVE
Lane 4: E3 -NEGATIVE Lane 14: E12 -POSITIVE Lane 24: E21 -POSITIVE
Lane 5: E4 -POSITIVE Lane 15: E13 -NEGATIVE Lane 25: E22 -NEGATIVE.
Lane 6: E5 -NEGATIVE Lane 16: E14 -NEGATIVE Lane 26: 50-1500bp Ladder
Lane 7: E6 -NEGATIVE Lane 17: E15 -NEGATIVE Lane 27: E23 -POSITIVE
Lane 8: E7 -NEGATIVE Lane 18: 50-1500bp Ladder Lane 28: E24 -POSITIVE
Lane 9: 50-1500bp Ladder Lane 19: E16 -POSITIVE

Lane 10: E8 -POSITIVE Lane 20: E17 -NEGATIVE
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Photograph 4: Detection of blacmy-2 (332bp) gene in NTS.

Lane 1: 50-1500bp Ladder Lane 11: E9 -NEGATIVE Lane 21: E18 -POSITIVE
Lane 2: E1 -POSITIVE Lane 12: E10 -NEGATIVE  Lane 22: E19 -POSITIVE.
Lane 3: E2 -POSITIVE Lane 13: E11 -POSITIVE Lane 23: 50-1500bp Ladder
Lane 4:E3 -NEGATIVE Lane 14: E12 -POSITIVE Lane 24: E20 -POSITIVE
Lane 5: E4 -NEGATIVE Lane 15: 50-1500bp Ladder  Lane 25: E21 -POSITIVE
Lane 6:E5 -NEGATIVE Lane 16: E13 -POSITIVE Lane 26: E22 -POSITIVE
Lane 7: E6 -NEGATIVE Lane 17: E14 -POSITIVE Lane 27: E23 -NEGATIVE
Lane 8: 50-1500bp Ladder Lane 18: E15 -POSITIVE Lane 28: E24 -NEGATIVE.
Lane 9: E7 -NEGATIVE Lane 19: E16 -POSITIVE

Lane 10: E8 -NEGATIVE Lane 20: E17 -POSITIVE
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Photograph 5: Detection of blatem (859bp) gene in NTS.
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Lane 9:

50-1500bp Ladder
E20 -NEGATIVE
E21 -POSITIVE
E22 -NEGATIVE
E1-NEGATIVE;
E2 -NEGATIVE
E3 -NEGATIVE
E4 -POSITIVE
E5 -NEGATIVE

Lane 10: 50-1500bp Ladder

Lane 11:
Lane 12:
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Lane 15:
Lane 16:
Lane 17:
: 50-1500bp Ladder
Lane 19:
Lane 20:

Lane 18

E13 -NEGATIVE
E14 -NEGATIVE
E15 -NEGATIVE
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E19 -NEGATIVE

E6 -NEGATIVE
E7 -NEGATIVE
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Additionally, the analysis of the 16 isolates from human sources revealed a notable
diversity in terms of the presence of ESBL genes. Among these isolates, 7 were found to
carry the blactx-m15 gene, 12 harboured the blacwmy-2 gene, and 4 carried the blatem gene.
Intriguingly, two isolates did not show any of the four specified ESBL genes. Two
serovars, specifically Lindenburg (n=2; code # E16 & E18) and Weltevreden (n=1; code #
E21), originating from human fecal samples, were identified as hosts for a maximum of
three ESBL genes out of the four (excluding blasnv). Furthermore, a total of 4 isolates,
comprising two instances of S. enterica serovar Weltevreden (E1) and two of S. enterica
serovar Typhimurium (E12), were found to carry the blactx-mis with blacmy-2 gene
combination. Additionally, one isolate, specifically S. enterica serovar Lindenburg (E4),
was identified as carrying the blactx-m1s with the blatem gene combination. This intricate
pattern of ESBL gene combinations within these isolates underscores the genetic diversity
of antibiotic resistance mechanisms in different serovars, providing valuable insights into

the multifaceted nature of Salmonella infections in the human population.

Among the four environmental isolates, two isolates of S. enterica serovar Mathura
showed the presence of blactx-m15 genes only while other three genes were not detected.
This specific genetic profile highlights the unique molecular characteristics within S.
enterica serovar Mathura, showcasing a limited spectrum of ESBL genes in these
particular environmental isolates. The remaining two isolates in this group did not show

presence of any of the four genes.

Interestingly, one of the three NTS isolates obtained from animal sources—sS.
enterica serovar Anatum (E11)—was found to harbour three resistance genes: blactx-m-1s,
blacmy-2, and blatem. The second isolate, S. enterica serovar Typhimurium, carried only

the blacTtx-m-15 gene, while no resistance genes were detected in the third isolate.

The single NTS isolate, S. enterica serovar Senftenberg, obtained from poultry meat,

demonstrated the presence of only the blacmy-2 gene among the four gene types examined.

The observed differences in ESBL gene patterns across various serovars and samples

emphasize the intricate nature of antibiotic resistance in Salmonella infections. This
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focused genetic analysis provides valuable insights into the molecular profile of ESBL-
producing Salmonella strains, shedding light on the nuanced variability in gene

composition within this subset of NTS isolates.

The identification of ESBL genes in NTS is of significance due to its implications
for public health and antimicrobial resistance. Strains of Salmonella producing ESBLs
exhibit multidrug resistance, complicating the treatment of infections as detected in this
study (Table 5.10).

In India, studies have described the detection of ESBL genes in NTS, indicating the
potential for severe infections that pose challenges for effective management. These
studies highlight the widespread prevalence of ESBL genes in various settings across India,
encompassing clinical isolates, animals, and food production environments. A
comprehensive systematic review and meta-analysis by Kuralayanapalya et al. (2019)
described the prevalence of ESBL-producing pathogens derived from animals and animal
samples in India. Additionally, a multi-centric study conducted in tertiary care hospitals
identified blaoxa-1 and blactxmis as the most prevalent ESBL genes in E. coli and K.
pneumoniae isolated during the study period (Gautam et al., 2019). Further investigation
into the coexistence of ESBL genes along with carbapenemase, AmpC f-lactamase, and
aminoglycoside resistance genes in India was carried out by Gajamer et al. (2020). Most
importantly, the horizontal transfer of these genes to other foodborne pathogens and
commensal bacteria in the environment poses a significant risk, intensifying the threat of
antibiotic resistance (Garcia et al., 2019). Particularly concerning is the potential
contamination of food products by non-Typhoidal Salmonella carrying ESBL genes on
conjugative plasmids, leading to the proliferation of ESBL-producing strains. This
highlights the critical importance of monitoring and controlling the spread of these genes
within the food chain (Bae et al., 2015). The increase of ESBL-producing NTS strains in
India poses a significant challenge, fuelled by the heightened demand for animal products
and the widespread use of antibiotics. The discerned prevalence is indicative of a
concerning trend. The extensive application of antibiotics in animal husbandry,

encompassing non-therapeutic uses for prophylaxis and growth promotion, emerges as a
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prominent contributor to the surge in antibiotic resistance within the region
(Kuralayanapalya et al., 2019). Although the specific prevalence of ESBL-producing
Salmonella in Indian food products wasn't explicitly provided in the results, the broader
context implies that antibiotic resistance in food products remains a noteworthy concern in
the country. This complex interplay of factors necessitates a robust and multifaceted
approach to address the burgeoning issue of antibiotic resistance in both animal and food

domains in India.

In conclusion, the presence of ESBL genes amongst NTS in India underscores the
urgent need for robust surveillance and control measures to effectively address the growing

challenge of antimicrobial resistance in the country.
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Table 5.10: Relation between ESBL-producing NTS and antibiotic resistance.

Code # NTS serovar EBSL gene detected
E1S238 | S. enterica serovar Weltevreden blacTx-m1s, blacwy-2
E2S330 | S. enterica serovar Typhimurium blacmy-2

E3S434 | S. enterica serovar Weltevreden -

E4S444 | S. enterica serovar Lindenburg blactx-mis, blarem

E5S26 | S. enterica serovar Hissar -

E6S211 | S. enterica serovar Choleraesuis -

E7S239 | S. enterica serovar Typhimurium -

EB8S246 | S. enterica serovar Typhimurium blactx-mis

E9S284 | S. enterica serovar Mathura blactx-mis
E10S290 | S. enterica serovar Mathura -
E11S337 | S. enterica serovar Anatum blactx-mis, blacmy-2, blarem
E12S430 | S. enterica serovar Typhimurium blactx-misblacmy-2
E13S442 | S. enterica serovar Typhimurium blacwmy-2
E14S529 | S. enterica serovar Typhimurium blacwmy-2
E15S556 | S. enterica serovar Senftenberg blacmy-2
E16S230 | S. enterica serovar Lindenburg blactx-mis, blacmy-2, blatem
E17S232 | S. enterica serovar Typhimurium blacmy-2
E18S234 | S. enterica serovar Lindenburg blactx-mis, blacmy-2, blarem
E19S243 | S. enterica serovar Typhimurium blacmy-2
E20S256 | S. enterica serovar Typhimurium blacmy-2
E21S264 | S. enterica serovar Weltevreden blactx-mis, blacmy-2, blatem
E22S347 | S. enterica serovar Typhimurium blacmy-2
E23S286 | S. enterica serovar Mathura blacTx-mis
E24S5239 | S. enterica serovar Enteritidis blactx-mis

AMC- Amoxycillin/Clavulanic acid; AMP-Ampicillin; AK- Amikacin; C-Chloramphenicol; CIP-Ciprofloxacin; COT-Co-Trimoxazole; CPM-
Cefepime, CTR-Ceftriaxone, CTX-Cefotaxime, CXM-Cefuroxime, GEN-Gentamicin, IPM-Imipenem; K-Kanamycin; MRP -Meropenem; NA-
Nalidixic Acid; NIT-Nitrofurantoin, NX-Norfloxacin; PIT- Piperacillin/Tazobactam; TR-Trimethoprim.

Resistant [ | Intermediate I sensitive
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5.6 Detection of Carbapenemase enzyme activity:

Carbapenems serve as "last resort™ antibiotics against severe infections caused by
multidrug-resistant (MDR) Gram-negative bacteria, including certain NTS strains
(Chang et al., 2020; Hsu et al., 2023). While carbapenem resistance in NTS is relatively
uncommon, instances of such resistance have been detected in humans, companion
animals, and food sources (Fernandez et al., 2018; Hsu et al., 2023). Although
carbapenems are not typically the primary choice for treating Salmonella infections,
their significance lies in their reserved status as critical antibiotics for addressing MDR
infections (Hsu et al., 2023). The emergence of carbapenem resistance in zoonotic
pathogens like NTS presents a significant threat to public health, as these resistant
strains can potentially be transmitted to humans via the food chain (Keintz and
Marcelin, 2022; Hsu et al., 2023). Combination therapy using ceftriaxone and
fluoroquinolone may be considered in severe infections until susceptibility testing

results become available (Keintz and Marcelin, 2022).
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Fig. 5.18: NTS isolates tested for carbapenemase detection.

In the current investigation, an extensive antibiogram profiling analysis of 539
NTS isolates was conducted, highlighting a noteworthy observation. Among the studied
isolates, a total of 96 NTS isolates exhibited resistance to carbapenem antibiotics,

specifically meropenem and imipenem. The breakdown of resistance patterns revealed
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that 41 isolates were resistant to imipenem, 22 displayed resistance to meropenem, and

33 isolates exhibited resistance to both drugs simultaneously. (Fig. 5.18).

As carbapenem drugs are

becoming ineffective mostly

due to the emergence of

Carbapenemase-producing 7 /
- Streaks of
test NTS : E.coli25922 '\

strains (Fernandez et al., 2018;
Nielsen et al., 2021; Harding-
Crooks et al., 2023), therefore
these 96 NTS isolates were
tested further for the presence
of enzyme carbapenemase
(Photograph 6). The Modified
Hodge Test (MHT) serves as a

phenotypic assay designed to

identify  the presence  of Photograph 6: Testing of Carbapenemase activity
carbapenemase enzymes. This

methodology relies on the capacity of carbapenemase-producing strains, including the
test isolate, to deactivate carbapenem antibiotics. In the test, a carbapenem-susceptible
indicator strain, typically E. coli ATCC 25922, is streaked alongside the test strain and
a carbapenem-containing disc. A positive result manifests as the indicator strain's
growth towards the disc in a cloverleaf-like pattern. This phenomenon occurs because
the carbapenemase produced by the test microorganism deactivates the carbapenem
diffusing from the disc, allowing the carbapenem-susceptible E. coli ATCC 25922 to

grow towards it.

Fig. 5.19 represents the source-wise distribution of the 96 carbapenem-resistant
NTS isolates. This indicates the majority of these resistance isolates originated from
human samples (n=67) followed by animal (n=19), food (n=9), and environmental
(n=1) sources. These isolates were tested for the presence of the carbapenemase
enzyme. Notably, the findings of this study revealed that none of the isolates exhibited

the presence of the carbapenemase enzyme (Photograph 6). The absence of
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carbapenemase activity suggests that, as of now, these strains did not possess
carbapenemase activity. However, it is important to acknowledge the potential for
future occurrences of carbapenem-resistant NTS isolates. Despite the current absence
of carbapenemase in the tested NTS isolates, vigilance and continued monitoring are
crucial due to the evolving nature of bacterial resistance. The possibility of the
occurrence of resistant strains in the future necessitates ongoing surveillance to

promptly identify and address any changes in the resistance profile of NTS isolates.

96 Meropenem
/Imipenem
Resistant NTS

NTS from NTS from NTS from Food NTS from
Human (n=67) Animals (n=19) (n=9) Environment
(n=1)
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Fig. 5.19: Distribution of Carbapenem-resistant NTS across different sources.
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As highlighted earlier, while occurrences of carbapenem resistance in NTS are
rare, it remains imperative to implement proactive measures to prevent its emergence.
Among the most crucial steps is the enhancement of antibiotic stewardship, aimed at
reducing the utilization of broad-spectrum antimicrobials, including carbapenems, in

both human and veterinary medicine. Implementing strict regulations on antibiotic
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prescribing practices for the treatment of salmonellosis is essential to mitigate the

potential development of carbapenem resistance in NTS strains (Chang et al., 2020).

Additionally, enhancing infection control measures, promoting personal hygiene,
improving animal husbandry conditions, monitoring antimicrobial use in agriculture,
educating healthcare professionals and the public, and supporting research and
development are other measures that can be taken to prevent carbapenem resistance in
NTS (Meletis, 2016).

5.7 Detection of Cefotaxime Resistance Gene:

The surge in antibiotic resistance among Salmonella species presents a significant
and escalating concern (Su et al., 2004). Over time, there has been a substantial increase
in the prevalence of antimicrobial resistance among Salmonella strains, with rates rising
from 20%—-30% in the early 1990s to the peak 70% in certain regions. According to the
CDC (CDC, 2019), there has been a consistent upward trend in antibiotic-resistant NTS
infections. Historically, antibiotics like ampicillin, chloramphenicol, and co-
trimoxazole were regarded as primary treatment options for NTS infections. However,
the widespread and indiscriminate use of antibiotics in both human medicine and
agriculture, particularly within the poultry industry, has led to the emergence of
multidrug-resistant Salmonella strains on a global scale (Lee et al., 2009; Meng et al.,
2011; Vo et al., 2010; Wannaprasat et al., 2011; Chen et al., 2013, Crump et al., 2015;
Adesiji et al., 2018).

The antibiotics traditionally employed for salmonellosis treatment include f3-
lactams, fluoroquinolones, macrolides, and trimethoprim-sulfamethoxazole (Hagel et
al., 2015). However, a challenging scenario has emerged with the increased prevalence
of MDR S. enterica strains in recent years (EFSA, 2015). This resistance trend extends
to third-generation cephalosporins, as reported from food sources (including retail
meat) and animals (Hasman et al., 2005; Seral and Weill, 2011; EFSA, 2011; Eller et
al., 2013; Afema et al., 2015). This resistance presents a substantial challenge in the
management of infections, as it restricts the range of available treatment options.
Consequently, clinicians may resort to employing broader-spectrum antibiotics, a

practice that not only carries a heightened risk of adverse effects but also contributes to
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the ongoing development of additional antibiotic resistance. This emphasizes the urgent
need for judicious antibiotic use, innovative therapeutic strategies, and robust
surveillance to mitigate the escalating threat of antibiotic-resistant Salmonella and

preserve the efficacy of available treatment options.

Resistance to 3™ generation of cephalosporins primarily due to the production of
ESBLs e.g. CTX-M and AmpC B-lactamases e.g. CMY-2, that can spread resistance to
a wide range of beta-lactam antibiotics (penicillins and cephalosporins) by hydrolyzing
them (Miriagou et al., 2004). The recent emergence of plasmid-mediated ESBL gene,
particularly the blactx-m variant, is a matter of significant concern, given its widespread
presence in Salmonella spp. and its association with the hydrolysis of cefotaxime (Nair
etal., 2018). The horizontal transfer of blactx-m ESBL genes through mechanisms such
as conjugation plasmids and transposons represent the primary processes facilitating
the acquisition of blactx-m ESBLSs. This mode of genetic exchange raises alarm due to
its potential to disseminate antibiotic resistance traits among Salmonella populations,
further complicating the treatment landscape and emphasizing the need for enhanced

surveillance.

In the current study, the analysis of drug antibiogram profiling conducted on 539
NTS isolates unveiled a noteworthy pattern of resistance, particularly concerning
Cefotaxime, a third-generation cephalosporin. Specifically, a significant proportion,
accounting for 242 isolates (44.9%), exhibited resistance to this antimicrobial drug—
the highest resistance observed among all tested antibiotics (19 drugs) in the present
study (Table 5.6). Among these 242 NTS, 19 isolates were already included in the pool
of 24 ESBL-producing NTS isolates. Therefore, the same have been separated to avoid
duplicity in the test and analysis. Therefore remaining 223 NTS out of 242 were tested

further for the detection of the cefotaxime resistance gene (blactx-mis).

Table 5.11 represents the distribution of the 223 Cefotaxime-resistant NTS
isolates across various geographical locations in India, along with their association with
different source categories. Notably, a substantial majority of these isolates, comprising
152 instances (68%), originated from the southern region of the country. While this

elevated proportion may be attributed to the comparatively higher number of NTS
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isolates received from this specific region, as detailed in Table 5.4, the prevalence of

drug-resistant serovars in this area raises a significant concern.

Table 5.11: Distribution of Cefotaxime resistance across different regions.

S. NTS serovar Geographic Region in India | Total
No. EAST|NORTH|SOUTH | WEST
1 |S. enterica serovar Anatum 0 2 0 0 2
2 | S. enterica serovar Bazenheid 0 3 0 0 3
3 | S. enterica serovar Choleraesuis | 0 0 25 0 25
4 | S. enterica serovar Enteritidis 0 0 15 0 15
5 |S. enterica serovar Hissar 0 0 0 2 2
6 |S. enterica serovar Kentucky 0 0 4 0 4
7 | S. enterica serovar Lindenburg 0 7 56 8 71
8 |S. enterica serovar Mathura 0 4 0 5 9
9 |S. enterica serovar Poona 0 0 2 0 2
10 |S. enterica serovar Senftenberg 0 1 0 0 1
11 |S. enterica serovar Stuttgart 4 0 0 0 4
12 |S. enterica serovar Tennessee 2 0 1 0 3
13 |S. enterica serovar Typhimurium| 4 8 41 17 70
14 | S. enterica serovar Virchow 1 0 0 0 1
15 |S. enterica serovar Weltevreden 0 0 8 3 11
Total 11 25 152 35 223

While acknowledging the relatively lower count of cefotaxime-resistant NTS
observed in other regions, it is crucial to recognize that these figures should not be
considered insignificant. The proportion of samples received from these areas may not
accurately reflect the true prevalence of NTS or its associated drug-resistant nature.
Consequently, it is imperative to emphasize the necessity for comprehensive
surveillance activities in these regions. Such initiatives are essential to obtain a more
accurate and representative understanding of the current status of NTS prevalence and
drug resistance, enabling informed public health strategies and interventions to address
the multifaceted challenges posed by antibiotic-resistant NTS.

Among the 223 cefotaxime-resistant NTS isolates, 15 NTS serovars out of the

total 17 identified serovars in this study exhibited cefotaxime resistance, with serovars
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Lindenburg (71) and Typhimurium (70) standing out prominently, as detailed in Table
5.11. The distribution of these cefotaxime-resistant isolates showed a higher
concentration in southern regions, followed by western and northern regions. Notably,
the majority of these isolates originated from human sources (148/223), constituting
nearly 66% of the total collection. This was followed by 18.8% (42/223) from food
sources, 11.7% (26/223) from animals, and 3.1% (7/223) from environmental sources,
as indicated in Table 5.12. Further, serovars Lindenburg and Typhimurium emerged as
predominant contributors to cefotaxime-resistant NTS among isolates from human,
animal, and food-related sources. Serovar Typhimurium has been already implicated in
various studies to be the most prevalent NTS serovar all over the world occurring in
diverse hosts (Scallan et al., 2011; DiMarzio etal., 2013; Wang et al., 2019; Bythwood
etal., 2019).

Additionally, the source-specific prevalence of cefotaxime resistance was
observed, with certain resistance serovars being exclusive to specific sources. For
instance, serovars Choleraesuis (n=25), Enteritidis (n=15), Kentucky (n=4), and Poona
(n=2) were exclusively found in human samples. Serovars Anatum (n=2) and Virchow
(n=1) were observed solely in food samples, while Hissar (n=2) was identified in
environmental isolates. Furthermore, serovars Bazenheid (n=3), Senftenberg (n=1), and
Stuttgart (n=4) were exclusively present in animal isolates. The specific distribution of
cefotaxime-resistant NTS serovars underscores the varied sources contributing to
antimicrobial resistance. This highlights the importance of targeted interventions across
various sectors to address the complex challenges posed by antimicrobial resistance

effectively.
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Table 5.12: Distribution of Cefotaxime resistance across different source

categories.
S. NTS serovars Cefotaxime-resistant NTS from Total
No. different sources
Animal | Environment I_:ood Human
item
1 |S. enterica serovar Anatum 0 0 2 0 2
2 |S. enterica serovar Bazenheid 3 0 0 0 3
3 | S. enterica serovar Choleraesuis 0 0 0 25 25
4 | S. enterica serovar Enteritidis 0 0 0 15 15
5 |S. enterica serovar Hissar 0 2 0 0 2
6 |S. enterica serovar Kentucky 0 0 0 4 4
7 |S. enterica serovar Lindenburg 8 0 11 52 71
8 |S. enterica serovar Mathura 4 5 0 0 9
9 |S. enterica serovar Poona 0 0 0 2 2
10 | S. enterica serovar Senftenberg 1 0 0 0 1
11 | S. enterica serovar Stuttgart 4 0 0 0 4
12 | S. enterica serovar Tennessee 1 0 2 0 3
13 | S. enterica serovar Typhimurium 4 0 23 43 70
14 | S. enterica serovar Virchow 0 0 1 0 1
15 | S. enterica serovar Weltevreden 1 0 3 7 11
Total 26 7 42 148 223

Given the evolving drug resistance trends linked to the presence of blactx-m
genes, as discussed earlier, a targeted investigation was initiated on this subset of 223
cefotaxime-resistant NTS isolates to assess the prevalence of the blactx-m1s gene. This
approach aligns with the methodology employed by Taneja et al. (2014) that revealed
the prevalence of the blactx-mis gene in 11.6% of NTS isolated from gastroenteritis
cases. Moreover, the study unveiled the blactx-m1s gene in some newer NTS serovars,
including Thompson, Infantis, and Newport, underscoring the expanding reach of this

resistance determinant within the landscape of non-Typhoidal Salmonella in India.
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Fig. 5.20: Proportion of blactx-m1s positive NTS.

In the current study, the investigation of the blactx-mis gene in the 223
cefotaxime-resistant isolates unveiled encouraging results with 65 isolates,
constituting 29.1%, identified as harbouring the blacrtx-m1s gene (Fig. 5.20). This
finding indicates the prevalence of this specific blacrx-m1s variant within the subset
of cefotaxime-resistant NTS isolates. While the remaining 158 isolates did not show
the presence of this gene. Photograph 7 is a representation of the blactx-mis gene

among these NTS.
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Photograph 7: Representative photograph of blactx-m1s gene positive cefotaxime
resistant NTS.

Well No. 1,10,19, 27: 50-1500bp Ladder.

Well No. 3,5,6,7, 11, 12,13, 14, 15, 16, 18, 20, 21, 22, 23,24, 25, 30, 31, 32, 33, 34,
35 represent blacrx-m1s gene (587bp) positive.
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Table 5.13. Regional distribution of blacTx-m15s gene-carrying NTS serovars

S. | blactx-m15 gene-positive NTS Regions of India Total
N EAST|NORTH |SOUTH |WEST
1 S. enterica serovar Anatum 0 1 0 0 1
2 S. enterica serovar Bazenheid 0 1 0 0 1
3 [S. enterica serovar Choleraesuis 0 0 3 0 3
4 S. enterica serovar Enteritidis 0 0 9 0 9
5 |S. enterica serovar Kentucky 0 0 1 0 1
6 |[S. enterica serovar Lindenburg 0 1 16 2 19
7 S. enterica serovar Mathura 0 1 0 2 3
8 |S. enterica serovar Typhimurium| 3 2 18 4 27
9 S. enterica serovar Weltevreden 0 0 1 0 1
Total 3 6 48 8 65

In the context of this study, Table 5.13 serves as a comprehensive representation
of the geographical spread of blactx-mis gene-carrying Non-Typhoidal Salmonella
(NTS) isolates across diverse regions of India. The data revealed noteworthy regional
variations in the distribution of this resistance determinant, offering crucial insights into
the intricate landscape of antimicrobial resistance in the country. The regional
breakdown showcased distinct patterns, with the Southern region demonstrating the
highest prevalence rate at 73.8% (48 out of 65). Serovars Lindenburg (16) and
Typhimurium (18) were particularly prevalent in this region, collectively accounting
for 70% of blactx-m15 gene-positive isolates. A similar trend was observed in other
regions, notably for the occurrence of blactx-mis gene-bearing S. Typhimurium.
Furthermore, the Southern region exhibited the presence of other blactx-m15 gene-
positive serovars, including Enteritidis (9), Choleraesuis (3), Kentucky (1), and
Weltevreden (1). Additionally, a lower occurrence of less common serovars such as

Anatum (1), Bazenheid (1), and Mathura (1), was also observed in this study. These
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findings underscore the dynamic regional distribution of the blacTx-m1s gene among
cefotaxime-resistant NTS isolates, emphasizing the need for nuanced and region-
specific approaches in the formulation of public health strategies to combat the
escalating challenge of antibiotic resistance in NTS. Targeted surveillance and
intervention efforts should consider not only the overall prevalence of cefotaxime
resistance in NTS but also the specific distribution of resistance genes among different
serovars and regions. Such insights are pivotal for devising effective and context-
specific measures to address the escalating threat of antibiotic resistance in Non-

Typhoidal Salmonella, safeguarding public health on a regional and national scale.

The current research aimed to assess the prevalence of NTS serovars across
diverse geographical regions and sources within the country. It involved characterizing
these serovars through various methods, including biotyping, serotyping, antibiogram
profiling, and examining virulence markers such as biofilm and colicin production.
Additionally, the study investigated the presence of enzymes like extended-spectrum
beta-lactamase and carbapenemase, as well as the detection of genes responsible for
ESBL characteristics and drug resistance in NTS. Given the importance of NTS
serovars in human, animal, food, and environmental contexts, the research underscored
the necessity for continued investigation to gain a better understanding of NTS
epidemiology, as available data on its prevalence are limited or inconsistent. The study
findings raise significant public health concerns and highlight the imperative to
strengthen NTS surveillance in the country. Identifying and controlling virulent NTS
serovars is crucial for enhancing knowledge and implementing effective control
measures at both regional and national levels to mitigate infections caused by this group

of pathogens.
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5.8 Results of Biofilm production by NTS isolates:

Biofilms are intricate microbial communities, predominantly bacteria,
characterized by their adherence to surfaces and envelopment in a viscous matrix
consisting of extracellular polymeric substances (EPS). These substances encompass
polysaccharides, nucleic acids, proteins, and other molecules synthesized by the
microorganisms residing within the biofilm (Harrell et al., 2021). The elaborate cell
network formed by biofilms serves as a predominant mode of bacterial growth in
various environmental settings. Biofilm formation occurs as microorganisms attach
themselves to surfaces, creating a defensive and adhesive matrix (Harrell et al., 2021).
Within this biofilm matrix or microenvironment, bacteria gain a multifaceted protective
shield, imparting resilience against environmental stressors such as UV
exposure (Espeland and Wetzel, 2001), the action of disinfectants, immune responses
from hosts (Jensen et al., 2010), and the effects of antibiotics (Stewart and Costerton,
2001; Mah and O’Toole, 2001; Mah, 2012), making them challenging to eradicate
(Burmolle et al., 2010). This biofilm formation is frequently implicated in the
development of various infections and outbreaks, contributing significantly to the
resistance and persistence of bacteria on diverse biotic and abiotic surfaces
(Steenackers et al., 2012). Non-Typhoidal Salmonella (NTS) has been found to exhibit
biofilm-forming capabilities, allowing it to persistently colonize various environments
and surfaces, both inside and outside the host (Abdallah et al., 2014; Khatoon et al.,
2018; Vasicek and Gunn, 2023). Biofilm formation enhances bacterial survival and
transmission, posing a significant public health challenge (Liu et al., 2023). To prevent
biofilm formation by NTS, it is important to comprehend the factors that influence its

formation.

In this study, biofilm production was assessed in all 539 NTS isolates using the
tissue culture plate (TCP) method with slight modifications based on the protocol by
Christensen et al. (1985). Widely recognized as the gold standard for detecting biofilm
formation in bacteria, the TCP method is esteemed for its quantitative and dependable
nature (Halim et al., 2018). It is a quantitative and reliable approach to assessing biofilm
production. The TCP assay involves the growth of bacteria in a microtiter plate,

allowing the adherence and formation of biofilms on the plate's surface. After

117



incubation, the biofilms are stained, and quantified, providing a measure of biofilm
formation (Photograph 8). This method is more quantitative and reliable for biofilm
detection (Mathur et al., 2006).

Photograph 8: Demonstration of Tissue Culture Plate (TCP) method for biofilm
detection.

Well No. A1-H6: NTS in triplicate.
Well No. H7-H9: Positive control (E.coli K-12 culture).
Well No. H10-H12: Blank

Note: Pink colour is due to elution of the safranin by 30% v/v Acetic acid. The intensity
of colour corresponds to the amount of biofilm produced.
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Fig. 5.21: Visualization of Biofilm Production: Producers vs. Non-Producer NTS.

Among the 539 NTS samples analysed, a substantial portion, specifically 374
isolates, constituting nearly 70% of the NTS pool, exhibited biofilm-producing
capabilities (Fig. 5.21). This group of biofilm producers demonstrated varying degrees
of biofilm formation. Upon closer examination of these 374 biofilm producers, it was
revealed that the majority—220 NTS isolates, accounting for 58.8%—originated from
human sources (Fig. 5.22). Additionally, 77 isolates (20.6%) were traced back to food,
53 (14.2%) to animals, and 24 (6.4%) to environmental sources. Further analysis,
unveiled that approximately 6.4% (24 out of 374) were identified as strong biofilm
producers, while 28.3% (106 out of 374) exhibited a moderate level of biofilm

formation. The remaining 65.2% displayed a weak level of biofilm formation
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Fig. 5.22: Segmentation of Biofilm Producing NTS According to Varied
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Fig. 5.23: Distribution of biofilm-producing NTS across different sources.

In this study, biofilm formation was predominantly seen amongst the NTS
isolates obtained from human sources (Fig. 5.23). A greater positivity rate for biofilm
production was seen amongst NTS obtained from human samples, against different

grades of biofilm production, compared to other sources.

The dataset of NTS exhibiting strong biofilm production, offers a detailed

exploration across diverse sources, presenting a subtle picture of serovar-specific
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prevalence (Fig. 5.24). In animal sources, S. enterica serovar Lindenburg accounted for
4 isolates, while serovar Anatum and Mathura contributed 2 isolates each. The
environmental source yielded 1 isolate of serovar Enteritidis showcasing strong biofilm
production. Within food sources, S. enterica serovar Typhimurium exhibited
prominence with 2 isolates, accompanied by serovar Anatum and Lindenburg, each
contributing 1 isolate. Importantly, human sources displayed a varied distribution with
S. enterica serovar Typhimurium taking the lead with 5 isolates, followed by
Choleraesuis and Enteritidis with 2 isolates each, and serovar Lindenburg contributing
2 isolates. This comprehensive breakdown elucidates the serovar-specific prevalence

of strong biofilm production within NTS across different sources.
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Fig. 5.24: Assessment of Strong Biofilm Producing NTS Across Diverse
Sources.
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Fig. 5.25: Assessment of Moderate level biofilm producing NTS from different
sources.

The investigation delved into the distribution of moderate biofilm-producing NTS
isolates across distinct sources, shedding light on the prevalence and diversity of
biofilm formation within different serovars (Fig. 5.25). Notably, among animal sources,
S. enterica serovar Typhimurium exhibited prominence, contributing 9 isolates,
followed by other serovars including Stuttgart (5), Tennessee (3), Mathura (2), Anatum
(1), Enteritidis (1), Lindenburg (1), Senftenberg (1), and Weltevreden (1).
Environmental sources revealed a distinctive profile, encompassing serovars Mathura
(3), Enteritidis (1), and Jaffna (1). In food-derived isolates, serovars Typhimurium (8),
Weltevreden (6), Lindenburg (5), and Anatum (3) predominated. Remarkably, human
sources exhibited a diverse array, with S. enterica serovar Lindenburg leading with 22
isolates, followed by Typhimurium (15), Enteritidis (8), Choleraesuis (6), Weltevreden
(3), and Poona (1).

122

25



S. enterica serovar Mathura

S. enterica serovar Kentucky

§. enterica serovar Jaffna

S. enterica serovar Weltevreden

S. enterica serovar Choleraesuis 20

S enterica serovar Enteritidis — 21

S. enterica serovar Typhimurium 44

Human

§. enterica serovar Lindenburg 5

S. enterica serovar Senftenberg pm |
S. enterica serovar Choleraesuis jm |

S. enterica serovar Anatum 3
§. enterica serovar Weltevreden 6

Food Items

S. enterica serovar Lindenburg 14
S. enterica serovar Typhimurinm

S. enterica serovar Typhimurium
S. enterica serovar Jaffna

NTS across Different Source Categories

S. enterica serovar Enteritidis

S. enterica serovar Hissar

Environment

S. enterica serovar Mathura
S. enterica serovar Anatum
S. enferica serovar Stuttgart

S. enterica serovar Lindenburg

Animals

S. enterica serovar Weltevreden
S. enterica serovar Typhimurium

0 10 20 30 40 50 60
No. of NTS Isolates

Fig. 5.26: Assessment of Weak-level biofilm producing NTS from different
sources.

Fig. 5.26 illuminates the prevalence and serovar-specific associations of weak
biofilm-producing NTS isolates, with a focus on diverse sources. In human sources, S.
enterica serovar Lindenburg takes centre stage with 50 isolates, closely followed by
Typhimurium (44), Enteritidis (21), Choleraesuis (20), Weltevreden (13), Jaffna (3),
Kentucky (2), and a single isolate of Mathura. Food-derived isolates showcase a
significant presence, particularly of Typhimurium (26), Lindenburg (14), Weltevreden
(6), Anatum (3), Choleraesuis (1), and Senftenberg (1). Environmental sources exhibit
a strong dominance of Mathura with 13 isolates, alongside contributions from Hissar
(2), Enteritidis (1), Jaffna (1), and an additional isolate of Typhimurium. In animal
sources, Typhimurium again stands out with 13 isolates, followed by contributions
from Weltevreden (3), Lindenburg (2), Stuttgart (2), and Anatum (1).

In this study, a comprehensive assessment was conducted on a collection of NTS
isolates to investigate their biofilm formation capabilities and antibiotic resistance

profiles (Table 5.14). The results revealed noteworthy findings, which are crucial for
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understanding the epidemiology and management of NTS infections. Among the NTS
isolates analysed, a substantial proportion, constituting 290 isolates (53.8%), exhibited
biofilm-producing characteristics along with resistance to various antibiotics used in
this study. Additionally, 135 isolates (25%) demonstrated biofilm non-producing traits
while still exhibiting resistance to antibiotics. Conversely, 84 isolates (15.6%) were
identified as biofilm producers but exhibited sensitivity to all the drugs tested.
Interestingly, a smaller subset, comprising 30 isolates (5.5%), demonstrated neither
biofilm-producing tendencies nor resistance to antibiotics. The observed association
underscores the potential interdependence of these two microbial characteristics. This
finding has significant implications for understanding the virulence factors of NTS and
their resistance mechanisms, shedding light on the intricate dynamics between biofilm

formation and MDR behaviour.

The connection between biofilm production and multidrug resistance (MDR) in
NTS strains has been thoroughly examined. Several studies have emphasized a
significant link between biofilm formation and antibiotic resistance in NTS strains. For
instance, research focusing on biofilm-forming NTS isolates from poultry and poultry-
products revealed a significant relationship between biofilm formation and antibiotic
resistance (Siddique et al., 2021). Another study underscored that Salmonella biofilms
display up to 1000 times higher resistance to antibiotics compared to planktonic cells,
with biofilm formation significantly contributing to bacterial resistance across various
antibiotic classes (Aleksandrowicz et al., 2023). Moreover, the presence of multidrug
resistance and efflux pump activity has been linked to biofilm-forming NTS isolates
(Aleksandrowicz et al., 2023). Additionally, biofilm formation has been associated with
Salmonella persistence and virulence, enabling the bacteria to disrupt host functions,
develop drug resistance, and enhance resistance to host defence mechanisms (Harrell
etal., 2021).

These findings collectively underscore the critical role of biofilm production in
the multidrug resistance of NTS strains, with important implications for the

development of antibiofilm strategies and the management of NTS infections.
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Table 5.14. Relationship between biofilm formation and multiple drug
resistance in NTS.

No. of drugs Biofilm Producers Biofilm non- | Total
found resistant Strong | Moderate | Weak producer

0 3 29 52 30 114

1 2 22 58 26 108

2 4 8 48 23 83

3 3 6 21 14 44

4 3 8 12 12 35

5 0 10 13 13 36

6 3 8 12 18 41

7 2 5 11 13 31

8 0 4 3 9 16

9 0 0 7 2 9

10 0 0 4 2 6

11 1 3 2 1 7

12 0 1 1 1 3

13 1 0 0 0 1

14 1 0 0 1 2

15 1 2 0 0 3
Total 24 106 244 165 539

The role of biofilm formation in the pathogenicity of NTS is significant as it
contributes to the persistence and potential for chronic or latent infections, as well as
aiding in the survival of NTS in various environments (Harika et al., 2020; Bai et al.,
2021; Harrell et al., 2021). Biofilms create a stable habitat for bacteria, promoting
symbiotic interactions with various organisms, similar to the colonization of marine
species (Harrell et al., 2021). Regarding food safety, the formation of biofilms by NTS
can result in heightened resistance to antimicrobial agents and sanitizers, complicating
efforts for efficient cleaning and disinfection in food processing settings (Bai et al.,
2021). Biofilm-forming bacteria can exhibit increased antibiotic resistance, making

them more difficult to treat and control (Harika et al., 2020). The ability to form
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biofilms has been linked to the host specificity and virulence of NTS strains, with some
strains being more virulent and able to form biofilms, while others are less virulent and

unable to form biofilms (MacKenzie et al., 2017).

Controlling biofilm formation in non-Typhoidal Salmonella is essential for
preventing chronic infections, antibiotic resistance, and environmental persistence.
Several strategies can be employed to inhibit biofilm formation in NTS such as the use
of antibiotics can help reduce biofilm formation and disrupt existing biofilms.
However, antibiotic resistance is a growing concern, making it crucial to develop new
strategies to combat biofilm formation (Bai et al., 2021). Creating novel anti-biofilm
compounds tailored to target NTS biofilm formation holds promise in thwarting biofilm
development and enhancing treatment efficacy (MacKenzie et al., 2019). Identifying
and utilizing biofilm inhibitors can help prevent biofilm formation in NTS. These
inhibitors can be natural compounds, synthetic chemicals, or even bacterial products
that interfere with biofilm formation or disrupt existing biofilms (Bai et al., 2021).
Physical methods, such as high-pressure water or steam sterilization, can be used to
disrupt biofilms and remove them from surfaces (Harrell et al., 2021). Implementing
good sanitation practices, such as regular cleaning and disinfection of food processing
equipment and medical devices, can help prevent biofilm formation and reduce the risk
of NTS infections (Bai et al., 2021). Exploring the molecular mechanisms that drive
biofilm formation in NTS can offer valuable insights into identifying pivotal factors
and potential targets for devising novel strategies to regulate and manage biofilm

formation effectively (MacKenzie et al., 2017).

In summary, controlling biofilm formation in NTS can be achieved through
various strategies, however, further research and development of new methods to
control biofilm formation in NTS are essential for preventing chronic infections and

reducing the risk of antibiotic resistance.
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5.9 Results of Colicin production by the NTS isolates:

Bacteriocins are antimicrobial peptides or proteins produced by bacteria, both
Gram-positive and Gram-negative, through ribosomal pathways (Jack et al., 1995;
Simons et al.,, 2020; Chérier et al.,, 2021). These molecules exhibit unique
characteristics, being immune to the effects of their production and contributing to
various ecological functions. Playing a pivotal role in the environment, bacteriocins
showcase antimicrobial activity and engage in nutrient competition (Chérier et al.,
2021; Markovi¢ et al., 2022). Their antibacterial properties allow them to either kill or
inhibit the growth of competing microorganisms. While not essential for bacterial
growth, bacteriocins serve as valuable tools in outcompeting other microorganisms for
limited nutrients within their environment (Sengkhui et al., 2023). Colicins possess
promising applications in both biotechnology and medicine, serving as antimicrobial
proteins effective for controlling strains of the same or related species (Hahn-Lébmann
et al., 2019). Some of the potential applications of colicins include food preservation
wherein, colicins are used to control pathogenic bacteria in fruits and vegetables as well
as on processed or cut produce, and as an additive in ready-to-eat fruits and vegetables
(Hahn-Lobmann et al., 2019, Markovi¢ et al., 2022); in medicine, colicins have been
studied for anticancer activity (Markovic¢ et al., 2022); colicin as bacterio-control agents
finds application in dairy products, meat processing equipment or other related
apparatuses to inhibit microbial growth (Markovi¢ et al., 2022); and finally, an
important application i.e. the antimicrobial potential of colicins has been utilized in the
prevention of extraluminal contamination of urinary catheters by E. coli (Roy and
Riley, 2019).

Several studies, such as the one by Kaldhone et al. (2019), have demonstrated the
production of colicins by Salmonella. The role of Incll plasmids in bacteriocin
production, specifically colicin production by Salmonella, has been evaluated in one
study. Additionally, another study reports the carriage of incompatibility group (Inc)
FIB plasmids by S. Typhimurium isolates responsible for colicin production (Aljahdali
et al., 2020).
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In alignment with these studies, an examination was carried out to evaluate
colicin production among the current set of NTS isolates (539). The phenotypic soft
agar overlay technique described by Parreira et al. (1998) was employed for this
assessment. This technique, frequently utilized for colicin production testing, involves
incorporating a colicin-sensitive strain into the top agar layer to identify colicins
produced by the test organisms. The presence of a zone of inhibition in the top agar
signifies colicin production. (Photograph 9).
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The results from the colicin detection test showed a relatively low occurrence of
colicin-producing NTS isolates, with only 4.63% (25 out of 539) exhibiting colicin
activity (Table 5.15). Among these, the highest proportion of colicin-producing isolates
came from human sources (14/25, 54.0%), followed by isolates from food items (6/25,
24.0%) and animals (5/25, 20.0%). Notably, no colicin activity was observed in any of

the environmental isolates.

Table 5.15: Comparative Analysis: Source Categories vs. Colicin Production in
NTS.

Source sub- NTS serovar No. of
Source of .
NTS category colicin-
positive NTS
Faeces S. enterica serovar Lindenburg 7
Human S. enterica serovar Typhimurium 5
(n=14) Urine S. enterica serovar Lindenburg 1
Tissue S. enterica serovar Weltevreden 1
Animal Faeces S. enterica serovar Typhimurium 3
(n=5) Poultry S. enterica serovar Mathura 2
Poultry meat | S. enterica serovar Senftenberg 1
_FOOd Poultry feed | S. enterica serovar Typhimurium 1
Etne:n; Raw Pork | S. enterica serovar Anatum 3
S. enterica serovar Lindenburg 1
Total 25

These findings (Table 5.15) further elaborate on the sources of NTS isolates and
colicin production across various contexts. In human samples (n=14), most colicin-
positive NTS isolates were from fecal samples, notably from S. enterica serovars
Lindenburg and Typhimurium. Colicin activity was also present in NTS from urine and
tissue samples, specifically from serovars Lindenburg and Weltevreden. In animal
samples (n=5), colicin-producing strains of S. enterica serovar Typhimurium were
found in feces, and poultry samples exhibited colicin activity mainly in serovar
Mathura. Food items (n=6), including poultry meat, feed, and raw pork, also showed

colicin-positive NTS isolates from various serovars.
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This study highlights the diversity of colicin-producing NTS strains, underlining
their roles as reservoirs in human, animal, and food sources. While serovar
Typhimurium is known for colicin production (Barker, 1980; Aljahdali et al., 2020),
we report novel findings of colicin activity in serovars such as Mathura, Anatum, and
Senftenberg, previously undocumented in the literature, particularly in India. This work
broadens our understanding of colicin production among NTS serovars, revealing
unexplored aspects of their ecology and transmission pathways. Future research is
needed to delve into the mechanisms, ecological roles, and potential public health
applications of colicin production in these unique NTS strains, ultimately enhancing
our understanding of NTS dynamics and informing potential strategies for infection

control.
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SUMMARY AND CONCLUSION

6.1. SUMMARY :

For generations, infectious diseases have posed substantial challenges to global
public health, carrying the potential for considerable morbidity and mortality and
presenting threats to societal structures and healthcare infrastructures. Among the
various causative microorganisms, the Salmonella genus emerges as a formidable
contender, distinguished by its adaptability, resilience, and ability to infect a diverse
array of hosts. This genus is classified into major groups viz. Typhoidal and non-
Typhoidal Salmonella (NTS). While Typhoidal Salmonella strains, typified by
Salmonella Typhi and Salmonella Paratyphi, cause the typhoid fever -a systemic
disease; NTS serovars collectively exhibit a broad spectrum of clinical manifestations
including bloodstream infections, and localized gastrointestinal diseases. NTS mostly
spreads through contaminated food & drinks and drinking water supplies. NTS has
gained global scientific attention due to its ability to cause a broad range of enteric
diseases, presenting diagnostic and therapeutic challenge, particularly in the developing
world. There is no denying that NTS is becoming more prevalent throughout Asia. The
epidemiology of NTS in India remains relatively underdeveloped due to the absence of
effective surveillance systems and the lack of suitable diagnostic tools. Consequently,
data on clinical symptoms, the course of the illness, patient demographics, and the
contaminating serovars, however, are either non-existent or scarce. Therefore, precise
and comprehensive data regarding the epidemiology of NTS must be produced
periodically to build surveillance systems that are both effective and rational for
controlling NTS-related health issues. Consequently, the current study has been
designed to examine the prevalence and other traits of non-Typhoidal Salmonella
derived from various sources (humans, animals, food, and environment) across the
nation. This study focuses on studying the prevalence and characteristics of 539 NTS
isolates obtained from diverse sources spread over different geographic locations across
the country. The key aspects included: biotyping and serotyping; antibiogram profiling,
detection of extended-spectrum beta-lactamase (ESBL) and carbapenemase
production; identification of genes responsible for ESBL and cefotaxime resistance;

and evaluation of virulence factors (biofilm, colicin).
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6.1.1. SAMPLE COLLECTION:

In this study, 999 bacterial isolates received at ‘National Salmonella and
Escherichia Centre’ (NSEC) in CRI, Kasauli were used. The isolates were randomly
received from a variety of locations including hospitals, research institutions
(agricultural and veterinary), as well as fisheries and food laboratories spanning
different regions throughout India. These isolates were then classified into four distinct

groups based on their origin: human, food, environmental, and animal sources.

6.1.2. BIOTYPING:

The biotyping of the 999 bacterial isolates involved a series of morphological
and biochemical tests. These isolates were then cultured on freshly prepared
MacConkey Agar plates, with subsequent selection of non-lactose fermenting (NLF)
colonies for streaking onto duplicate nutrient agar (NA) slants. Identification was
carried out using morphological, biochemical, and serological assays. Based on the
results of these tests, consistent with the Genus Salmonella, (Gram-negative, motile
bacilli, approx. 2-3um in length; Nitrate Reduction +ve; Catalase +ve; Oxidase -ve;
IMVIC Test : -ve, +ve, -ve, +ve; Urease +ve; Glucose A/G, TSI K/A, HzS positive,
with or without CO2) were designated as confirmed Salmonella isolates. The results
confirmed the presence of 699 out of 999 (70%) Salmonellae isolates whereas the
remaining 300 (30%) isolates belonged to other genera and therefore were not used

further in the study.

6.1.3. SEROTYPING:

After the initial biotyping, the study proceeded to confirm different serovars
within the Salmonella  genus. Slide agglutination tests were conducted on the 699
Salmonella isolates using polyvalent and monovalent sera targeting the somatic 'O’
and flagellar 'H' antigens. Among these, 539 isolates were confirmed as Non-Typhoidal
Salmonella (NTS). The main focus of the study shifted to this subset of 539 confirmed
NTS. The breakdown of serovars revealed 17 different types, listed in decreasing order

of occurrence (Data already published. Kumar et al., 2022):
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This detailed breakdown sheds light on the relative abundance of each serovar,

enabling a deeper understanding of the epidemiological scenario of NTS in our study.

6.1.4.

In our dataset, it is important to highlight the significant prevalence of S.
enterica serovar Typhimurium and Lindenburg, constituting 30.98% and 25.05% of the
isolates, respectively. Additionally, S. enterica serovar Enteritidis represented 10.39%
of the total isolates. These findings underscore the noteworthy dominance of these
specific serovars within the Salmonella
reflects the multifaceted nature of NTS, with various serovars exhibiting substantial
prevalence rates. The presence of these serovars in the dataset raises questions about
their ecological niches, potential sources, and transmission dynamics. Despite their

diversity, these serovars are crucial elements in NTS epidemiology, necessitating
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serovar Weltevreden (3,10 :r: Zs), n=44
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serovar Jaffna (9,12:d:Z3s), n=10
serovar Tennessee (6,7:Z29:- ), N=9
serovar Stuttgart (6,7:i:Zs), n=8
serovar Kentucky (8, 20: i: Zs ), n=6
serovar Bazenheid (8,20: Z10:1,2), n=4
serovar Hissar (6,7:¢c:1,2), n =4

serovar Virchow (6,7:r:1,2), n=4
serovar Poona (13, 22: z: 1,6), n=3
serovar Senftenberg (1,3,19:g,t:- ), n=2
serovar Ughelli (3, 10:r: 1,5),n=1
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thorough examination as they may provide insights into emerging patterns, host

specificity, or regional variations in NTS distribution across India.

6.1.5. GEOGRAPHICAL DISTRIBUTION OF NTS:

The collection of NTS isolates covered 14 states and union territories (UTSs)
throughout India. This extensive geographic coverage was instrumental in capturing the
diversity of NTS serovars prevalent in different regions of the country. Samples were
systematically received from a variety of sources, including clinical specimens, animal
reservoirs, and environmental samples, representing a broad spectrum of potential NTS
hosts and transmission pathways. This extensive and diverse collection strategy aimed
to provide a comprehensive understanding of the epidemiology of NTS in India,
shedding light on regional variations, prevalent serovars, and potential sources of

infection.

6.1.6. DISTRIBUTION OF NTS ACROSS DIFFERENT REGIONS:

The distribution pattern of NTS serovars indicates a notable concentration of
isolates from the southern region of India, surpassing proportions in other regions. The
non-uniform rate of NTS isolates submissions across the country suggests varying
consistency among laboratories. The high number of NTS isolates from human sources
(319/539, 59.18%) highlights the persistent public health challenge posed by NTS-
related illnesses, necessitating continuous efforts in diagnosis, surveillance, and
prevention. The prevalence of NTS in food items (99/539, 18.37%) underscores the
importance of stringent food safety practices, monitoring supply chains, and public
awareness to minimize foodborne transmission risks. The collection of NTS isolates
from animal sources (83/539, 15.4%) emphasizes the zoonotic potential of NTS
infections, requiring strategies to reduce prevalence in animals and enhance biosecurity
in agriculture. Though NTS isolates from environmental sources were comparatively
lower (38/539, 7.05%), it highlights the role of environmental factors in transmission

dynamics, emphasizing their consideration in NTS epidemiology.

134



6.1.7. NTSDISTRIBUTION ACROSS HUMAN SAMPLES (N=319):

Among 319 isolates from human sources, fecal samples emerged as the dominant
reservoir, comprising 63.95% (204 out of 319), while blood samples contributed
substantially at 22.88% (73 out of 319). highlighting the clinical importance of NTS
infections. Other sources (urine, cerebrospinal fluid, pus, tissue, and body fluids)
collectively yielded < 15% (40/319) of total isolates, with cervical abscess and sputum
samples presenting the lowest count. Among the total 17 NTS serovars identified, 10
were present in human-related samples, with Lindenburg (32.28%) and Typhimurium
(27.89%) as dominant, collectively representing nearly 60% of the collection. Serovars
Enteritidis (15.67%) and Choleraesuis (12.54%) had a comparatively lesser presence,
while the remaining six serovars contributed just under 11.6%. Detailed analysis of
source sub-categories revealed Lindenburg (36.76%) and Typhimurium (25.49%)
dominance in fecal sources. Serovar Mathura was isolated from human blood, a crucial
finding not previously documented in existing literature. While the isolation rate is low,
it emphasizes the need for further investigations into the epidemiological role,
transmission sources, and clinical implications of S. enterica serovar Mathura in human
infections. Future studies should explore its potential sources and transmission

dynamics.

6.1.8. NTS FROM ANIMAL SOURCES (N=83):

Among 83 isolates obtained from animal sources, 43 (51.8%) NTS isolates were
from fecal samples, poultry feces and other poultry samples contributed respectively
11(13.3%) and 7(8.4%). Notably, one isolate was obtained from calf fetal stomach
content, indicating NTS presence in young livestock. Four isolates from poultry
diarrhoea samples highlight the importance of monitoring and addressing NTS
infection in poultry populations. Sixteen isolates (19.3%) with an unknown site within
the animal category underscore the need for precise sample tracking in epidemiological

studies.

The analysis identified that 10 out of a total 17 NTS serovars were from animal
sources, with serovar Typhimurium being highly prevalent (38.6%). This raises

concerns due to its known zoonotic potential and association with severe human
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infections. Serovar Lindenburg (13.3%), Weltevreden (10.8%), and Stuttgart (9.6%)
were also notable. Other serovars, including Mathura, Anatum, Bazenheid, Tennessee,
Enteritidis, and Senftenberg, collectively represented 27.7%. The majority were traced
back to animal fecal samples. This comprehensive insight emphasizes the importance
of surveillance and targeted measures to mitigate potential risks associated with

zoonotic transmission.

6.1.9. NTS FROM FOOD (N=99):

The analysis of 99 isolates from different food items revealed distinctive
distribution patterns. Raw pork had the highest number of isolates at 32 (32.3%);
seafood contributed 12 (12.1%) isolates; meat (fish, pork, beef) encompassed 11
(11.1%) isolates; poultry meat samples yielded 6 (6.1%) isolates; one isolate was found
in poultry feed. These findings emphasize the importance of safe food handling
practices and suggest food materials as a potential route for NTS contamination. Raw
cow or buffalo milk samples accounted for 13 (13.1%) isolates, underscoring the
importance of pasteurization and hygiene. Animal feed contributed 12 (12.1%) isolates,
highlighting the need for quality control in animal nutrition. Shrimp samples and eggs

had 3 and 1 isolates, respectively, emphasizing safe handling and cooking practices.

In the analysis of NTS data from food samples, serovar Typhimurium emerged
as the predominant serovar, representing 45.4% (45 out of 99 samples) of the total
isolates. It displayed a widespread presence across diverse food items, including eggs,
shrimps, animal feed items, pork, fish, beef, and various seafoods. This highlights the
importance of thorough food safety measures to address and mitigate the impact of this
serovar across diverse food categories. Serovar Lindenburg was the second most
prevalent serovar, with an isolation rate of 21.2% (21/99). It was found in raw milk,
poultry meat, and seafood. However, in five instances, the specific origin of serovar
Lindenburg remained unknown, indicating a need for further investigation and detailed

surveillance to determine potential reservoirs and transmission pathways.

6.1.10. NTS FROM ENVIRONMENT (N= 38):

In this study, 38 NTS isolates were derived from environmental sources, such as

poultry environments, meat shop floors, and meat-cutting knives. The data underscores
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the risk of cross-contamination during food preparation, emphasizing the need for
stringent sanitation practices. Animal fodder environments yielded the highest number
of NTS isolates, highlighting their significance as a reservoir for NTS and their
potential impact on livestock health and food production chains. Among the different
NTS serovars detected in environmental samples, serovar Mathura and Jaffna were
prevalent in areas related to animal food storage, necessitating targeted interventions to
uphold food safety standards in these environments. The presence of S. enterica serovar
Hissar in poultry environments raised concerns about biosecurity measures and the
potential transmission of Salmonella in poultry production chain, emphasizing the need
to address factors contributing to contamination risks. Findings in meat processing and
meat shop environments emphasized the importance of hygiene standards and targeted
sanitation measures to eliminate the danger of Salmonella contamination. Overall, the
study provides valuable insights for future research and intervention strategies aimed

at diminishing Salmonella prevalence in the food supply chain.

6.1.11. ANTIBIOGRAM PROFILING OF NTS:

In a comprehensive analysis of antibiotic resistance patterns in NTS, cefotaxime
exhibited the highest resistance, with a concerning prevalence of 44.90% (242 out of
539) among NTS strains. Following closely, nalidixic acid and piperacillin/tazobactam
displayed resistance rates of 39.89% and 27.27%, respectively. Commonly prescribed
antibiotics, such as ampicillin, showed a resistance rate of 27.09%, while
amoxicillin/clavulanic acid and trimethoprim exhibited rates of 25.97% and 19.67%,
respectively. Notably, nitrofurantoin displayed a resistance rate of 17.44%, and co-
trimoxazole exhibited a rate of 14.47%. Imipenem, a broad-spectrum antibiotic,
demonstrated a resistance rate of 13.73%. Furthermore, noteworthy resistance rates
were observed for key antibiotics like ciprofloxacin (11.13%), imipenem (13.73%), and
ceftriaxone (11.87%). In contrast, some antibiotics, including chloramphenicol (0.93%)

and cefepime (1.67%), exhibited lower resistance rates.

A detailed analysis of cefotaxime-resistant NTS isolates revealed that 67% (162
out of 242) originated from human sources, while 17.8% (43 out of 242) were traced
back to food items. Notably, among cephalosporins, the fourth-generation drug

cefepime exhibited significantly higher efficacy, with minimal NTS strains showing
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resistance. The resistance profiles of NTS to Piperacillin/tazobactam (27.27%),
Ampicillin (27.09%), Amoxicillin/clavulanic acid (25.97%), Imipenem (13.73%), and
Meropenem (10.20%) pose substantial challenges in antimicrobial therapy. This
resistance is most prominent in NTS isolates from human origins, followed by those

from food and animal sources.

The study identifies a notable level of resistance to nalidixic acid, particularly in
human populations, with 132 out of 215 resistant Non-Typhoidal Salmonella (NTS)
isolates originating from humans. Environmental (36/215) and animal (30/215) sources
also exhibit significant resistance, suggesting the spread of resistant strains beyond
humans. Additionally, 17 isolates from food sources show resistance to nalidixic acid,
emphasizing diverse reservoirs contributing to resistance development. The study
highlights a substantial proportion of isolates resistant to key fluoroquinolones,
including ciprofloxacin (53/60) and norfloxacin (31/33), indicating reduced

susceptibility to these commonly used antibiotics in clinical settings.

An in-depth analysis reveals notable ineffectiveness of NTS resistance to 19
antimicrobial drugs, especially sulphonamides and nitrofurans, with cotrimoxazole
resistance in 106 isolates (19.67%) and trimethoprim resistance in 78 isolates (14.47%).
This resistance trend is prominent in the human category, emphasizing challenges

associated with sulphonamide resistance in human populations.

Resistance to nitrofurantoin was observed in 94 isolates, constituting 17.44% of
the total NTS tested. Of these, 46.8% (44 out of 94) were from human sources, while
26.6% (25 out of 94) were traced to animal sources, emphasizing the significant
presence of nitrofurantoin-resistant Non-Typhoidal Salmonella (NTS) strains. These
findings highlight the urgent need for targeted strategies to address resistance in both

human and animal reservoirs.

6.1.12. MULTIDRUG RESISTANCE AMONG THE NTS:

The present study provides a comprehensive view of the MDR and XDR profiles
exhibited by NTS strains. Notably, the Southern part of the country displayed the
highest level 48.2% (151/313) of MDR resistant NTS, followed by the Northern part
37.8% (37/98), Western part 26.9% (24/89). Further analysis of different sources
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identified 53% of NTS from animal sources and 49.5% from human sources exhibit
MDR and XDR behaviours. A crucial observation arising from this study is the
detection of NTS isolates demonstrating resistance to more than eight antimicrobial
drugs. This particular finding holds significant clinical implications, highlighting the
ineffectiveness of a substantial portion of commonly used antibiotics in treating
infections caused by non-Typhoidal Salmonella. These results underscore the
immediate need for holistic approaches to combat the rise and dissemination of
multidrug resistance. It is imperative to integrate surveillance, antimicrobial
stewardship, and research endeavours to grasp the fundamental mechanisms of

resistance and devise focused interventions.

6.1.13. EXTENDED SPECTRUM B -LACTAMASE (ESBL) PRODUCTION:

Out of the 539 Non-Typhoidal Salmonella  (NTS) isolates subjected to ESBL
production testing using cefotaxime (CTX) and ceftazidime (CAZ), along with their
combinations with clavulanic acid (CAC and CEC), only 24 isolates (4.45%) were
found to exhibit ESBL activity. Among these, 11 NTS demonstrated ESBL detection
solely through ceftazidime and its combination with clavulanic acid, while 9 through
cefotaxime and cefotaxime-clavulanic acid, and 4 NTS isolates exhibited ESBL
positivity detected by both tested drugs. 16 ESBL-producing isolates were of human
origin while 4, 3 & 1 isolates were obtained from environmental sources, animal
sources, and food items respectively. The 24 isolates were tested for the presence of
ESBL genes, (blactx-m1s, blacmy-2, blasky, and blatem). None of the NTS were found
to harbor the blasnv gene. The prevalence of two genes, namely blacTx-m1s and blacmy-
2, was particularly notable, with a total of 11 and 14 isolates, respectively. Among the
16 isolates from human sources, 7 carried the blactx-m1s gene, 12 harbored the blacmy-
2 gene, and 4 exhibited the presence of the blatem gene. Two isolates from human fecal
samples were identified as hosts for three genes (excluding blasnv). Four isolates
carried the blactx-m1s with the blacmy-2 gene combination; one isolate carried the
blacTx-m1s with the blatem gene combination. Among the 4 environmental isolates, two
isolates showed the presence of blactx-m1s genes only. One isolate from an animal

source was found to harbor three genes: blactx-m1s, blacmy-2, and blatem.
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6.1.14. DETECTION OF CARBAPENEMASE ENZYME ACTIVITY:
In the present study, the antibiogram profiling analysis of 539 NTS isolates

revealed 96 NTS isolates resistant to carbapenem drugs (41 resistant to imipenem, 22
resistant to meropenem, and 33 both drugs). Therefore these 96 NTS isolates were
tested further for the presence of enzyme carbapenemase using the Modified Hodge
Test. The findings of this study revealed that none of the isolates exhibited the presence
of the carbapenemase enzyme. Despite the current absence of carbapenemase in the
tested NTS isolates, vigilance and continued monitoring are crucial due to the evolving
nature of bacterial resistance. Ongoing surveillance is necessary to promptly detect and

address any alterations in the resistance profile of NTS isolates.

6.1.15. DETECTION OF CEFOTAXIME DRUG RESISTANCE GENES:

In the current study, the antibiogram profiling of 539 NTS isolates revealed 242
NTS (44.9%), exhibiting resistance to Cefotaxime (CTX). Among these, 19 isolates
were removed as they were already included in the pool of 24 ESBL-producing NTS
isolates. Therefore remaining 223 NTS were tested further for the cefotaxime resistance
gene (blactx-m15). The study unveiled encouraging results with 65 (29.1%) isolates
harbouring the blactx-m1s gene encompassing 15 NTS serovars out of the total 17

identified in this study.

The data from the study unveiled significant regional variations in the distribution
of the blacTx-m1s resistance gene. The Southern region stood out with the highest
prevalence rate with 48 (73.8%) isolates carrying the blactx-m15 gene. Serovars
Lindenburg (n=16) and Typhimurium (n=18) were particularly dominant in this region,
collectively constituting 70% of blactx-m15 gene-positive isolates. Similar patterns were
observed in other regions, especially concerning S. Typhimurium carrying the blacTx-
m1s gene. Additionally, the Southern region exhibited the presence of other blactx-m1s
gene-positive serovars, including Enteritidis (n=9), Choleraesuis (n=3), Kentucky
(n=1), and Weltevreden (n=1). The study also noted a lower occurrence of less common
serovars such as Anatum (n=1), Bazenheid (n=1), and Mathura (n=1) in this region.

These findings highlight the diverse distribution of the blactx-m15 gene across different
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serovars in the Southern region and emphasize the need for tailored interventions to

address region-specific challenges in antimicrobial resistance.

6.1.16. BIOFILM PRODUCTION BY NTS ISOLATES:

In the present study, all 539 NTS isolates were tested for the production of
biofilm. Among the 539 NTS samples analysed, 374 (70%) isolates, exhibited biofilm-
producing capabilities. Among these, a majority (n=220) of the isolates sourced from
human sources followed by 77 (20.6%) from food, 53 (14.2%) from animal sources,
and 24 (6.4%) from environmental sources. Approximately 6.4% (24 out of 374) were
identified as strong biofilm producers, while 28.3% (106 out of 374) exhibited a
moderate level of biofilm formation. The remaining 65.2% displayed a weak level of
biofilm formation. A greater positivity rate for biofilm production was seen amongst
NTS obtained from human samples, against different grades of biofilm production,

compared to other sources.

Further, the human sources exhibited a diverse array, with serovar Lindenburg
leading with 22 isolates, followed by Typhimurium (n=15), Enteritidis (n=8),
Choleraesuis (n=6), Weltevreden (n=3), and Poona (n=1). Among animal sources
serovar Typhimurium exhibited prominence, contributing 9 isolates, followed by
Stuttgart (n=5), Tennessee (n=3), Mathura (n=2), Anatum (n=1), Enteritidis (n=1),
Lindenburg (n=1), Senftenberg (n=1), and Weltevreden (n=1). Environmental sources
revealed a distinctive profile, encompassing serovars Mathura (n=3), Enteritidis (n=1),
and Jaffna (n=1). In food-derived isolates, serovars Typhimurium (n=8), Weltevreden
(n=6), Lindenburg (n=5), and Anatum (n=3) dominated.

In this study, an association between the biofilm producing NTS isolates and
multiple drug resistance behaviour has also been observed. The observed association
underscores the potential interdependence of these two microbial characteristics. This
finding has significant implications for understanding the virulence factors of NTS and
their resistance mechanisms, shedding light on the intricate dynamics between biofilm
formation and MDR.

6.1.17. COLICIN PRODUCTION BY THE NTS ISOLATES:
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The results of the colicin detection test revealed that the existence of colicin
activity among the NTS isolates was relatively limited, with 4.63% (25 out of 539) of
the isolates demonstrating the ability to produce colicins. The colicin production rate
was found to be higher among NTS isolates obtained from human sources (14/25,
54.0%), followed by those obtained from food items (6/25, 24.0%) and animals (5/25,
20.0%). Conversely, none of the environmental isolates showed colicin activity.
Among human sources (n=13), the majority of colicin-positive NTS isolates were found
in faecal samples, with S. enterica serovar Lindenburg and Typhimurium dominating
the observed instances. Additionally, a noteworthy presence of colicin activity was
detected in NTS from urine & tissue samples, specifically S. enterica serovar
Lindenburg and S. enterica serovar Weltevreden respectively. In animal sources (n=5)
among faecal samples, S. enterica serovar Typhimurium, exhibited colicin production.
Poultry sources showed colicin activity primarily in S. enterica serovar Mathura. The
data from food items (n=6) revealed colicin-positive NTS isolates in poultry meat,

poultry feed, and raw pork, with various contributing serovars.
6.2.  CONCLUSION:

Overall, the conclusion of this study emphasizes the pressing public health
implications posed by non-typhoidal Salmonella (NTS) in India. The present study
explores the prevalence of Non-Typhoidal Salmonella in diverse geographic locations
across India with notable detection of NTS serovars from diverse sources including
human, animal, food, and environmental sources. By systematically examining the
prevalence and characterization of NTS serovars across diverse regions and sources of
isolation, our research fills a critical gap in the current knowhow of NTS dynamics in
India. The significance of this research lies in its ability to contribute to the existing
body of knowledge surrounding NTS epidemiology, specifically by providing a
comprehensive analysis of the distribution across diverse regions; diverse sources of
isolation encompassing humans, animals, food and environmental sources; emerging
drug resistance patterns of NTS; valuable insight of the molecular pathways involved
such as detection of genes responsible for drug resistance in NTS; understanding the
virulence of NTS serovars in terms of enzymes (lactamase, carbapenemase), biofilm

and colicins production.
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The findings of this study emphasize the growing challenge of antimicrobial
resistance (AMR) in NTS, with isolates showing resistance to over eight commonly
used antibiotics. This result highlights a critical concern for clinical treatment, as many
traditional antibiotics are becoming less effective against NTS infections. The rise in
resistance underscores the urgent need for the development of alternative treatment
strategies, to address the increasing difficulty in managing these infections. This trend
reflects broader global concerns about the threat posed by AMR, particularly within
foodborne pathogens, and signals the necessity for revised therapeutic approaches and

stronger antibiotic stewardship measures.

Furthermore, the identification of newer & colicin-producing NTS serovars, such
as S. enterica serovars Mathura, Anatum, and Senftenberg, introduces a new dimension
to understanding bacterial competition and resistance mechanisms. This novel finding
expands our knowledge of the interactions between different Salmonella strains and the
potential role of colicins in microbial ecology. Future research should delve deeper into
the molecular mechanisms behind colicin production in NTS, exploring how it may
influence not only resistance dynamics but also bacterial growth regulation. This
discovery could lead to innovative approaches for managing bacterial populations and

mitigating resistance development

The present work enriches our understanding of the challenges and opportunities
in combating NTS. The identification and characterization of NTS strains in India have
important implications for NTS disease prevention, surveillance, or intervention
strategies, ultimately contributing to improved public health. It is important to
acknowledge the limitations of this study, including limited resources and a lack of
modern diagnostic tools & technologies, which may guide future research in expanding
our understanding of NTS in the Indian context. In conclusion, this study not only
highlights the ongoing challenges presented by NTS but also provides a foundation for
future research efforts. It is anticipated that these insights will catalyse further
exploration and innovation, ultimately enhancing NTS prevention and control strategies

and contributing meaningfully to public health improvements.
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APPENDIX -1

LIST OF IMPORTANT MEDIA AND REAGENTS USED

S. No.| Material Manufacturer
1. Antibiotic discs Tulip diagnostic (P) Ltd., Goa,
India
2. Antisera polyvalent and monovalent | National Salmonella and
against ‘O’ & °‘H’ antigens of | Escherichia Centre, CRI
Salmonella Kasauli, HP, India.
And Denka Seiken Co. Ltd.,
Japan
3. Catalase reagent
4, Sodium citrate SD Fine Chem Ltd., Mumbai,
5. Sodium chloride India
6. Agar
7. Extended Spectrum Beta Lactamase
(ESBL) detection Kit
8. Glucose
9. Glucose phosphate medium
10. Agarose
11. Ethidium bromide
12. a-Naphthol
13. MR reagent Hi Media Labs. Pvt. Ltd.,
Nitrate broth Mumbai, India
14. Urea medium base
15. Urea solution
16. Nutrient broth
17. Oxidase reagent
18. Peptone Water
19. Muller Hinton agar (MHA)
20. Simmon Citrate Medium
21. Sucrose
22. Lactose Loba Chemie Pvt. Ltd.,
Mumbai, India
23. Luria Bertani (LB) Broth SRL Pvt. Ltd., SRL Pvt. Ltd.,
Mumbai, India
24. MacConkey agar medium . L i
- Microxpres, Tulip diagnostic (P)
25. Nutrient agar .
y Ltd., Goa, India
26. Trypticase soy broth
27. Formalin .
28. Ammonium dihydrogen phosphate Rankem, APM India Pt. Ltd.
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S. No.| Material Manufacturer
29. Ethidium bromide (0.625mg/ml) -
Gbiosciences, USA
30. Agarose | (Low EEO)
31. Magnesium sulphate i Fine Chemical
32. Dipotassium phosphate Qua 'gens Fine Lhemicals, -
—— Thermo Fisher Scientific India
33. Acetic acid )
— Pvt. Ltd., MH, India
34. Disodium hydrogen phosphate
35. Ethyl alcohol . .
- - Merck Life Sciences Pvt. Ltd.,
36. Potassium dihydrogen phosphate India
37. Triple Sugar Iron Medium
38. Plasmid DNA extraction kit (QIAprep QIAGEN India Pvt. Ltd.,
Spin miniprep kit) GmBH, Germany.
39. Primers for blactx-mis, blacmy-2, blatem Eurofins Genomics India Pvt.
& blasnv genes Ltd., India
40. PCR Ready to use master mix

(FIREPOI®)

Solis BioDyne, Tartu, Estonia

183




Appendix 2
A. Composition of Media

1. Nutrient Broth:

Ingredients Quantity
Peptone 5¢
Yeast Extract 159
Beef Extract 159
Sodium Chloride 50
Distilled water 1000 ml
pH 74+0.2
2. Nutrient Agar:
Ingredients Quantity
Peptone 5¢
Yeast Extract 159
Beef Extract 15¢
Sodium Chloride 50
Agar 15¢
Distilled water 1000 ml
pH 74+0.2
3. Peptone water:
Ingredients Quantity
Sodium Chloride 59
Peptic digest of animal tissue 10g
Distilled water 1000 ml
pH 72+0.2
4. Glucose Phosphate Medium:
Ingredients Quantity
Glucose 50
Dipotassium Hydrogen 50
Phosphate
Peptone 749
Distilled water 1000 ml
pH 6.9+0.2
5. Luria Bertani Broth, Miller:
Ingredients Quantity
Tryptone 1049
Yeast extract 50
Sodium chloride 109
Distilled water 1000 ml
pH 7.5+£0.2

184



6. Trypticase Soya Broth with glucose:

Ingredients Quantity
Dipotassium hydrogen 2590
Phosphate
Pancreatic Digest of Casein 179
Peptic Digest of Soybean 39
Glucose 2590
Sodium Chloride 59
pH 7.3+£0.2
7. MacConkey Agar:
Ingredients Quantity
Peptone 2049
Sodium taurocholate 59
Agar 209
Neutral red 049¢g
Lactose 15¢g
Distilled water 1000 ml
pH 7.1+0.2
8. 1% Sugar media (Glucose/Sucrose/Lactose/Mannitol):
Ingredients Quantity
Sugar 1g
Distilled water 100 ml

9. Simmon’s Citrate Media:

Ingredients Quantity
Magnesium sulphate 0.2¢g
Ammonium dihydrogen 1lg
phosphate
Dipotassium phosphate 1lg
Sodium citrate 29
Sodium chloride 59
Agar 15¢g
Bromothymol blue 0.08 ¢
Final pH 6.8+0.2
10. Triple Sugar Iron (TSI) Medium:
Ingredients Quantity
Peptone 2049
Yeast Extract 30
Beef extract 39
Glucose 1lg
Lactose 109
Sucrose 109
Ferrous ammonium sulphate 0.2¢g
Sodium chloride 59
Sodium thiosulphate 0.3¢g
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Phenol red 0.025¢g

Agar 159
Distilled water 1000 ml
pH 74+0.2

11. Christensen’s Urease Medium:
A. Urease Base:

Ingredients Quantity
Peptone 1g

Agar 159
Distilled water 500 ml

Sterilize by autoclaving at 121°C for 15 minutes.
B. Urea Solution:

Sodium chloride 59
Potassium dihydrogen 29
phosphate

Phenol red 129
Urea 209
Glucose 1lg
Distilled water 500ml

Mix to prepare a homogeneous solution and sterilize by
filtration through 0.22u filter. Finally add urea solution
aseptically to urease base cooled to 55°C, mix to obtain a
homogeneous solution and dispense in sterile glass tubes

(10ml/tube).

12. Nitrate Reduction medium:
Ingredients Quantity
Peptic digest of animal tissue 59
Meat extract 30
Potassium nitrate 1lg
Sodium chloride 30¢g
Distilled water 1000 ml
pH 7.0+0.2

13. Hugh & Leifson’s(O/F) medium:

Ingredients Quantity
Peptone 24
Sodium chloride 59
Dipotassium dihydrogen 0.3g
phosphate

Agar 39
Bromothymol blue (1% 3ml
solution)

Distilled water 1000ml
pH 7.1+£01
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Sterilized at 121°C for 15 minutes. Separately prepared and
filter sterilized 1%w/v Glucose solution, mixed with above
solution aseptically. Dispensed in sterile glass tubes
(~2ml/tube). To half of the tubes filled, added sterile liquid
paraffin to form an overlay over the medium. The other half
of the tubes were used as such without paraffin.

14. Mueller Hinton (MH) Agar:

Ingredients Quantity
Meat infusion solids 29
Casein acid hydrolysate 175¢g
Starch 159
Agar 179
Distilled water 1000ml
pH 7.3+0.1
15. Mueller Hinton (MH) Broth:
Ingredients Quantity
Meat infusion solids 29
Casein acid hydrolysate 175¢g
Starch 15¢
Distilled water 1000 ml
pH 7.3+£0.1
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B.

Solution and Reagents:

1.

Nitrate reduction reagent:

a) Solution -A
Ingredients
Sulfanillic acid
5N Acetic acid

b) Solution -B
N,N-dimethyl-1-naphthylamine
5N Acetic acid

Voges Proskauer reagent:
a) Solution -A
Ingredients
Potassium hydroxide
Distilled water
b) Solution-B
a-Naphthol
Absolute alcohol

Kovac’s Reagent for indole:
Ingredients
p-Dimethylaminobenzaldehyde
Isoamyl alcohol
Conc. HCI

Catalase reagent:
Hydrogen peroxide
Distilled water

Oxidase reagent:
Ingredients
Tetramethyl-p-phenylene-
diamine dihydrochloride
Distilled water

Methyl Red reagent:
Ingredients
Methyl red dye
Ethanol
Distilled water
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Quantity

89
1000 ml

6 ml
1000 ml

Quantity
4049
100 ml

5 ml
95 ml

Quantity
109

150 ml
50 ml

3ml
97 ml

Quantity
1g

100 ml

Quantity
0.1g

300 mi
200 ml



7. Andrade’s Indicator:
Ingredients

Sodium hydroxide

Acid fuchsin

Prepared by adding 1N NaOH to 9.5% solution of acid

Quantity
1N
9.5%

fuchsin until the colour became yellow.

8. 1% wl/v Safranin (stock solution):

Ingredients
Safranin dye
Ethanol

Quantity

lg
100 ml

9. 0.1% v/v Safranin (working solution):

Ingredients

1% Stock solution of safranin

Distilled water

10. 30%v/v Acetic acid solution:

Ingredients

Acetic acid (Purity >99.8%)

Distilled water

11. 1% Crystal violet:
Ingredients
Methyl violet
Ethanol
Distilled water

12. Gram’s Iodine:
Ingredients
lodine
Potassium iodide
Distilled water

13. 70% v/v Decolorizer:
Ingredients
Ethanol
Distilled water

14. Carbol fuschin:
Ingredients

Carbol fuschin (conc.)

Distilled water
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Quantity
10 ml
90 ml

Quantity
30 mi
70 ml

Quantity
10 g

100 ml
900 ml

Quantity
109

209
1000 ml

Quantity
70 ml
30 ml

Quantity
1ml
9 mi



15. Phosphate Buffered saline (pH 7.2)
Sodium chloride
Disodium hydrogen phosphate
Potassium dihydrogen
phosphate
Distilled water
Final pH

16. 0.5M EDTA solution:
Disodium EDTA
NaOH
Distilled water
Final pH

17. 10X TAE Buffer (Stock solution):
Tris base
Glacial acetic acid
0.5M EDTA
Triple Distilled water

18. 1X TAE Buffer (working solution):

10X TAE Buffer
Triple Distilled water
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8540
191g
0.38¢

1000 ml
7.2%0.1

186.1 g
50.09g

To make 1L
8.0

48.41 g
11.42mi
20ml

To make 1L

100ml
900ml



APPENDIX 3

LIST OF EQUIPMENT USED

S. Equipment Model No. Make

No.

1 Autoclave GTA-001 Genist

2 Analytical balance - Eagle

3 Biosafety Cabinet OL-114-A Ocean Life Sciences
4 Electrophoresis unit GNA-100 Genei

5 ELISA microplate reader Sunrise Tecan

6 Incubator DL 2267 Scientific electronics
7 Orbital shaking Incubator OLSC-109 Ocean Life Sciences
8 Hot air oven - New India Ltd.

9 Microscope PZB-22 Quasmo

10 Laminar air flow 1554-ST Klenzaid

11 PCR Cycler 5333 45234 Eppendorf

12 Vortex mixer - Arihant International
13 UV Trans-illuminator BioVis Expert Vision

14 pH meter CP-901 Century

15 Micro-pipetters (0.5 — 10ul; 20- | - Eppendorf

20ul and 100-1000ul)
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APPENDIX-4
ABBREVIATIONS

AMR Antimicrobial resistance

AST Antibiotic Susceptibility Testing

bp Base pair

CDC Centre for disease control

CLSI Clinical laboratory standard institute
CNS Central nervous system

CSF Cerebrospinal fluid

DNA Deoxyribose nucleic acid

ELISA enzyme-linked immunosorbent assay
ESBL Extended spectrum B-lactamase
HIV human immunodeficiency virus
IMViC Indole, Methyl red, Voges Proskauer, Citrate
LB Luria Bertani medium

LPS Lipopolysaccharides

MDR Multiple drug resistance

MR Methyl red

NR Nitrate reduction

oD Optical density

PCR Polymerase chain reaction

RNA Ribose nucleic acid

Spp Species

TCP Tissue culture plate method

TSB Trypticase soy broth

TSI Triple sugar iron

WHO World Health Organization
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APPENDIX-5

List of Publications from Thesis Work

S. Name of the Journal Title of the Paper Published | Volume | ISSN/IS | Impact
No Journal indexing Date & Issue BN Factor/S
(Scopus/UGC/ (Date/Month | Numbe | Number JR
Web of /Year) r
Science )
1 | Journal of Taibah Scopus Non- Oct, 2022 | Volume | 1658- | 2.2/0.418
University typhoidal Salmonella infectio -17, 3612
Medical Sciences ns across India: emergence of Issue-5
a neglected group of enteric
pathogens.
2 | Indian Journal of Scopus A Highly Drug-Resistant Oct, 2024 | Volume | 0973- 2.1/
Microbiology Salmonella Enterica Serovar -64, 7715 0.594
Weltevreden of Human Issue -4
Origin from India and
Detection of its Virulence
Factors.
3 Frontiers in Scopus Kumar G, Kumar S, Jangid Feb, 2025 | Volume | 1664- 4.0/1.69
Microbiology H, Dutta J, Shidiki A. The -16 302X
Rise of Non-Typhoidal (Online)

Salmonella: An Emerging
Global Public Health
Concern..;16:1524287.
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APPENDIX-6

List of Conferences Attended

S. Date of Details of the conference Held at Title of the research work presented
No. Conference
1 17-11-2017 Innovative Strategies for Sustainable | LPU, Phagwara (Pb) Antimicrobial resistance among Salmonellae
To Water Management
18-11-2017
2 24-11-2023 Microbial Bioprospecting Towards LPU, Phagwara (Pb) A highly drug resistant Salmonella enterica
To Sustainable Development Goals serovar Weltevreden of human origin.
25-11-2023
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