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ABSTRACT

Salmonella enterica subsp. enterica is a rod-shaped, Gram-negative bacterium. The public
health importance of S. enterica subsp. enterica stems from its ability to cause salmonellosis
in humans and animals. Effective treatment with the appropriate antimicrobial agent is
crucial for managing the disease. Antimicrobial resistance (AMR) is the ability of bacteria,
viruses, fungi, and parasites to withstand the effects of medicines that are used to treat
infections. Salmonella, along with other bacteria, have developed resistance against various
classes of antimicrobials. In this frame, colistin, a polycationic peptide antimicrobial, is re-
introduced in medicine to treat multidrug resistant bacteria. Of major concern is the global
emergence of colistin resistantbacteria, which may also bear mobile colistin resistance (mcr)
genes in plasmids, thus enabling the horizontal transmission of colistin resistance between
different species of bacteria. The objectives of this study were: i) the estimation of the
Minimal Inhibitory Concentration (MIC) of colistin in 120 Salmonella enterica human
isolates using a commercial kit based on the broth microdiluton method (BDM) and ii) the
investigation of the genetic basis of colistin resistance in Sa/monella enterica isolates by
employing two standardized and validated conventional multiplex PCR protocols for the
detection of mcr 1-5 and mer 6-9 plasmid-borne genes. Results showed that 10% of the
isolates were colistin resistant and were predominantly belonging to S. Enteritidis serotype,
revealing that the epidemiology is similar to other European countries. Mcr genes were not
detected in any of the resistant strains. To comprehensively address the challenge of AMR
against colistin, it is imperative to enhance our understanding of emerging resistance and the
distribution of mcr genes in Salmonella isolates from Greece. This can facilitate the adoption

of surveillance strategies and a One Health approach to manage this emerging threat.

Keywords: colistin, antimicrobial resistance (AMR), Salmonella enterica, human

isolates, Minimal Inhibition Concentration (MIC), mcr genes, One Health
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HEPIAHYH

H Salmonella enterica subsp. enterica givar évo pofdmtd, Gram-apvntikd Poxtiplo. H
onuocic. Tov Yy TN Omuoocwe vyeio mnydler oamd TV KOvVOTNTE TOL VO TPOKOAEL
colpovédwon oe avBpomovg ko {wo. H omotehecpatikny Oepomeion pe 10 katdAANAo
avTipkpoPlokd mapdyovto givor kKpioun yoo TV avTipweTOnion g vocov. H avtoyn ota
aVTIKPOPLaKA givar 1 IKavOTNTO TOV BOKTNPIOV, TOV 1OV, TOV LUKHTOV KoL TOV TOPIGITOV
VO OVTUTOPEPYOVTOL TIG EMOPACELS TOV POPLAKDV TOL YPNCLOTO0VVTOL Y10 0EpameEnTIKOVS
okomovg. H caipovéra, KabBodg kot dAla Poxthpia, £xovv avamtiEel avioyn G€ OPOPES
Katnyopieg avtipikpoPokadv. Xe ovtd To TAICO0, 1 KOMOTIVI, £va TOAVKOTIOVIKO
avTIUIKpoPlokd mEnTIO, EmavEIcXON TNV 1WTPIKN YL TNV OVILETOTICT TOV Poxtnpiov
mov gfvon ovOeKTIKG 6€ TOAAATAG OvTYIKPOPiokd. AvouyNTIKY] OU®G Evol 1 TOYKOG oL
enpavion Pokmpiov avlektik®v og ovtd To avTiflotikd, kabng avtd to Paxtiplo propel
Vo @EPOLV OTO TAOCUIOIL TOVC Kivntd yovidln oviiotoong otnv KoAwotivn (mcr),
emurpénovtag €1ot TV opwlOvTo UETAOOCT YOVISIOV OvTOYNG UETAED OLPOPETIKAOV
Boaktnplokdv ddv. Katd cuvénela, ot 6TOY0L TG Tapovoag LEAETNG NTav: 1) 1) eKTiunom
™mg eAdyotng avaoToATiKNg ovykévipoons (MIC) g kolotivng oe éva detypo 120
KoAepynpatwv Salmonella enterica anopovmBéviov omd avOp®TOVGS, YPNCULOTOIDVTOG
éva gpumopkd kit mov Pacileton ot péBodo pikpodidlvuong oe Bpentikd vikd (BDM) kot
1) n Olepedbvnon G MOPOLCing YOVIdI®Y mcr oTo avOEKTIKG GTNV KOMOTIVI] GTEAEYM
YPNOWOTOIDOVTAS dVO Tumomompéves ovupatikés pebddovg PCR yia v aviyvevon tov
yovdiov mer 1-5 koaw mer 6-9, avtiotoyo. To amotedéopata €dei&ov 6t 10 10% T@OV
KOAMEPYNUAT®OV MTOovV avOEKTIKE OTNV KOMOTiVi) Ko avikav kupiog otov opdtumo S.
Enteritidis, amokoAdmTOVTAG OTL N EMONUOAOYIO TNG AVTOYNG GTNV KOAMGTIVY £ivol TapoOpola
HE ot OAAOV VPOTOKOV Yopdv. Eivor onuoavtikd va avaeepbel 6t dev aviyvebOnkav
yovidlr mcr og Kavéva amd to avlektikd otedéyn. [ va aviyuetomotel 1 pikpofloxm
avtoyn eivon EMTOKTIKY avaykn va evioyvBel n kotavonot| pog yio Ty emonuoroyion g
avOEKTIKOTNTOG TNV KOMOTIVY] KoL TG KATAVOUNG TV YOVISI®mV MCr 6T OlApOopa GTEAEYT
OV TPOEPYOVIOL amd TNV YOPO HaG. Avtd eivor ovaykoio yw tnv vobétnon pETpwv
dwxeipiong ko v onpovpyia pog emroynuévng otpatnyikng Evioiog Yyeiog katd oavtod

TOV AVAOVOUEVOL TTPOPANLATOC.

AéEerg KAewdd: KoMoTivn, avryuxkpofraxn avtoyn, Salmonella enterica, KMviIK@.

KoAMepyNpata, yoviowo mcr, Eviaio Yysia
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FOREWORD

My background as an animal scientist and research projects I am currently working on have
led me to believe that my mission is to focus on the production of nutritious and safe food
for the ever-increasing human population. This belief was further reinforced through this
postgraduate program on Public Health that allowed me to better comprehend the intricate
interplay of food production, ecosystems and Public Health, under the scope of One Health.
Consequently, I was interested in focusing on a field which is related to food production and
animal science, as well as to enhance my skills around a bacteriological laboratory. Given
that colistin is primarily used in animal production and Sa/monella is among the most
common foodborne pathogens, I thought that studying the emergence of colistin resistance

in Salmonella isolates would be the perfect opportunity to achieve these goals.
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Nikolaos Tegos for their comments and their effort in reviewing and improving this thesis. I
would also like to thank the Centre for Antimicrobial Resistance (Central Public Health
Laboratory, National Public Health Organization, 16672 Vari, Greece) for providing
Klebsiella pneumoniae reference isolates that were used in the colistin susceptibility testing
as well as for providing template DNA which was used as reference in PCR testing for the
detection of mcr genes. I am also grateful for meeting Emmanouil (Max) Fotakis, who now

I consider a friend.

Last but not least, I would like to thank my wife Evelina for always keeping me motivated,
her unfaltering support through words of encouragement and delicious meals as well as her

vast reserves of patience.
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INTRODUCTION

Salmonella is one of the most common foodborne diseases around the globe, causing
thousands of deaths annually. Sa/monella spreading and infections are intertwined with food
production and safety, farming practices, hygiene and biosecurity and modern, globalized
trade. This can lead to globalized Salmonella outbreaks which often cannot be
spatiotemporally defined. Consequently, traditional approaches for managing this disease
relied on heavy use of antimicrobials. As a result, Salmonella serotypes have acquired
resistance mechanisms to various classes of antimicrobials. The same phenomenon has been
observed in other species of bacteria as well. Scientists, public health authorities and policy
makers have recognized antimicrobial resistance to multiple drugs as a major public health

threat which is further aggravated by the lack of newly developed antimicrobial drugs.

In an effort to manage multidrug resistance, previously marginalized antibiotics such as
colistin have been reintroduced to human medicine as last resort drugs for the management
of multidrug resistant pathogens. Colistin use has been limited due to concerns about
potential side effects, including kidney damage and neurotoxicity, however it was, and still
is in some countries, extensively used in animal production. In recent years, there has been
growing concern about the emergence of colistin-resistant bacteria, including Salmonella.
Resistance to colistin can occur through various mechanisms, including the presence of
certain genes called mcr genes, which can be horizontally transferred between different
bacterial strains or species. Eventually, reports on colistin resistant Sa/monella that also bear

mcr genes have emerged globally.

The aim of this thesis was to cover the existing gap on colistin resistance and mcr genes in
Salmonella enterica subsp. enterica isolated from humans in Greece. To address this
knowledge gap in the scientific field of antimicrobial resistance, the objectives of this thesis
were: 1) the estimation of the Minimal Inhibitory Concentration (MIC) of colistin in 120
Salmonella enterica human isolates using a commercial kit based on the broth microdiluton
method (BDM) and ii) the investigation of the genetic basis of colistin resistance in
Salmonella enterica isolates by employing two standardized and validated conventional

multiplex PCR protocols for the detection of mcr 1-5 and mcr 6-9 plasmid-borne genes.

The spread of colistin resistance is a significant public health concern, as it further limits
treatment options for bacterial infections. Given the importance of colistin as a last-resort

antibiotic, its use is carefully monitored and regulated to prevent the emergence and spread

XV



of resistant bacteria. The acquisition of epidemiological data on colistin resistance and the
distribution of mcr genes on the Greek Salmonella population is the basis for designing
effective control measures and evidence based One Health approaches to tackle this
emerging threat. It is also accepted that better comprehension of the prevalence of mcr genes
in different bacterial species can accommodate the design of countermeasures to mitigate

the horizontal transmission of these genes.

Previous research has demonstrated that colistin resistance and mcr genes are widespread in
E. coli, Klebsiella pneumoniae, Acinetobacter baumannii, as well as Salmonella.
Consequently, the ECDC required from its member states to include colistin to the list of
antimicrobials which are monitored for the emergence of resistant isolates. This study is a

small contribution towards this goal.

This thesis is divided into two parts. Part A, the general information, is further subdivided in
4 chapters. Chapter 1 focuses on explaining the importance of Salmonella, its epidemiology
and treatment and control options. Chapter 2 deals with concepts such as antimicrobial
resistance, its drivers and methods of controlling it as well as its intricate relationship with
Salmonella. Chapter 3 presents colistin, the resistance mechanisms and mcr genes, as well
as the available antimicrobial susceptibility testing methods for colistin. Finally, chapter 4
focuses on the relationship between Salmonella and colistin resistance. Part B includes 5
chapters and presents the objectives of this study, the materials and methods used, the

generated results, the discussion and the conclusions and suggestions for future research.

XVI



PART A. GENERAL

Chapter 1. Salmonella enterica

1.1 The bacterium

Salmonella spp. was observed for the first time in 1886 by Daniel E. Salmon, a veterinary
pathologist in the United States. Salmonella spp. are rod-shaped, Gram-negative bacteria
with a facultative metabolism, capable of growing in the presence or absence of oxygen
(Whitman, 2015). The bacteria are usually motile and can grow on standard media such as
nutrient agar and Luria-Bertani medium. Although the acquisition of the lactose operon has
been described in some cases, in general the bacteria do not ferment lactose (Leonard, Lacher
and Lampel, 2015). Two species have been recognized within the genus, Salmonella bongori
and Salmonella enterica. Salmonella enterica is classified in six subspecies: 1) enterica, ii)
salamae, iii) arizonae, 1v) diarizonae, v) houtenae and vi) indica (Monte and Sellera, 2020).
Using the Kauffmann-White-Le Minor scheme, more than 2500 serovars have been
classified to the six subspecies on the basis of the extensive diversity of heat-stable
lipopolysaccharide (O) and heat-labile flagellar protein (H) antigens (Monte and Sellera,
2020). Salmonella serovars can be further subdivided using either phenotypic or molecular
and genomic subtyping methods. Phenotypic methods include bacteriophage typing (phage
typing) and antimicrobial resistance (antibiogram) typing. Genomic subtyping methods
include plasmid typing, multilocus sequence typing (MLST), ribotyping, pulse field gel
electrophoresis (PFGE), variable number tandem repeats (VNTRs) fingerprinting and whole
genome sequencing (WGS). Approximately 99% of the identified serovars are classified to
the S. enterica subsp. enterica and can cause gastroenteritis and systemic infections in warm-
blooded animals. Members of the other subspecies are mainly found in cold-blooded animals

or the environment (Crump and Wain, 2017).



H antigen

O antigen

Figure 1. Salmonella cell with flagellar protein (H) and lipopolysaccharide (O) antigens.

The importance of S. enterica subsp. enterica stems from its ability to cause salmonellosis,
a common foodborne illness worldwide. Salmonellosis is primarily acquired through the
consumption of contaminated food, such as undercooked poultry, eggs, dairy products, meat,
and fresh produce. The clinical manifestation of salmonellosis can vary from mild
gastroenteritis to severe systemic infection, depending on the serovar, the infectious dose,
and the host's immune status. Beyond the human health impact, S. enterica subsp. enterica
is also a significant concern in animal health and veterinary medicine. It can cause diseases
in various domestic and wild animal species, leading to economic losses in agriculture and
food production industries. In livestock, such as poultry, pigs, and cattle, Salmonella spp.
infections canresult in reduced growth rates, decreased productivity, and increased mortality
rates. The zoonotic potential of S. enterica subsp. enterica poses a public health risk, further

highlighting its importance (Crump and Wain, 2017).

1.2 The classification of S. enterica subsp. enterica

The classification of S. enterica subsp. enterica into different serovars is critical.
Understanding the diversity and distribution of Salmonella serovars aids in epidemiological
investigations, identifying outbreaks, tracing the sources of infection, implementing targeted

control measures, and monitoring the effectiveness of interventions. Additionally, the



characterization of S. enterica subsp. enterica strains helps to elucidate their virulence
factors, antimicrobial resistance profiles, and host specificity, contributing to the
development of diagnostic tools, vaccines, and improved treatment strategies (Crump and

Wain, 2017).

The S. enterica subsp. enterica serovars can be classified to two broad categories, 1) the
typhoidal and paratyphoidal serovars and ii) the non-typhoidal serovars. Typhoidal serovars,
such as S. Typhi, and paratyphoidal serovars, for example, S. Paratyphi A, are responsible
for systemic illnesses. Symptoms include fever, headache, malaise, abdominal pain, and
rash. Moreover, S. Typhi and S. Paratyphi A are serovars restricted to humans, meaning they
solely cause disease in and are transmitted by humans. Contaminated food and water,
resulting from inadequate sanitation practices and human fecal contamination, typically
serve as the transmission route for these serovars. Due to the systemic nature of typhoidal
and paratyphoidal serovars, they have historically been considered a higher public health

concern compared to non-typhoidal serovars (Cohn et al., 2021).

On the contrary, non-typhoidal serovars are transmitted through multiple routes, including
direct contact with animals, fomites and the consumption of contaminated food.
Contamination is often associated with animal hosts and products, such as raw meat, poultry,
eggs, raw milk, and dairy products (Gal-Mor, Boyle and Grassl, 2014). However, it is
important to note that a wide range of foods, including fruits, vegetables, dry products like
spices and chocolate, have been identified as sources of non-typhoidal Sa/monella infections
and outbreaks. Furthermore, non-typhoidal Salmonella has demonstrated the ability to
survive for extended periods in various environments outside of the host, including soil and
food processing plant facilities (Cohn et al., 2021). Typically, infection with non-typhoidal
serovars is associated with self-limiting gastroenteritis. However, non-typhoidal Sa/monella
serovars exhibit significant variability in their tendency to cause bacteremia as opposed to
diarrhea. For instance, Salmonella spp. serovars Dublin, Sandiego, Schwarzengrund,
Panama, and Heidelberg are more frequently isolated from blood samples rather than stool
samples when compared to Salmonella Typhimurium (Crump et al., 2011). In addition to
causing invasive disease, non-typhoidal Sa/monella spp. can lead to localized infections in
various organs and body parts, including the viscera, meninges, bones, joints, and serous
cavities. The risk of invasive disease is influenced by factors such as the infective dose of
the bacteria and host-related factors. Within low-resource countries, particularly in sub-

Saharan Africa, non-typhoidal Sa/monella infections are prominent and can be the primary



cause of bloodstream infections acquired within the community. Studies consistently show
that serovars Typhimurium and Enteritidis are the most prevalent in these regions (Reddy,
Shaw and Crump, 2010). Despite differences between serovars in their capacity to cause
disease in humans, non-typhoidal serovars are considered to pose a similar public health risk

to typhoidal serovars (Cohn et al., 2021).

Although regulations in many countries treat all non-typhoidal Salmonella serovars as
equally hazardous with regards to public health, substantial scientific evidence indicates
variations among these serovars and clonal groups in terms of the associated risk. This
evidence is supported by several factors: “i) the presence or absence of virulence genes
encoding fully functional virulence factors, ii) phenotypic data derived from tissue culture
or animal models and iii) epidemiological evidence, such as the under-representation of
certain serovars or clonal groups in human clinical cases compared to their presence in food,
raw materials, or animals” (Cohn et al., 2021). It is important to consider geographical
associations, as certain Sal/monella serovars or clonal groups may exhibit strong regional
correlations. Taking these factors into account when evaluating epidemiological evidence
allows for a more comprehensive assessment of hypo- or hypervirulence among specific

serovars or clonal groups (Cohn et al., 2021).

1.3 Global epidemiological data on S. enterica subsp. enterica

Understanding the epidemiology of Salmonella is crucial for disease management and
control, and in some cases for the effective treatment of patients. Typhoid and paratyphoid
fevers significantly contribute to illness and elevated death rates among children and adults
in developing countries. These fevers remain endemic in regions of Africa, South and
Southeast Asia, as well as being frequently reported in the Middle East, South and Central
America, the Pacific Islands, and certain countries in Southern and Eastern Europe. In
contrast, developed countries like the United Kingdom or the United States experience low
incidence of Sa/monella Typhi infections, with the majority of cases being observed among
individuals who have traveled to or returned from areas where the diseases are endemic
(Lynch et al., 2009). The epidemiology of paratyphoid fever is not as extensively
documented as that of typhoid fever. Nonetheless, Salmonella Paratyphi A is responsible for
approximately 25% of enteric fevers, and its prevalence has been on the rise in several

Southeast Asian countries, including Vietnam, India, and Nepal.



On the other hand, it was estimated that non-typhoidal Salmonella caused approximately 1
millionillnesses, resulting in 19,000 hospitalizations and 378 deaths in the United States in
2006 (Scallan et al., 2011). Among Salmonella isolates that were serotyped through active
foodborne disease surveillance in the United States in 2014, the top five serovars, ranked in
descending order of prevalence, were Enteritidis, Typhimurium, Newport, Javiana, and
Infantis. Salmonella Enteritidis is commonly associated with shell eggs and poultry as major
sources of infection in the United States. Control measures implemented to address this issue
have included interventions at the farm level, consumer education initiatives, and increased
emphasis on proper refrigeration of eggs (Chai et al., 2012). Due to the close association of
various non-typhoidal Salmonella serovars with food-producing animals, numerous
outbreaks have been attributed to foods derived from animals or to food and water
contaminated with animal feces. Moreover, the extensive international trade in food,
involving both developed and developing nations, has resulted in widespread distribution of
products contaminated with Sa/monella organisms. Non-typhoidal Salmonella outbreaks
have been documented in various developing countries as well. Due to limitations in
epidemiological investigations, the source and mode of transmission are often incompletely
characterized. In addition to community-wide outbreaks, there have been instances of
outbreaks in hospital settings, particularly in neonatal and pediatric wards. The clinical
presentation of the disease can be severe, manifesting as diarrhea and septicemia. Invasive

non-typhoidal Sa/monella infections in such settings have been associated with case fatality
rates exceeding 20% (Ao et al., 2015).

1.4. Salmonella spp. in Greece

In the largest study for Salmonella monitoring ever conducted in Greece, the National
Salmonella Shigella Reference Centre (SSRC) serotyped 10.513 samples in the period 2003 -
2020 (Mellou et al., 2021). Among these isolates, 10,065 were attributed to Salmonella
enterica subspecies enterica, while 157 were associated with (para)typhoidal isolates, and
291 were linked to other subspecies, including S. enterica salamae (252 isolates) and S.
enterica diarizonae (39 isolates). The data revealed a noteworthy decrease in the count of
non-typhoidal isolates from 2003 to 2020. The frequency of isolations displayed seasonality,
with the highest rates occurring during the summer, particularly in the months of August and

September (Mellou et al., 2021).



Out of the 10,065 isolates belonging to Salmonella enterica enterica subspecies, a total of
193 distinct serotypes were detected. The most prevalent serotype among these isolates was
Salmonella enterica enterica serotype Enteritidis (S. Enteritidis), constituting nearly 53% of
the overall isolates. Salmonella enterica enterica serotype Typhimurium (S. Typhimurium)
accounted for 12%, while its monophasic variant, Salmonella enterica subsp. enterica with
antigenic type 1,4,[5],12:1:- (monophasic S. Typhimurium), made up 4% of the isolates.
Among the top five most frequently identified serotypes were Salmonella enterica enterica
serotype Bovismorbificans (S. Bovismorbificans) and Salmonella enterica enterica serotype
Oranienburg (S. Oranienburg), representing 3.4% and 2.4% of the isolates, respectively.
Additionally, Salmonella enterica subsp. salamae with antigenic type 1,4,[5],12,[27]:b:- was
consistently present in Greece, although the yearly count of isolates remained relatively low

(Mellou et al., 2021).

Between 2003 and 2005, S. Enteritidis accounted for an average of 72% of the serotyped
isolates. Over the subsequent four years (2006—2009), this average decreased to 55%, and
for the next 11 years, there was a further decline, reaching as low as 35%. This reduction
was expected, as Greece implemented the National Salmonella Control Programmes
(NSCPs) in poultry populations in 2008. These programs primarily targeted S. Enteritidis
and S. Typhimurium, in compliance with Regulation (EC) No 2160/2003. According to the
European Food Safety Authority (EFSA), eggs and poultry meat are the primary sources of
S. Enteritidis transmission, and the positive impact of implementing control measures

against S. Enteritidis has been well-documented in Greece (Mellou ef al., 2021).

Salmonella enterica enterica serotype Typhimurium displayed minor fluctuations during the
examined period, but it consistently held the position of the second most prevalent serovar.
This trend aligns with observations made in other European Union (EU) countries, as
indicated by the EU's annual summary reports on zoonoses. On average, from 2004 to 2019,
S. Typhimurium ranked as the second most frequently reported serotype, accounting for
approximately 18% of serotyped isolates. In 2007, Greece witnessed the emergence of the
monophasic variant of S. Typhimurium (1,4,[5],12:1:-), which has since maintained its status

as one of the five most common serotypes, as reported in earlier studies.

Both S. Typhimurium and its monophasic variant (1,4,[5],12:1:-) are primarily linked to pigs
(meat), accounting for 42% and 72% of'their respective cases. This association is largely due
to their widespread presence in pork production. Notably, Greece lacks a national Salmonella

control program for pigs, which is why the prevalence of these serotypes is expected to
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remain relatively stable. Additionally, in Greece, there are other frequently identified
serotypes such as S. Bovismorbificans, S. Oranienburg, and S. Kottbus. These serotypes are
not consistently reported in EU countries, with occurrences below 0.6%. According to
available literature, these serotypes have associations with various food products, including

sesame seeds, ham, fruits, eggs, chocolate, and vegetables.

Altogether, the largest proportion of Salmonella isolates was obtained from young children
aged less than 5 years old, accounting for 42.5% of the total. These findings align with
research conducted in other European Union regions. Notably, Salmonella enterica subsp.
salamae with antigenic type 1,4,[5],12,[27]:b:- was particularly prevalent among children
under 5 years old. This discovery warrants further investigation to explore the potential
association with a specific food source, as existing literature lacks relevant information

(Mellou et al., 2021).

1.5 Treatment and control

Salmonella spp. infections are treated based on the clinical manifestation of the disease and
patient status (healthy, pregnant, immunocompromised, old, young etc.). Effective treatment
with the appropriate antimicrobial agent is crucial and can be life-saving for enteric fever. In
certain situations, treatment may need to commence before the results of antimicrobial
susceptibility testing (AST) are available. Therefore, it is important to have knowledge of
treatment options and potential challenges prior to initiating therapy. In cases of
uncomplicated diarrhea caused by non-typhoidal Salmonella in otherwise healthy
individuals, antimicrobial therapy is generally avoided, with rehydration therapy being the
primary approach to management. However, in patients with invasive non-typhoidal
Salmonella disease, antimicrobial treatment is essential for saving lives. Multidrug
resistance (MDR), defined as resistance to ampicillin, chloramphenicol, and trimethoprim-
sulfamethoxazole, is frequently encountered in non-typhoidal Sa/monella. Furthermore,
some Salmonella serovars are exhibiting increased resistance to fluoroquinolones, extended-

spectrum cephalosporins, and azithromycin (Crump ef al., 2011).

Control measures for Salmonella disease can be implemented at three levels: the individual,
the community (or herd), and the environment. Control strategies may involve vaccination,
addressing the source of infection, or interrupting transmission routes. It is essential to
consider factors that contribute to the emergence and spread of specific strains, including the

indiscriminate use of antimicrobials, as these can significantly hamper the effectiveness of



control efforts. Various vaccines are currently accessible for the prevention of typhoid fever.
These include the oral, live attenuated Ty21a vaccine and the Vi polysaccharide capsular
vaccine (Jackson, Igbal and Mahon, 2015). The Vi conjugate vaccines have demonstrated
the potential to provide protection at a younger age and for an extended duration compared
to both Vi capsular polysaccharide and possibly Ty21a vaccines. However, Vi conjugate
vaccines are not widely available. Vaccines are also available for certain non-typhoidal
Salmonella strains in animal husbandry. For instance, vaccines have proven effective in

controlling Salmonella Enteritidis infections in poultry within the United Kingdom.

In numerous outbreaks, control measures have been implemented through either the
eradication of infection reservoirs, such as infected poultry flocks, or the removal of
contaminated food products. For instance, a worldwide withdrawal of contaminated
confectionery products occurred after contamination with Sa/monella Montevideo. The
presence of an international rapid response network has played a crucial role in effectively
managing such situations (Fisher and Threlfall, 2005). The significance of ensuring the
safety of water and food cannot be overstated. In developing countries, contaminated water
continues to serve as a significant reservoir for Sa/monella organisms, leading to numerous
outbreaks of typhoid and paratyphoid fever associated with fecal contamination of drinking
water and food. Similarly, in industrialized nations, outbreaks have been attributed to the
contamination of animal products and produce by animal feces. Proper cooking practices
and adherence to kitchen hygiene protocols also play a crucial role in preventing the
transmission of Salmonella. Practicing fundamental hygiene measures, including hand
washing after interacting with pets, whether they are exotic or not, is of utmost importance.
Building awareness among food producers and the general public regarding the potential
hazards associated with Salmonella, a widespread and potentially life-threatening pathogen,

can significantly contribute to reducing the burden of infection.



Chapter 2. Antimicrobial resistance

2.1 Antibiotics

Antibiotics are defined as organic compounds, produced by secondary metabolites of
microbial metabolism, or synthesized artificially or semi-artificially and cause either the
death of microorganisms or interfere with basic biochemical processes of their metabolism.
Antibiotics are categorized based on various criteria such as their chemical composition,
their mechanism of action, the organism that produces them, and the pathway of their
biosynthesis. The chemical structure of different antibiotics and therefore their effectiveness

against different bacteria varies.

Based on their mode of action, antibiotics are classified into "bacteriostatic" which inhibit
bacterial growth (e.g., sulfonamides, tetracyclines) and "bactericidal" which selectively
cause bacterial death (e.g., penicillins, cephalosporins). Additionally, antibiotics can be
classified based on their spectrum of activity, into "broad-spectrum" when they act on many
species of bacteria and "narrow-spectrum" when they act on one species or a group of
bacteria. This classification is the most popular among clinicians and veterinarians to select
the appropriate antibiotic for treatment purposes. The main categories of antibiotics are
penicillins, cephalosporins, tetracyclines, sulfonamides, quinolones, aminoglycosides,

macrolides, lincosamides, aminopenicillins, polymyxins, carbapenems, and imidazoles.

Antibiotics are widely used in human medicine to treat bacterial infections. They are an
essential tool in the field of healthcare and have saved countless lives since their discovery.
The primary purpose of antibiotics is to treat various bacterial infections, including
respiratory, skin, urinary tract and gastrointestinal infections as well as sexually transmitted
infections. Antibiotics are sometimes used prophylactically before surgery or dental
procedures to prevent bacterial infections, particularly in individuals at higher risk or may
be prescribed when complications arise from other medical conditions. Antibiotic misuse
including overprescribing, self-medication, incomplete treatments or inappropriate selection
of antibiotics can have significant consequences, including the development of antibiotic-

resistant bacteria, which are more challenging to treat.

Antibiotics have been used extensively in the past as growth promoters to enhance animal
growth and increase production due to their effect on the normal gut flora (Costaet al, 2017).

In some countries in Asia, Africa, and Latin America, they are still used to promote animal



growth by incorporating them in low, subtherapeutic doses to animal feed, whereas in the

European Union, this use has been banned since 2006 with Regulation (EC)1831/2003.

2.2 Antimicrobial resistance (AMR)

Antimicrobial resistance (AMR) is the ability of bacteria, viruses, fungi, and parasites to
withstand the effects of medicines that are used to treat infections (WHO, 2022). This means
that the medicines are no longer effective in killing or stopping the growth of the
microorganisms. As a result, infections become increasingly difficult or impossible to treat,
and the risk of disease spread, severe illness, or death increases (WHO, 2022). AMR has
emerged as a significant threat to public health, impacting the effectiveness of antimicrobial
drugs, leading to increased mortality rates, prolonged illnesses, higher healthcare costs and
increasing the global burden of infectious diseases. One of the major concerns of AMR is
the limited treatment options available for infections caused by multidrug-resistant
organisms. Previously effective antibiotics, once considered the drugs of choice for disease
treatment, are increasingly losing their efficacy (O’Neill, 2016). This situation has led to a
critical need for the development of new antimicrobial agents and alternative treatment
approaches. In 2019, the World Health Organization (WHO) warned that AMR is "one of the
biggest threats to global health, food security, and development today." AMR is estimated to
cause 1.27 million deaths each year, and that number is expected to rise to 10 million by

2050 if no action is taken (O’Neill, 2016).

Antimicrobial resistance arises through various mechanisms that allow bacteria and other
microorganisms to withstand the effects of antimicrobial drugs. These mechanisms include:
1) Enzyme inactivation and modification. Some microorganisms produce enzymes that can
inactivate or modify antimicrobial drugs, making them ineffective. For example, some
bacteria produce B-lactamases, which can break down the B-lactam ring of antibiotics, such
as penicillins and cephalosporins (Egorov, Ulyashova and Rubtsova, 2018), ii) Modification
of the antibiotics target site. Microorganisms can modify the target of an antimicrobial drug,
making it less susceptible to the drug. For instance, some bacteria can change the structure
of their ribosomes, which are the targets of many antibiotics (Blair et al., 2015), iii)
Overproduction of the target. Bacteria can produce more of the target of an antimicrobial
drug, making it more difficult for the drug to bind to the target (e.g., bacteria that can produce
more of the enzyme penicillin-binding protein 2 which is the target of penicillin) (Egorov,

Ulyashova and Rubtsova, 2018), iv) Replacement of the target site. Some microorganisms
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can replace the target of an antimicrobial drug with a different molecule that is not affected
by the drug. For example, some bacteria can replace their ribosomes with ribosomes that are
not sensitive to antibiotics (Blair et al., 2015), v) Efflux and reduced permeability. Bacteria
possess efflux pumps, which are specialized transporters that actively pump out
antimicrobial agents from within the bacterial cell. These efflux pumps can efficiently
remove drugs from the cell, reducing their intracellular concentrations. Resistant bacteria
can also reduce the permeability of their cell membranes to the drugs, preventing the
antimicrobial agents from reaching their intracellular targets (Blair et al., 2015) and vi)
Biofilm formation. Bacterial biofilms, which are complex communities of microorganisms
encased in a protective matrix, contribute to antimicrobial resistance. Biofilms provide a
physical barrier that limits the penetration of antimicrobial agents, making them less
effective in eradicating the bacteria within the biofilm. Additionally, the slow growth and
altered metabolic activity of bacteria within biofilms can render them less susceptible to the
action of antimicrobial drugs (Yan and Bassler, 2019). Understanding these resistant

mechanisms is crucial for developing effective strategies to combat AMR.

Modification of the
antibiotics target site

Overproduction of the
target

Enzyme inactivation
and modification

Antimicrobial
Resistance
Mechanisms

Replacement of the
target site

Biofilm formation

Efflux and reduced
permeability

Figure 2. Categories of antimicrobial resistance mechanisms

Bacteria can acquire resistance through genetic mutations, horizontal gene transfer and
selective pressure. Genetic mutations usually occur spontaneously over time and can alter
the target sites of antimicrobial drugs, rendering them less susceptible to the drugs' effects.
Genetic mutations can also affect the uptake or efflux of drugs, leading to reduced drug
accumulation or increased drug expulsion (O’Neill, 2016). One of the most significant
contributors to the spread of resistance is horizontal gene transfer. Bacteria can exchange
genetic material, including resistance genes, with other bacteria through mechanisms such
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as conjugation, transformation, and transduction. This allows the rapid dissemination of
resistance genes within bacterial populations, promoting the emergence of multidrug-
resistant strains (Tao ef al., 2022). The selective pressure exerted by the use and misuse of
antimicrobial drugs plays also a critical role in the development and spread of resistance.
When exposed to antimicrobials, susceptible bacteria are eliminated, while resistant bacteria
survive and multiply, leading to the dominance of resistant strains. Inappropriate and
unnecessary use of antimicrobials in both human and animal health, including over-
prescription, misuse, and non-compliance, accelerates the selection and proliferation of

resistant bacteria (O’Neill, 2016).

2.3 Drivers of antimicrobial resistance

There are a number of factors that contribute to the development of AMR. One of the most
important is the misuse and overuse of antimicrobials. This can happen when antibiotics are
prescribed unnecessarily, when they are not taken as prescribed, or when they are used in
animal production. Other factors that contribute to AMR include poor infection control
practices, the lack of clean water and sanitation, and the emergence of new pathogens. These

drivers and factors can be broadly categorized into the following:

1. Inappropriate use of antimicrobials: The inappropriate use of antimicrobial drugs is
a significant driver of antimicrobial resistance. Overprescribing antibiotics for
conditions that do not require them, such as viral infections, contributes to the
selective pressure on bacteria. This pressure favors the survival and multiplication of
resistant strains, leading to the emergence of antimicrobial-resistant bacteria.
Additionally, non-compliance with prescribed treatment regimens, stopping
antibiotics prematurely, or sharing medications with others also contributes to the

development of resistance (Almagor et al., 2018).

2. Agricultural use of antimicrobials: The use of antimicrobial agents in agriculture,
particularly in food-producing animals, is a major contributor to AMR. In many
countries, antibiotics are used as growth promoters and for prophylactic purposes in
animal husbandry to prevent infections in crowded and unsanitary conditions. This
widespread use of antibiotics in animal agriculture promotes the development of
resistant bacteria in animals, which can then be transmitted to humans through the

food chain or direct contact (Thanner, Drissner and Walsh, 2016).
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Inadequate infection prevention and control: Poor infection prevention and control
practices in healthcare settings can lead to the transmission of resistant pathogens.
Inadequate hand hygiene, improper disinfection of equipment, and the lack of
effective isolation protocols can facilitate the spread of resistant bacteria among
patients and healthcare workers. This not only increases the risk of infections caused
by resistant organisms but also contributes to the dissemination of resistance genes

within healthcare facilities (Pittet et al., 2000).

Lack of access to diagnostics: Limited access to rapid and accurate diagnostic tests
can lead to the overuse of broad-spectrum antimicrobial agents when the causative
pathogen is unknown. Without proper diagnostics, clinicians may resort to
prescribing broad-spectrum antibiotics as a precautionary measure to cover a wide
range of possible pathogens, even if the infection is caused by a susceptible organism.
This inappropriate use of antimicrobials provides selective pressure for the

development of resistance (Ferreyra et al., 2022).

Global travel and trade: The global interconnectedness through travel and trade
facilitates the rapid spread of resistant pathogens across borders. Resistant strains can
emerge in one region and be carried to other parts of the world by travelers.
Additionally, imported food products from countries with high antimicrobial use in
agriculture can introduce resistant bacteria into new environments, contributing to

the dissemination of AMR (Memish, Venkatesh and Shibl, 2003).

Environmental contamination: The discharge of antimicrobial drugs and resistant
bacteria into the environment can contribute to the development of environmental
reservoirs of resistance genes. Inadequate waste management systems,
pharmaceutical manufacturing waste, and agricultural runoff can all lead to the
release of antimicrobial residues and resistant bacteria into soil and water sources,
potentially impacting human and animal populations (Haenni et al., 2022; Kaiser,

Taing and Bhatia, 2022).

Inadequate new antibiotic development: The lack of new antibiotic development has
resulted in a limited pipeline for effective antimicrobial agents. As bacteria continue
to develop resistance to existing antibiotics, the need for new and innovative drugs

becomes more urgent. The slow pace of antibiotic discovery and development
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hampers treatment options for infections caused by resistant organisms (Piddock et

al., 2022).

8. Patient factors: Patient-related factors can also contribute to the development of
antimicrobial resistance. Non-adherence to prescribed treatments, such as skipping
doses or not completing the full course of antibiotics, can create conditions conducive
to the survival of resistant bacteria. Furthermore, self-medication and the availability
of antibiotics without a prescription in some regions can lead to inappropriate use

and the emergence of resistance (Almagor et al., 2018).

2.4 Salmonella spp., Antibiotics and AMR

Salmonellais commonly encountered in food producing animals, in fact is part of the natural
enteric microbiota of some species (e.g., poultry), most times without manifesting any
clinical signs. The use of antibiotics in animal production, especially when used in
subtherapeutic concentration as growth promoters or for prophylaxis, may impose selective
pressure on Salmonella causing resistant strains to dominate this “ecological” niche. Apart
from this direct route of promoting AMR in Salmonella, the extensive use of antibiotics in
agriculture may lead to the emergence of other resistant bacterial species which could
transfer horizontally resistance genes to Salmonella, due to its wide distribution. Moreover,
Salmonella is the most common foodborne illness causing millions of infections worldwide,
often resulting in hospitalizations. Improper use of antibiotics in medicine poses the same
AMR risks with the extensive antimicrobial use in animal production. Finally, common
disinfectants used in farms or in hospital settings have been found to contribute to the
expansion of antimicrobial resistance due to the activation of efflux pumping mechanisms
(Nhung et al., 2015) or due to the co-selection of resistance to certain drugs by the use of

biocides (Davies and Wales, 2019).

Resistance to crucial antimicrobial agents is a pressing concern in the treatment of infections
caused by Salmonella Typhi and Salmomnella Paratyphi A. Before the mid-1970s,
chloramphenicol was the primary treatment for enteric fever. However, reports of
chloramphenicol-resistant isolates began to surface before 1970, leading to outbreaks of
chloramphenicol-resistant Sa/monella Typhi in Central America and subsequently in South
and Southeast Asia. The resistance determinant for chloramphenicol was found on a
transmissible plasmid of the HI1 incompatibility type, which often carried genes conferring

resistance to streptomycin, sulfonamides, and tetracyclines (Crump and Wain, 2017). As
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chloramphenicol resistance grew, ampicillin and trimethoprim-sulfamethoxazole became the
main treatments. However, trimethoprim-sulfamethoxazole resistance was reportedin 1975
in France, and by the late 1980s, multidrug resistance was reported in different countries
(Rowe, Ward and Threlfall, 1997). With the emergence and spread of multidrug-resistant
Salmonella Typhi, the fluoroquinolone drug ciprofloxacin became the first-line treatment for
enteric fever. Nonetheless, Salmonella Typhi with intermediate susceptibility and resistance
to ciprofloxacin began to be observed from 1992. An epidemic of fluoroquinolone-resistant
Salmonella Typhi was reported from Tajikistan in 1997 (Threlfall et al., 1998). Decreased
fluoroquinolone susceptibility is also emerging in Sa/monella Paratyphi A. In regions where
fluoroquinolone intermediate susceptibility and/or resistance are common, extended-
spectrum cephalosporins have become pivotal in managing severe and complicated enteric
fever, while azithromycin is used for uncomplicated disease (Effa and Bukirwa, 2008).
Although uncommon to date, there have been reports of Salmonella Typhi displaying
resistance to extended-spectrum cephalosporins, such as ceftriaxone. Resistance
mechanisms have included extended-spectrum beta-lactamases (ESBL) and AmpC beta-
lactamases. Similarly, there have been sporadic reports of azithromycin resistance (Crump

and Wain, 2017).

The rise of multiple drug resistance in serovars other than Typhi has had a significant impact
on managing Salmonella septicemia, particularly among infants and young children in
developing countries. For the past three decades, multiple drug-resistant strains have been
implicated in numerous outbreaks, both in the community and in hospital pediatric units
(Kariuki et al., 2015). In numerous low and middle-income countries, the sources and
transmission modes of non-typhoidal Sa/monella remain poorly understood. In low-resource
areas, particularly in sub-Saharan African countries, invasive non-typhoidal Salmonella
disease without diarrhea is prevalent. This invasive form of the disease is severe and often
fatal, making antimicrobial therapy critical for saving lives (Gilchrist and MacLennan,
2019). In industrialized nations, animals serve as the primary source of non-typhoidal
Salmonella infections, and transmission typically occurs through the foodborne route. When
antimicrobial resistance is present, it is often acquired before the organism is transmitted
through the food chain to humans (Eng et al., 2015). In many countries, the most common
non-typhoidal Salmonella serovars are Enteritidis and Typhimurium. Multidrug resistance
has emerged in Salmonella Typhimurium and other non-typhoidal serovars. In the early

1980s, multidrug resistance Salmonella Typhimurium was first reported in the United

15



Kingdom, closely associated with PT DT104. These isolates displayed resistance to
ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracyclines (R-type
ACSSuT). By the 1990s, this resistance phenotype was observed in several other countries,
including the United States, Canada, Israel, Turkey, and Japan, although it has since declined
in many areas (Poppe ef al., 1998). A concerning trend is the emergence of decreased
susceptibility and resistance to fluoroquinolones in various non-typhoidal Salmonella
serovars. This resistance has increased rapidly in some serovars and countries since the mid-
1990s (Li et al., 2018). In certain industrialized countries, decreased fluoroquinolone
susceptibility has been prevalent in a significant proportion of Salmonella serovars
Enteritidis, Typhimurium, Virchow, and Hadar. Particularly high prevalence of decreased
fluoroquinolone susceptibility and resistance has been reported in some southeast Asian
countries (Crump and Wain, 2017). Resistance to extended-spectrum cephalosporins in non-
typhoidal Sa/monella strains has been recognized since the mid-1980s and is often mediated
through beta-lactamases of the ESBLand AmpC type. These strains were frequently reported
in North Africa from the mid-1980s and in Southeast Asian countries, including Singapore,
the Philippines, and Thailand (Pietsch et al., 2021). Of major concern is the emergence of
non-typhoidal Sa/monella expressing both multidrug resistance and ceftriaxone resistance in
various locations. Moreover, non-typhoidal Sal/monella strains with extensive drug
resistance to six or seven antimicrobial classes, including carbapenems, have been reported
in Malaysia and Vietnam. Carbapenem resistance has also been observed in non-typhoidal
Salmonella from multiple countries, such as China, Colombia, Pakistan, and the United
States. The most common mechanism for this resistance was Klebsiella pneumoniae
carbapenemase and New Delhi metallo-beta-lactamase. Some of these isolates also exhibit

resistance to trimethoprim-sulfamethoxazole and azithromycin (Fernandez, Guerra and

Rodicio, 2018).

2.5 Addressing the AMR

The ramifications of AMR extend far beyond mere loss of life. It can result in escalated
healthcare costs, decreased productivity, and disruption of social dynamics. Additionally,
AMR's adverse effects on food security make it more challenging to raise and manage
livestock. To effectively address AMR, a comprehensive approach of antimicrobial
stewardship and conservation strategies is essential to ensure responsible and appropriate
antimicrobial usage (Van Katwyk et al., 2020). Furthermore, fostering substantial

international cooperation in the regulation and surveillance of antimicrobial usage must
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remain a top priority (Hoffman et al., 2015). Research plays a pivotal role in generating
evidence on the impact and effectiveness of various AMR policies, as well as ensuring that
health system investments in AMR are based on robust evidence. However, existing research
has yet to provide definitive clarity on the most effective interventions for achieving AMR
goals across diverse contexts, cultures, and health systems (Van Katwyk et al., 2020).
Consequently, further research is necessary to identify and evaluate suitable interventions

that can effectively combat AMR in different settings and circumstances.

Addressing AMR necessitates a comprehensive and coordinated approach, involving various
stakeholders such as governments, healthcare professionals, veterinarians, researchers,
industries, and the general public. A crucial aspect of this approach involves implementing
antimicrobial stewardship programs within healthcare settings to foster responsible
antimicrobial drug use. These programs require the implementation of guidelines and
protocols that ensure appropriate prescription practices, optimal dosages, and the correct
duration of antimicrobial therapy (Doron and Davidson, 2011). By reducing unnecessary use
and optimizing treatment, the development of resistance can be minimized. Furthermore,
enhancing infection prevention and control measures in healthcare facilities is essential to
prevent the transmission of resistant bacteria. Strict adherence to hand hygiene, proper
disinfection of equipment, and the implementation of effective isolation protocols play a
pivotal role in limiting the spread of resistant pathogens (Musoke et al., 2021). By
collectively adopting these measures, we can take significant steps towards combating AMR

and preserving the effectiveness of antimicrobial drugs.

The establishment of robust surveillance systems to monitor the occurrence of AMR holds
utmost importance. Surveillance plays a critical role in identifying emerging resistance
patterns and facilitates timely responses to address the issue. The data collected through
surveillance serve as a guide for formulating treatment guidelines and informing public
health interventions (Tacconelli ef al., 2018). Moreover, enhancing access to rapid and
accurate diagnostic tests is vital in identifying the causative pathogen and its resistance
profile swiftly. This expedites targeted treatment, avoiding unnecessary or inappropriate use
of antimicrobial drugs (Shanmugakani et al., 2020). In addition to surveillance and
diagnostics, widespread vaccination can significantly contribute to preventing infections,
thereby reducing the reliance on antimicrobial treatment. Vaccines targeting specific
bacterial infections, such as those caused by Salmonella and Streptococcus pneumoniae,can

effectively mitigate the risk of resistance development (Micoli et al., 2021). Lastly,
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encouraging research and development of new antibiotics becomes paramount to replenish
the dwindling supply of effective antimicrobial drugs. Providing incentives to
pharmaceutical companies and increasing funding for research can stimulate innovation in
the discovery of novel antibiotics (Gould and Bal, 2013). By pursuing these multi-pronged
strategies, we can combat AMR effectively and safeguard the effectiveness of antimicrobial

drugs for future generations.

Embracing a One Health approach, which acknowledges the interconnectedness of human
health, animal health, and the environment, is of utmost importance in tackling AMR. Given
that AMR can disseminate among humans, animals, and the environment, coordinated
endeavors are indispensable to address the issue holistically (McEwen and Collignon, 2018).
It is crucial to raise awareness among the public, healthcare professionals, and policymakers
about AMR. Equipping the public with knowledge about the appropriate use of
antimicrobials, the risks associated with resistance, and preventive measures can play a
pivotal role in curbing its spread (Chukwu et al., 2020). Additionally, governments must
enact robust regulations and policies to govern the use of antimicrobials in human medicine,
animal agriculture, and aquaculture. These policies may encompass restrictions on over-the-
counter antibiotic sales, guidelines for the responsible use of antibiotics in agriculture, and
measures to combat environmental contamination (Van Katwyk et al., 2019). By
implementing such measures, we can work collectively to safeguard the efficacy of
antimicrobials and address the challenges posed by AMR. Every year, significant financial
resources are dedicated to global public programs aimed at increasing awareness about
AMR, providing education to healthcare professionals on appropriate prescribing practices,
and reducing antimicrobial usage in both the health and agricultural domains (Van Katwyk
et al.,2019). Despite substantial investmentsin terms of finances and political commitment,
it has proven challenging to establish direct correlations between these programs and
tangible improvements in antimicrobial utilization, resistance rates, or overall health
outcomes (Davey et al.,2013). This difficulty is compounded by notable gaps in surveillance
and information, which hinder the effectiveness of the global response to AMR (Wernli et
al., 2017). Efforts to combat AMR require improved mechanisms for identifying and
prioritizing critical research questions that can drive effective actions. Considerable research
has already been conducted to understand the underlying social and microbial factors
contributing to AMR (Michael, Dominey-Howes and Labbate, 2014). However, the focus

must now shift towards determining the effectiveness of interventions aimed at addressing
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theroot causes of AMR, understanding the reasons behind their success, identifying essential
elements for their effectiveness, and discerning the specific contexts and circumstances in
which these interventions work best (Davey et al., 2013; Van Katwyk et al., 2019). Given
that the bulk of current research mainly addresses interventions in high-income settings
(Davey et al., 2013; Van Katwyk et al., 2019), there is a pressing need for further research
on these subjects that can specifically benefit low- and middle-income countries and other
resource-limited settings. Such research would aim to identify policy interventions that can
be customized to address local needs and priorities. AMR is a global challenge that demands
international cooperation. By fostering collaboration in research, data sharing, and the

implementation of coordinated strategies, we can effectively tackle AMR on a global scale.
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Chapter 3. Colistin, resistance, mcr genes and antimicrobial
susceptibility testing

3.1 Colistin

Colistin, also known as Polymyxin E, is a polycationic peptide antimicrobial that was
discovered in Japan in 1949. It is produced by Bacillus polymyxa and belongs to the
polymyxin class of antibiotics, which exhibit both hydrophilic and lipophilic properties.
Within the polymyxin group, there are five different chemical compounds (polymyxins A,
B, C, D, and E) (Falagas and Rafailidis, 2008; Gallardo-Godoy et al., 2016), but only two of
them, polymyxin B and colistin (polymyxin E), are utilized for clinical purposes (Cassir,
Rolain and Brouqui, 2014). Colistin is available in two forms for clinical use: colistin
methanesulfonate sodium (CMS), which is a prodrug for parenteral administration, and

colistin sulfate (CS), used for oral, inhalation, or topical applications (Brink et al., 2014).

Colistin, containing L-diaminobutyric acid and carrying a positive charge, interacts with the
negatively charged phosphate groups of lipid A, a critical element of the lipopolysaccharide
(LPS) found in Gram-negative bacteria (Deris et al., 2014). Lipid A plays a pivotal role in
bacterial permeability and communication with the cell exterior (Velkov et al., 2010).
Colistin competitively displaces divalent cations like calcium (Ca2+) and magnesium
(Mg2+), which results in the disruption of the three-dimensional structure of LPS and its
function within the bacterial outer membrane. Subsequently, colistin inserts its hydrophobic
terminal acyl fat chain, leading to the enlargement of the external outer membrane
monolayer. This expansion causes permeabilization of the outer membrane, enabling colistin
to penetrate through. This process explains the synergistic effect observed when colistin is
used in combination with other antimicrobials possessing hydrophilic properties, such as b-
lactamics, gentamicin, rifampicin, meropenem, and tigecycline (Bolla et al., 2011). As
colistin acts by incorporating hydrophilic groups into the fatty acid chains of the
phospholipid bilayer of the inner membrane, the stability of the membrane is compromised,
causing a change in its integrity and ultimately resulting in its destruction. This disruption
leads to the inability of the inner membrane to maintain cellular content, leading to cell lysis
(Velkov et al., 2010). Additionally, colistin's binding to lipid A allows it to exert an anti-
endotoxin activity (Falagas and Rafailidis, 2008), preventing the induction of shock by
endotoxins. Overall, colistin works by essentially solubilizing the bacterial cell membrane,

which leads to a bactericidal effect.
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Figure 3. Colistinmode ofaction. A) Colistin interacts withlipid Aand competitively displaces divalent cations
like calcium (Ca?*) and magnesium (Mg?*), which results in the disruption of the three-dimensional structure
of LPS, B) Colistin inserts its hydrophobic terminal acyl fat chain, leading to the enlargement of the external
outer membrane monolayer. This expansion causes permeabilization of the outer membrane, enabling colistin
to penetrate through and C) Colistin acts by incorporating hydrophilic groups into the fatty acid chains of the
phospholipid bilayer of the inner membrane, the stability of the membrane is compromised, causing a change
in its integrity and ultimately resulting in its destruction.

Colistin was initially employed in both human and veterinary medicine back in 1952.
However, from the 1970s to the 1980s, its medical use declined significantly due to concerns
over nephrotoxicity and neurotoxicity. As a result, colistin continued to be primarily used in
veterinary settings during this period. In recent times, the emergence of multidrug-resistant
Gram-negative bacilli, particularly those producing carbapenemase, has led to a resurgence
in colistin's use in human medicine as a last-resort treatment option (Falagas and Rafailidis,
2008; Velkov et al., 2010; Biswas et al., 2012; Azzopardi et al., 2013). Recognizing its
critical role, esteemed organizations such as the World Health Organization (WHO) have
reclassified colistin under the category of "very high importance for Human Medicine"
(WHO, 2018). Colistin falls under Category B of antibiotics critically important in human
medicine, as classified by the European Medicines Agency (EMA). The designation
"Restrict" implies that its use in veterinary medicine should be restricted to minimize
potential risks to public health. This category also includes quinolones (fluoroquinolones
and other quinolones), third and fourth-generation cephalosporins (excluding those with

beta-lactamase inhibitors), and polymyxins. Antibiotics in Category B should be reserved
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for treatment only when antimicrobials in Categories C or D are deemed clinically
ineffective, and there are no viable alternatives available. In such cases, the utilization of
these antibiotics should be guided by the results of AST, particularly those included in
Category B (European Medicines Agency, 2019). Recent data on colistin as monotherapy
have shed light on its pharmacodynamics and pharmacokinetics. However, relying solely on
monotherapy raises concerns about achieving adequate plasma levels, potentially leading to
the development of colistin resistance. As a result, caution should be exercised in its

administration to mitigate the risk of resistance emergence.

Currently, colistin remains a commonly used antibiotic in veterinary medicine, particularly
in pigs, to treat intestinal infections caused by Enterobacterales (Burow ef al., 2019). The
administration of antibiotics like colistin to animals has facilitated the expansion of modern
farm animal production practices. It has enabled improved weaning rates, higher animal
density, and likely improved economic control of pathologies resulting from E. coli
infections, including those caused by verotoxigenic E. coli (VTEC) (Rhouma, Beaudry and
Letellier, 2016). Colistin exhibits poor absorption through the gastrointestinal tract, which
highlights the potential for colistin resistance to emerge due to selective pressure on the
intestinal microbiota (Rhouma, Beaudry and Letellier, 2016). Studies have shown that pigs
treated with colistin generally have higher proportions of resistant bacterial isolates
compared to untreated pigs (Burow ef al., 2019). Similarly, colistin is administered orally to
calves for the treatment of gastrointestinal diseases caused by Gram-negative bacteria. This
practice could also contribute to the isolation of colistin-resistant bacteria from calves,
although conclusive data on the use of colistin in these animals is lacking (Haenni et al.,
2016). The oral route is the most common method of administering colistin in animal
production worldwide, especially when used for prophylactic purposes (Trauffler et al.,
2014). Colistin is primarily administered through feed but can also be given via drinking
water (European Medicines Agency, 2019). The practice of using colistin for prophylaxis or
as a growth promoter for farm animals, which is still prevalent especially in Asia, should be
prohibited. The use of low sub-inhibitory concentrations of antibiotics for prophylaxis or to
enhance animal growth has been associated with the development of antibiotic resistance
(Rhouma, Beaudry and Letellier, 2016). It is noteworthy that antimicrobialsused for animal
growth promotion can often be obtained without veterinary oversight, even within the
European Union. Instead, its clinical use should be restricted to treating enteric infections

caused by susceptible (supported by an AST if possible), non-invasive E. coli (European
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Medicines Agency, 2016). To effectively address the misuse of antimicrobials, maintaining

a high level of hygiene and controlling the microbial load on the farm is crucial.

3.2 Colistin resistance mechanisms and mcr genes

Colistinresistance can be attributed to various mechanisms. Previously, it was believed that
resistance resulted solely from chromosomal point mutations. Since colistin targets the
lipopolysaccharide (LPS) in bacteria, any alteration in this component can affect colistin's
effectiveness (Biswas et al., 2012). Salmonella and E. coli have the ability to modify their
LPS by incorporating  4-amino-4-deoxy-L-arabinose  (L-Ara4N) and/or
phosphoethanolamine (PEtn) in lipid A through biosynthesis. This alteration in the LPS is
linked to resistance acquired through chromosomal-mediated mechanisms. These
mechanisms rely on two-component response regulators and sensor kinase systems:
PmrA/PmrB and PhoP/PhoQ (Falagas, Rafailidis and Matthaiou, 2010; Needham and Trent,
2013; Olaitan, Morand and Rolain, 2014). The first system, PmrA/PmrB, also regulates the
pmr HIJKLM operon, which facilitates the synthesis of N4-aminoarabinose. The chemical
bonding with lipid A fractions alters the cell membrane's charge by neutralizing the
negatively charged phospholipids. This specific resistance mechanism is observed in
Pseudomonas aeruginosa (Ly et al., 2012). The PhoP/PhoQ system regulates the expression
of genes involved in the biosynthesis of LPS, including lipid A. When a bacterium is exposed
to colistin or other stress conditions, the PhoQ sensor kinase is activated in response to
changes in the outer membrane caused by colistin. Upon activation, PhoQ transfers a
phosphate group to the PhoP response regulator, leading to the activation of specific genes
under the control of PhoP. One of the genes activated by PhoP encodes a small
transmembrane protein called MgrB (membrane-associated regulator of PhoP). MgrB acts
as a negative regulator of PhoP by inhibiting its phosphorylation or promoting its
dephosphorylation. When MgrB is active, it prevents the activation of genes involved in lipid
A modification, including the biosynthesis of molecules like 4-amino-4-deoxy-L-arabinose
(L-Ara4N) and/or phosphoethanolamine (PEtn) on lipid A. The inactivation of the mgrB
gene in bacteria, such as Klebsiella pneumoniae, prevents the production of MgrB, which,
in turn, leads to the overexpression of genes responsible for lipid A modifications. This
overexpression alters the negative charge of lipid A and decreases colistin's binding affinity,
thereby conferring resistance to colistin (Lopez-Camacho et al., 2014; Poirel et al., 2015).
On the other hand, Acinetobacter baumannii exhibits colistin resistance by suppressing the

production of lipopolysaccharide (LPS). This lack of LPS production may arise from the
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inactivation of a gene involved in lipid A biosynthesis, such as IpxA, IpxC, or lpxD.
Consequently, this absence of lipid A leads to colistin resistance in Acinetobacter baumannii

(Moffatt e al., 2010).

The mcr-1 gene, a plasmid-mediated colistin resistance gene, was initially reported in China
in 2015 (Liu et al., 2016), and later found in various regions across Asia, Africa, Europe,
and America (Giamarellou, 2016; Rhouma, Beaudry and Letellier, 2016; Schwarz and
Johnson, 2016). This gene encodes an enzyme that alters the lipid A component of LPS,
replacing it with a metabolite of phosphoethanolamine, which prevents its binding to
colistin. The concerning aspect is that bacterial resistance to colistin can be transferred along
with resistance to broad-spectrum cephalosporins, as both the mcr-1 gene and extended-
spectrum beta-lactamase gene (ESBL) can be carried on a single plasmid. This poses
significant challenges in treating infections caused by Gram-negative bacteria. Additionally,
a chromosomally-located mcr-1 gene was detected in two colistin-resistant E. coli isolates

collected from calves (Veldman et al., 2016).

Subsequently, a new colistin resistance gene called mer-2 was found in Belgium. This gene
was carried by a plasmid in E. coli isolates obtained from samples of porcine and bovine
origin. Notably, these isolates also co-harbored ESBL genes (Xavier et al., 2016). Since then,
the discovery of seven more mcr homologues (mcr-3 to mcr-9) in Enterobacterales has been
reported (Yang et al., 2018; Carroll et al., 2019). PCR tests have been developed to facilitate
the detection of these resistance genes (Rebelo ez al., 2018). This mechanism can be acquired
during therapy and is easily transmitted, thereby contributing to the rapid spread of

resistance.

Interestingly, the presence of multiple mcr genes in E. coli does not necessarily result in a
significant difference in minimum inhibitory concentration (MIC) when compared to
resistant Salmonella isolates carrying only the single plasmid mcr-1 gene (Quesada ef al.,
2016). Inresistant Enterobacterales isolated from swine, the mcr-1 gene was often associated
with a low level of resistance, with most isolates showing MICs of 4 or 8 mg/L. These values
are only 2-4 times higher than the clinical breakpoint of 2 mg/L set by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) and Clinical Laboratory
Standard Institute (CLSI) (Anjum et al., 2016; Liu et al., 2016; Quesada et al., 2016). Strains
with MICs below 2 mg/L are considered susceptible according to the EUCAST protocol and
intermediate according to CLSI; however, the susceptible category was recently eliminated

by CLSI. Bacteria that are resistant to colistin often exhibit resistance to other commonly
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used antibiotics, including aminoglycosides, tetracycline, sulfonamide and trimethoprim,
lincosamide, beta-lactams, quinolones, and third-generation cephalosporins. These resistant
strains employ various mechanisms, such as enzymatic activity, efflux pumps, reduced
permeability, or point mutations, to evade the effects of these antibiotics (Anjum ez al.,2016;
Falgenhauer et al., 2016; Haenni et al., 2016; Malhotra-Kumar et al., 2016; Poirel et al.,
2016).

The rise of resistance to colistin, which serves as one of the limited treatment options for
patients infected with carbapenem-resistant K. pneumoniae and other crucial antimicrobial
groups, is a major challenge, particularly in human infections. In 2017, the European Centre
for Disease Prevention and Control (ECDC) reported that colistin-resistant isolates
accounted for 8.5% (2.4% of all reported K. pneumoniae isolates and sporadic cases in E.
coli). Greece and Italy were responsible for the majority (88.5%) of these reported cases
(European Centre for Disease Prevention and Control, 2017). Conversely, the same data
source revealed thatin 2016, only 51.3% ofall P. aeruginosa isolates exhibited susceptibility
to colistin. Regarding Acinetobacter spp., colistin susceptibility data were observed in up to
51.3% of all isolates (European Centre for Disease Prevention and Control, 2017). However,
the ECDC warned in 2018 that these findings might not be fully representative of Europe as
a whole and should be approached with caution. The caution arises due to the low number
of isolates tested, the relatively high proportion of isolates from regions with high resistance,
and the technical complexities involved in colistin susceptibility testing (European Centre

for Disease Prevention and Control, 2017).

The potential transmission of colistin-resistant £. coli between different species is a viable
concern, especially from swine (Olaitan et al., 2015) or pets (Zhang et al., 2016) that have
close interactions with humans. The transmission of mcr-1 resistance from animals to
humans raises important questions about the implications of using colistin in veterinary
medicine, including pet treatments and farm animal production, and its potential entry into
the human food chain (Olaitan ef al., 2015). The presence of mcr-1 in the environment and
its ability to be transmitted through various routes to humans further highlight the possibility
of the gene transferring from animals to humans. However, these transmission routes

necessitate further in-depth research and comprehensive studies for a better understanding.
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3.3 Colistin antimicrobial susceptibility testing

Accurate AST data is crucial for both individual patient management and epidemiological
studies, especially when dealing with bacteria isolated from infected humans and animals.
However, colistin's binding to various laboratory materials poses several technical
challenges, leading to potentially misleading or incorrect susceptibility results. A survey
conducted in 2017 among laboratories providing data revealed that a significant number of
them either did not conduct local colistin susceptibility testing or used methods that were

not recommended (European Centre for Disease Prevention and Control, 2017).

The Clinical & Laboratory Standards Institute (CLSI) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST), organizations responsible for
standardizing laboratory protocols for antimicrobial susceptibility testing, collaborated to
establish guidelines for colistin susceptibility testing. They jointly issued recommendations
affirming that, currently, microdilution is the only valid method for determining colistin
susceptibility. Assessing susceptibility to colistin poses several challenges related to the
methodology. The reference method for performing an antimicrobial susceptibility test AST
is the microdilution method (BMD) outlined in the 20776-1 standard, which is currently
validated for Enterobacterales, P. aeruginosa, and Acinetobacter spp. Standardization efforts
have been made regarding culture media, colistin formulation, and the type of plastic used
in microplates. However, this method is laborious and time-consuming, requiring a
minimum of 24-48 hours to produce results. Other susceptibility testing methods, such as
agar dilution, disk diffusion, gradient diffusion, and automated methods (e.g., Vitek2,
Phoenix), are not recommended for colistin susceptibility testing, rendering much of the

available epidemiological data inaccurate.

EUCAST has established clinical breakpoints for colistin susceptibility testing in different
bacterial species. For Enterobacteriaceae, which includes Escherichia coli and Klebsiella
spp. (excluding Proteus spp., Morganella morganii, Providencia spp., and Serratia spp.),
and for Acinetobacter baumannii, the clinical breakpoints are currently set at <2 pg/mL for
colistin-susceptible isolates and >2 pg/mL for colistin-resistant strains. For Pseudomonas
aeruginosa, the values are <4 pug/mL for a colistin-susceptible isolate and >4 pg/mL for a
colistin-resistant isolate. These breakpoints are currently being reviewed and may be subject
to changes in the future. For non-clinical surveillance purposes, the epidemiological cut-off

(ECOFF) value for colistin can vary within a bacterial genus. This is particularly relevant
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for certain intrinsically less susceptible Salmonella serovars, such as Salmonella Dublin

and Salmonella Enteritidis (Catry et al., 2015).

Optimizing newer methods, including molecular approaches, is still necessary as they can
currently detect only a limited number of known resistance genes, making them insufficient
for a formal susceptibility assay. For instance, the presence of resistance genes like mcr
indicates resistance to colistin, but the absence of such genes does not guarantee
susceptibility. A promising novel method based on flow cytometry has been developed,
enabling AST determination within 2 hours instead of the conventional 2 days when using
positive blood cultures or colonies (reducing it to 1 day). This advancement has the potential
to revolutionize the diagnostic paradigm (Fonseca E Silva et al., 2019; Van Belkum et al.,
2020). Given the increasing antimicrobial resistance, there is an urgent need for
microbiological laboratories to provide quick AST reports to aid in timely and effective

treatment decisions.
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Chapter 4. Colistin resistance and Salmonella enterica

In Salmonella enterica, the development of chromosomal colistin resistance is linked to the
activation of two-component regulatory systems, namely PmrA/PmrB and PhoP/PhoQ.
These systems are responsible for the biosynthesis of L-Ara4N and PEtn, and their activation
is triggered by environmental stimuli, such as a low concentration of Mg2+, or specific
mutations in the genes encoding these regulatory systems (Lima, Domingues and Da Silva,
2019). Mutations in the PmrA/PmrB and PhoP/PhoQ systems result in their constitutive
expression, leading to the continuous activation of the arnBCADTEF and pmrCAB operons,
respectively. This, in turn, leads to the permanent addition of L-Ara4N and PEtn to lipid A,
making it less susceptible to the action of colistin (Olaitan, Morand and Rolain, 2014). Other
alterations that can contribute to colistinresistance in S. enterica include deacylation of lipid
A by Pagl. and activation of the transcription of genes involved in bacterial adaptation and

survival by RpoN. However, these mechanisms are less commonly observed.

Various serovars of Salmonella enterica have been found to carry plasmid-mediated colistin
resistance genes, including mer-1, mer-2, mer-3, mer-4, mer-5, and mer-9 (Lima, Domingues
and Da Silva, 2019). Similar to other bacterial species, mcr-like genes have been detected in
isolates from various sources, such as food-producing animals, food products, and human
samples. These genes are often located within diverse genetic environments and plasmids.
Interestingly, the presence of mcr genes may not always result in high levels of colistin
resistance. In some cases, it has been associated with low levels of resistance, which could
allow the mcr bearing strains to persist undetected (Lima, Domingues and Da Silva, 2019).
In fact, the direct link between the presence of mcr genes and colistin resistance in
Salmonella is not entirely clear. These genes have also been identified in susceptible strains.
It is worth noting that only a small number of resistant strains actually carry these genes.
This observation suggests that other mechanisms of resistance to colistin may be at play

(Bertelloni et al., 2022).

Salmonella Typhimurium is the predominant serotype carrying mcr genes, and it is also
known for causing a significant number of human infections (Eng et al., 2015). Monophasic
variants of S. Typhimurium, such as 1,4,[5],12:1:-, are also commonly observed carrying mcr
genes. Interestingly, mcr-positive Paratyphi B has been detected in animal samples, despite
this serotype typically infecting humans (Eng et al., 2015). Food-producing animals,
particularly poultry and swine, appear to be the primary reservoir for mcr-positive S. enterica
strains. China has seen the highest number of mcr-positive S. enterica strains, which

28



correlates with the extensive use of colistin in livestock and veterinary medicine in the
country, leading to the emergence of resistance (Sun et al., 2018). In some European
countries, like Italy and Portugal, where colistin is frequently used for therapeutic and
metaphylactic purposes in animal husbandry, there have also been reports of emerging

isolates carrying the mcr genes (Lima, Domingues and Da Silva, 2019).

Itis reasonable to assume that the continuous use of colistin in poultry and swine likely leads
to a positive selective pressure for colistin-resistantbacteria to develop (Portes et al., 2022).
The mcr resistance genes appear to have been horizontally transmitted to Salmonella
through contact with E. coli, which was the first bacterial species to exhibit this gene (Liu et
al.,2016). Animal husbandry involving resistant strains may contaminate the final products,
such as meat and eggs (Hu et al., 2019). These resistant microorganisms can then reach
humans through contaminated food (Ferrari, Panzenhagen and Conte-Junior, 2017).
Transmission can occur through the fecal-oral route, resulting in the human-to-human spread
of colistin-resistant Salmonella strains (Gopinath, Carden and Monack, 2012). Additionally,
the movement of asymptomatic humans with salmonellosis between different countries has
contributed to the global spread of these strains (Arcilla et al., 2016). Hence, the presence of
mcr genes in Salmonella should not be underestimated, as it is a zoonotic pathogen of

significant concern for public health (Portes et al., 2022).

The presence of colistin resistance genes integrated into mobile genetic elements, such as
plasmids, is a significant concern due to their ability to horizontally transfer between
different bacteria. Moreover, these mcr genes can be found alongside other resistance genes,
such as blaCTX-M, floR, and/or qgnr, leading to strains resistant to multiple classes of
antibiotics, including polymyxins, most beta-lactams (including broad-spectrum
cephalosporins and monobactams), amphenicols, and quinolones (Lima, Domingues and Da
Silva, 2019). For example, in a study, mcr-1 and blaCTX-M-1 genes were found on a plasmid
of type IncHI2, and they were co-transferred from S. enterica isolated from swine retail meat
through conjugation under colistin selection (Figueiredo et al., 2016). The co-occurrence of
resistance genes can compromise the treatment of complicated gastroenteritis and invasive
infections caused by S. enterica, as it leads to limited treatment options and challenges in

managing infections.

Currently, the epidemiological data concerning colistin resistance and the spread of mcr
genes in Salmonella are incomplete, making it challenging to establish clear connections

between colistin usage in human and veterinary medicine. A significant obstacle is the
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limited number of Salmonella isolates tested for colistin resistance (and mcr genes) across
different regions and countries. This scarcity of data can be attributed to the difficulties and
cost associated with conducting colistin susceptibility testing, with only the broth
microdilution method being deemed acceptable. However, there is a growing awareness of
the importance of monitoring AMR, including colistin resistance, and the European Centre
for Disease Prevention and Control (ECDC) has included colistin in the list of monitored
antimicrobials. This increased attention and surveillance efforts could potentially provide
more insight into the intricate relationship between colistin resistance and Salmonella
isolates of human origin. By obtaining a more comprehensive understanding of this issue, it
will be possible to address the challenges posed by colistin resistance more effectively in

both human and veterinary medicine.
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PART B. THE STUDY

Chapter 5. Objectives

This study aimed to provide the first data on the distribution and the mechanisms of colistin
resistance in Salmonella enterica isolates of human origin in Greece, which were deposited
in the sample bank of the National Sa/monella and Shigella Reference Centre (SSRC) in
2022. The key objectives of this study were: 1) the estimation of the Minimal Inhibitory
Concentration (MIC) of colistinin Sa/monella enterica human isolates using a commercial
kit based on the broth microdiluton method (BDM) and i1) the investigation of the genetic
basis of mcr-mediated colistin resistance (if detected) in Salmonella enterica isolates by
employing two standardized and validated conventional multiplex PCR protocols for the

detection of mcr 1-5 and mcer 6-9 plasmid-borne genes, respectively.

31



Chapter 6. Materials & Methods

6.1 Samples

Surveillance of Salmonella strains originating from humans is conducted by the National
Salmonella and Shigella Reference Centre (SSRC) in Greece. During the year 2022, the
SSRC received a total of 660 specimens of Salmonella from various hospitals across Greece.
These specimens were cultured on XLD agar (XLD AGAR ISO FORM, Biolife, Milan,
Italy) and then placed in a CO; incubator (MCO-17A, Sanyo, Japan) for a duration of 20
hours to confirm the presence of Salmonella. Subsequently, individual colonies were
introduced into nutrient agar (NUTRIENT AGAR, Biolife, Milan, Italy) and cultivated for
20 hours under the same CO; incubator conditions. Following this, the samples were
preserved in glycerol at a temperature of -80°C. Within this collection of samples, a subset
of 120 were chosen at random to specifically monitor colistin resistance. These selected
samples were collected from 18 different prefectures across Greece. The majority of these
samples were subjected to serotyping, and relevant information such as antigenic type, along
with patient age (structured at 4 Groups, Group A: 0 — 5 years old, Group B: 6 — 14 years
old, Group C: 15 — 64 years old, Group D: > 65 years old) and gender data, was duly
recorded. Descriptive statistics were produced in SPSS v23 software (IBM Corp., Armonk,
NY, USA).

6.2 Colistin susceptibility testing

The procedure of introducing the samples which were selected for colistin susceptibility
testing (CST) into XLD and nutrient agars was replicated, following the method outlined
earlier. The CST was executed using a commercially available kit (ComASP Colistin,
Liofilchem®, Roseto degli Abruzzi (Te), Italy) that adheres to the broth microdilution
technique and has been sanctioned by EUCAST. The kit was used according to the
manufacturer’s instructions. In a concise overview of the process, the samples were diluted
in saline and standardized to McFarland 0.5 turbidity. The standardized suspension was then
further diluted in saline at a ratio of 1:20 (Solution A). Subsequently, 0.4 ml of Solution A
was introduced into pre-filled vials containing Mueller Hinton II Broth (Solution B). A total
of 100 ul of Solution B was placed in each well of a designated row within the test panel.
This panel encompassed desiccated colistin at 7 incremental dilutions (ranging from 0.25
pg/ml to 16 pg/ml), as outlined in the provided table (Table 1). Following this, the panels

were incubated at a temperature of 37°C for a duration of 20 hours.
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Table 1. Configuration of colistin test panel.

Test Colistin Concentration (pg/ml)
A Growth 0.25 0.50 1.00 2.00 4.00 8.00 16.00
B Growth 0.25 0.50 1.00 2.00 4.00 8.00 16.00
C Growth 0.25 0.50 1.00 2.00 4.00 8.00 16.00
D Growth 0.25 0.50 1.00 2.00 4.00 8.00 16.00

Growth was evident either as turbidity or as a sediment at the well's base (Figure 4). When
the incubation period concluded, growth patterns were observed within the wells, and the
Minimum Inhibitory Concentration (MIC) was determined as the lowest colistin
concentration that hindered visible growth. In accordance with EUCAST guidelines, the
MIC breakpoints for Enterobacterales are as follows: 1) susceptible when <2 pg/ml and i1)
resistant when > 2 pg/ml. To ensure testing accuracy, two strains of Klebsiella pneumoniae,
one that was colistin-susceptible (with an MIC of 0.5 pg/ml) and the other colistin-resistant,
were procured from the Centre for Antimicrobial Resistance (Central Public Health
Laboratory, National Public Health Organization, 16672 Vari, Greece) and employed as

controls to assess test and user quality. Antibiotic resistance data were also recorded for

colistin resistant samples.

Figure 4. Turbidity showing the growth of Salmonella in the kit’s wells. Turbidity is firstly hindered in the
wells in the red circles, corresponding to MIC values of 2 pg/ml, thus the samples are colistin susceptible.

6.3 Conventional multiplex PCR assays for mcr genes detection

DNA was extracted from fresh overnight agar cultures of colistin resistant Salmonella
enterica isolates using the thermal cell lysis method. In brief, the bacterial cells were

suspended in 100 pl of water into a sterile Eppendorf tube. The tubes were then subjected in
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a boiling water bath at 100°C for 15 minutes. Following this, the tubes were promptly
transferred to an ice bath for 5 minutes to cool the resulting lysate. Lysates were centrifuged
at high speed for 10 minutes to pellet cellular debris. Supernatants, containing the extracted

DNA, were placed into fresh tubes and stored at -20°C for PCR testing.

Each crude DNA sample was tested with two conventional multiplex PCR assays targeting
mcr 1-5 and mcr 6-9 genes, respectively, using the primer sets and protocols suggested by
EUCAST. The primer sets, sequences and amplicon lengths are presented in the tables below.
All conventional PCR assays were performed in a total volume of 25 pL, consisting of 12.5
puL 2x KAPA 2G Fast Multiplex PCR Mix (Kapa Biosystems Pty (Ltd), Cape Town, South
Africa)and 2 pl of crude DNA samples. For the first multiplex PCR (mcr 1-5) the rest of the
volume was made of 5 pl primer mix (consisting of 0.5 pl of 10uM forward primer solution
and 0.5 pl of 10uM reverse primer solution for each mcr gene, a total of 5 mcr genes were
targeted) and 5.5 pl of H,O. For the second multiplex PCR (mcr 6-9) the rest of the volume
was made of 4 pl primer mix (consisting of 0.5 pl of 10uM forward primer solution and 0.5
pl of 10uM reverse primer solution for each mcr gene, a total of 4 mcr genes were targeted)

and 6.5 ul of H>O.

Table 2. Multiplex PCR primer sequences and expected amplicon sizes for the detection of mcr 1-5 genes.

Amplicon size
Primer name Sequence (5’-3°) Target gene

(bp)
mcerl _320bp fw AGTCCGTTTGTTCTTGTGGC
mcr-1 320
mcrl 320bp rev AGATCCTTGGTCTCGGCTTG
mcer2_715bp fw CAAGTGTGTTGGTCGCAGTT
mcr-2 715
mcr2_715bp rev TCTAGCCCGACAAGCATACC
mcr3_929bp fw AAATAAAAATTGTTCCGCTTATG
mcr-3 929
mcr3_929bp rev AATGGAGATCCCCGTTTTT
mcrd_1116bp _fw TCACTTTCATCACTGCGTTG
mcr-4 1116
mcrd4_1116bp rev TTGGTCCATGACTACCAATG
mcer5_1644bp fw ATGCGGTTGTCTGCATTTATC
mcr-5 1644

mcr5_1644bp_rev TCATTGTGGTTGTCCTTTTCTG
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Table 3. Multiplex PCR primer sequences and expected amplicon sizes for the detection of mcr 6-9 genes.

Amplicon size

Primer name Sequence (5’-3’) Target gene (bp)
mcr6_252bp fw AGCTATGTCAATCCCGTGAT
mcr-6 252
mcr6 _252bp rev ATTGGCTAGGTTGTCAATC
mcr7 _551bp fw GCCCTTCTTTTCGTTGTT
mcr-7 551
mcr7 _551bp rev GGTTGGTCTCTTTCTCGT
mcr8_856bp fw TCAACAATTCTACAAAGCGTG
mcr-8 856
mcr8_856bp rev AATGCTGCGCGAATGAAG
mcr9_1011bp fw TTCCCTTTGTTCTGGTTG
mcr-9 1011
mcr9 _1011bp rev GCAGGTAATAAGTCGGTC

Cycling conditions for the first multiplex PCR (mcr 1-5) were: pre-denaturation at 94°C for
15 minutes, followed by 25 cycles of 1) denaturation at 94°C for 30 seconds, i1) annealing at
58°C for 90 seconds and ii1) extension at 72°C for 60 seconds. The final extension step was
done at 72°C for 10 minutes. Cycling conditions for the second multiplex PCR (mcr 6-9)
were: pre-denaturation at 95°C for 3 minutes, followed by 30 cycles of 1) denaturation at
95°C for 30 seconds, ii) annealing at 55°C for 30 seconds and iii) extension at 72°C for 60
seconds. The final extension step was done at 72°C for 10 minutes. Water, substituting the
DNA samples, was used as negative control for both reactions. Positive controls, i.e. purified
DNA from Centre for Antimicrobial Resistance (Central Public Health Laboratory, National
Public Health Organization, 16672 Vari, Greece) was available only for mcr 1-5 genes. The
reactions were performed in a SimpliAmp™ thermal cycler (Applied Biosystems,
Singapore). PCR products were analyzed in a 2% agarose gel. The 100 — 3000 bp DNA
Rainbow Ladder (GeneON GmbH, Ludwigshafen am Rhein, Germany) was used to assess

amplicon lengths.
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Chapter 7. Results

7.1 Samples

A total of 120 Salmonella specimens were selected at random and incorporated into the
research. Among these samples, serotyping information was accessible for 89 of them. The
prevailing serotypes observed were S. Enteritidis (n=35, constituting 29.2% of the included
samples), followed by S. Bovismorbificans (n=16, 13.3%), S. Give (n=9, 7.5%), and S.
Typhimurium (n=7, 5.8%). The details regarding serotypes and their corresponding antigenic
types are succinctly outlined in the provided table (Table 4) and visually depicted in the
accompanying pie chart (Figure 5). The serotypes were also classified based on their

prefecture of origin (Figure 6).

Table 4. List of serotypes, antigenic types and their frequencies of the samples included in the study.

Percent (% of total

Serotype Antigenic type Frequency samples)
Monophasic Typhimurium 4:1:- & 4,5:1:- 4 3.3
S. Hermannswerder 28:c:1,5 1 0.8
S. Typhimurium 4,5:1:1,2 7 5.8
S. Newport 6,8:¢,h:1,2 2 1.7
S. Livingstone 6,7:d:l,w 1 0.8
S. Paratyphi B 4,5:b:1,2 1 0.8
S. Infantis 6,7:r:1,5 4 3.3
S. Virchow 6,7:r:1,2 1 0.8
S. Inganda 6,7:210:1,5 1 0.8
S. Enteritidis 9,12:g,m:- 35 29.2
S. Agona 4,5:f,g,s:- 1 0.8
S. Bovismorbificans 6,8:r:1,5 16 13.3
S. Derby 4:f,g:- 1 0.8
S. Oranienburg 6,7:m,t:- 1 0.8
S. Hindmarsh 8:r:1,5 1 0.8
S. Give 3,10:1,v:1,7 9 7.5
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Figure 5. Pie chart representing the serotypes of the samples included in this study.
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Figure 6. Scatterplot of the classification of serotypes based on their prefecture of origin.
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Age and gender were additional parameters under examination. In detail, 40 samples
(33.3%) fell into age Group A (0 — 5 years old), 20 samples (16.7%) were in Group B (6 —
14 years old), 27 samples (22.5%) belonged to Group C (15 — 64 years old), and 15 samples
(12.5%) were in Group D (> 65 years old). Missing patient age data accounted for 15% of
the samples. Furthermore, serotypes were categorized according to age groups. Notably, the
majority of S. Enteritidis cases were detected in Group A and Group B, while a larger portion
of S. Bovismorbificans cases emerged in Group C and Group D (Figure 7). Regarding sex-
based classification of samples, 38.3% originated from female patients, while 55%

originated from male patients. Missing patient sex data accounted for 6.7% of the samples.

M0 Age Group
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Figure 7. Number of cases per age group and number of cases per age group and serotype.

7.2 Results of colistin susceptibility testing

Results from colistin susceptibility testing indicated that 10% of the samples (12 out of the
120) exhibited resistance to colistin. Among these, nine samples were attributed to the S.
Enteritidis serotype, while one belonged to the S. Typhimurium, another to the Monophasic
Typhimurium (antigenic type 4,5:1-), and one to an unidentifiable serotype. The majority of
these colistin-resistant isolates were sourced from Group A and Group B (young
individuals), with one originating from Group C and another from Group D. Notably, two of
the colistin-resistant S. Enteritidis isolates also demonstrated resistance to nalidixic acid and
pefloxacin, while an additional two isolates of the same serotype displayed resistance to
ampicillin and tetracycline. Key details, encompassing MIC values, age groups, and genders,

are succinctly compiled within Table 5.
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Table 5. Summary of serotypes, antigenic types, MIC values, age group and sex for the colistin resistant

Salmonella isolates.

Antigenic MIC
Sample ID Serotype Age group Sex
type (ng/ml)
1 S. Enteritidis 9,12:g,m:- 4 Group B Female
2 S. Enteritidis 9,12:g,m:- 4 Group A Male
3 - - 8 Group C Male
4 S. Byphimurium 4,5:1:1,2 4 Group A Female
5 S. Enteritidis 9,12:g,m:- 4 Group B Male
6 S. Enteritidis 9,12:g,m:- 4 Group B Female
7 S. Enteritidis 9,12:g,m:- 4 Group B Female
8 S. Enteritidis 9,12:g,m:- 4 Male
Monophasic
9 4,5:i:- 4 Female
Typhimurium
10 S. Enteritidis 9,12:g,m:- 8 Group D Male
11 S. Enteritidis 9,12:g,m:- 8 Group A Male
12 S. Enteritidis 9,12:g,m:- 4 Group A Female

7.3 PCR assays for mcr genes detection

Throughout this investigation, solely the Sal/monella enterica isolates that displayed

resistance to colistin underwent evaluation using the previously described conventional PCR

assays to detect the presence of mcr genes. It is noteworthy that none of the samples yielded

positive results for mcr genes

1-9.

Samples Controls

Figure 8. PCR results of six Salmonella enterica isolates (samples) along with the controls. The faint bands are
non-specific, probably generated during the isolation of crude DNA with the boiling method.
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Chapter 8. Discussion

In this study, 120 Salmonella enterica human isolates, collected within 2022 from SSRC,
were randomly selected and tested for colistin resistance and the presence of mcr genes in
resistant isolates. The outcome of the antimicrobial susceptibility testing revealed that 10%
of the isolates displayed resistance to colistin; nevertheless, none of the colistin-resistant
isolates exhibited the presence of mcr genes. While investigations into colistin resistance in
Salmonella enterica isolates from animals have previously been conducted, as far as my
knowledge extends, this study represents the initial endeavor to specifically examine colistin

resistance in human isolates within the context of Greece.

Specimens were gathered from hospitals dispersed throughout Greece, encompassing a span
of 18 distinct prefectures. The majority of these samples originated from the Attica
prefecture. However, this outcome was in line with expectations, considering that
approximately half of the Greek populace resides in Attica and the area boasts the highest
concentration of hospitals relative to its land area within Greece. A significant proportion of
patients were distributed across age Groups A, B, and D, encompassing both younger and
older individuals. This pattern is interesting given that age Group C (15 — 64 years old)
constitutes the largest share of the Greek population, accounting for approximately 63.43%
as per 2021 data (Statista, 2023). This aligns with the recognized tendency for
hospitalizations linked to Sa/monella infections to largely manifest within the YOPI category
(young, old, pregnant, and immunocompromised individuals) (Gil Prieto et al., 2009).
Variations in the proportions of female and male patients are likely attributed to randomness
stemming from the sample size. Notably, a significant share of the examined serotypes were
attributed to S. Enteritidis, a well-known instance of one of the most frequently encountered
serotypes isolated from human sources as reported by the CDC (Centers for Disease Control
and Prevention, 2022). Intriguingly, the second most prevalent serotype within the analyzed
sample was S. Bovismorbificans. This particular serotype was primarily found in the Attica
and Larissa prefectures; however, a distinct and definitive epidemiological connection
between prevalence, serotype, prefecture of origin, or age group was not conclusively
established. Given the limited scope of this study, no attempts were made to establish
epidemiological connections among serotypes, the prefecture of origin, patient age, and
gender. This precaution was taken to prevent any potential biases stemming from the size of

the studied sample.
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In the context of this study, the occurrence of colistin-resistant Sa/monella strains in 2022
was found to be 10%. Information regarding colistin resistance within the European Union
is generally limited. According to the most recent report available from the European Centre
for Disease Prevention and Control (ECDC) on antimicrobial resistance in Salmonella spp.
(all non-typhoidal serovars) from human sources, a total of 2957 Salmonella isolates were
subjected to testing (European Food Safety Authority and European Centre for Disease
Prevention and Control, 2022). The highest prevalence of colistin-resistant Salmonella
isolates was documented in the Netherlands (21.5%), succeeded by Estonia (16.8%) and
Denmark (6.7%). In comparison, the average prevalence across the European Union stands
at 7.1%. Preliminary findings from this study indicate that the prevalence of colistin
resistance in Salmonella isolates from human sources closely aligns with or slightly
surpasses the EU average. Interestingly, data derived from the same report highlight that
colistin resistance among Salmonella isolates from animals involved in food production is
relatively low within the EU (below 3%), except for laying hen flocks where colistin
resistance was observed in 7.2% of the isolates. This percentage is akin to the proportion of

colistin-resistant isolates originating from human sources.

The predominant portion (9 out of 12) of isolates displaying colistin resistance in this study
were identified as belonging to the S. Enteritidis serotype. Specifically, 25.7% of the S.
Enteritidis serotype strains within this study exhibited colistin resistance. In contrast, in
Europe, approximately 20.5% of tested S. Enteritidis serotypes isolated from humans
demonstrated colistin resistance. Notably, the primary sources of colistin-resistant S.
Enteritidis serotypes among food-producing animals were laying hens (15.9% of the tested
serotypes), broilers (11.5%), and turkeys (9.1% of the tested serotypes) as documented by
the European Food Safety Authority (EFSA) (European Food Safety Authority and European
Centre for Disease Prevention and Control, 2022). Given that S. Enteritidis ranks as the most
frequently isolated serotype from human cases and constitutes a major source of Salmonella
infections linked to chicken eggs (Raspoet ez al.,2011), it's plausible that an epidemiological
connection exists between the prevalence of colistin-resistant S. Enteritidis isolates in
poultry and those in humans. The remaining colistin-resistant isolates were affiliated with
serotypes S. Typhimurium, S. Monophasic Typhimurium, and an unidentified serotype. In
Europe, the colistin resistance prevalence for S. Typhimurium and S. Monophasic

Typhimurium isolates stands at approximately 2.9% and 1.5%, respectively. However, the
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sample sizes for S. Typhimurium and S. Monophasic Typhimurium in this study were

insufficient for assessing the prevalence of colistin-resistant isolates within Greece.

PCR testing for the presence of mcr genes in the identified colistin resistantisolates showed
that none of them harbored any of the mcr1-9 genes. Notably, it is important to highlight the
observed contrast between the high prevalence of colistin resistance and the limited presence
of mcr genes within the S. Enteritidis serotype (Fortini e al., 2022). This particular serotype,
belonging to serogroup D, has garnered global recognition for its intrinsic predisposition to
colistin resistance (Luo et al., 2020). For example, EFSA reported instances of colistin
resistance in various isolates of S. Enteritidis, with this particular serovar representing
33.3%, 52%, and 60.2% of colistin-resistantisolates found in broiler carcasses, broilers, and
laying hens, respectively (European Food Safety Authority and European Centre for Disease
Prevention and Control, 2022). Both S. Enteritidis and S. Dublin belong to group D
salmonellas (serogroup O9) and tend to exhibit reduced susceptibility to colistin, even
though there are no known acquired or mutational colistin resistance mechanisms associated
with them (European Food Safety Authority and European Centre for Disease Prevention
and Control, 2022). It has been proposed that the O-antigen epitope within Salmonella group
D plays a role in determining their susceptibility to colistin (Fortini ef al., 2022). This is
because the O-antigens of Salmonella group D differ from those of group B, primarily due
to the presence of tyvelose instead of abequose as the side-branch sugar. Furthermore,
increased susceptibility to colistin in Salmonella group D has been attributed to a frameshift
mutation identified in the rfc gene, which encodes the O-antigen polymerase (Fortini et al.,

2022).

S. Typhimurium, on the other hand, has been documented as the prevailing serotype known
to harbor mcr genes. Importantly, S. Typhimurium ranks among the most commonly
occurring serotypes responsible for human infections (Lima, Domingues and Da Silva,
2019). Additionally, variants of S. Typhimurium, such as the monophasic type 1,4,[5],12:1:,
are frequently reported to carry mcr genes. It is pertinent to mention that while mer-positive
Paratyphi B isolates have been identified in animal samples, however this serotype primarily
infects humans, often leading to invasive diseases (Lima, Domingues and Da Silva, 2019).
We also have to consider that the presence of mcr genes does not always correlate with
elevated levels of colistin resistance. In certain instances, mcr-bearing strains have been
linked to lower degrees of resistance, potentially allowing them to persist without detection

(Lima, Domingues and Da Silva, 2019). The direct connection between mcr gene presence
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and colistinresistance in Sa/monella remains somewhat elusive. These genes have even been
identified in strains that are susceptible to colistin. Surprisingly, only a minority of resistant
strains actually carry these genes. This observation implies that alternative mechanisms of
colistinresistance play a significantrole (Bertelloni et al., 2022). Chromosomally mediated
colistin resistance is primarily described in human clinical isolates of Enterobacterales. Its
prevalence is expected to rise, particularly in human medicine, where colistin is increasingly
employed as a last-resort antimicrobial against carbapenemase-producing pathogens
(Binsker, Kdsbohrer and Hammerl, 2022). Moreover, given the extensive utilization of
colistin in veterinary medicine, it's reasonable to anticipate a further increase in
chromosomally mediated colistin resistance and the dissemination of mobile colistin
resistance mechanisms. This expectation is exemplified by zoonotic agents like S. Enteritidis

and the monophasic variant of S. Typhimurium (Fortini et al., 2022).

The presence of colistin resistance genes integrated into mobile genetic elements, like
plasmids, raises significant concerns due to their capacity to transfer horizontally between
different bacterial species. To illustrate, the mcr-1 gene located on plasmids was initially
reported in late 2015 in E. coli samples collected from animals in China (spanning the period
2011-2014). This same gene was also identified in K. pneumoniae and E. coli samples from
Chinese patients in 2014 (Hussein ef al., 2021). These observations gave rise to the theory
that mcr genes originated in E. coli and subsequently spread to other bacterial species,
although this hypothesis lacks conclusive evidence. For example, reports of S. Enteritidis
strains, isolated in Italy in 2009 and bearing the mcrl gene have also been documented
(Fortini ef al., 2022). Regardless, the potential for horizontal transfer between diverse
bacterial species remains a tangible risk. Furthermore, these mcr genes often coexist with
other resistance genes, such as blaCTX-M, floR, and/or qnr. This co-occurrence results in
strains that exhibit resistance to multiple classes of antibiotics, encompassing polymyxins, a
wide spectrum of beta-lactams (including broad-spectrum cephalosporins and

monobactams), amphenicols, and quinolones (Lima, Domingues and Da Silva, 2019).

The acquisition of mobile elements, such as plasmids, to mediate antibiotic resistance places
a fitness burden on the bacterial host. When antibiotic pressure is absent, susceptible strains
have the potential to outcompete resistant strains burdened with additional genetic material
(Li et al., 2021). A recent investigation illuminated that the expression of mcrl and mcr3
genes imposes fitness costs on bacteria during their initial 50 generations. Interestingly,

despite these costs, these genes and associated plasmids manage to persist over time,
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implying that compensatory mutations alleviate the burden over generations (Yang ef al.,
2020). Furthermore, a study focusing on the influence of various plasmids harboring the
mcrl gene on host fitness, unveiled that plasmids belonging to the Incl2, IncHI2, and IncX4
types, which carry mcrl genes, demonstrate stability and have minimal impact on bacterial
growth. This observation could indicate that a significant proportion of the reported mcrl
plasmids fall within these specific types (Wu et al., 2018; Yang et al., 2020). This implies
that the potential enhancement of fitness or co-selection via other antimicrobial agents may

contribute to the broader dissemination of plasmids carrying the mcr1 gene (Li et al., 2021).

It is logical to deduce that the ongoing utilization of colistin in animal production is likely
exerting positive selective pressure, prompting the emergence of colistin-resistant bacteria
(Portes et al., 2022). The rearing of animals carrying these resistant strains could potentially
lead to contamination in end products, including meat and eggs (Hu et al., 2019).
Subsequently, these resilient microorganisms may find their way to humans through
contaminated food sources (Ferrari, Panzenhagen and Conte-Junior, 2017). The transmission
of these resistant strains can occur via the fecal-oral route, thereby facilitating the human-
to-human dissemination of colistin-resistant Sa/monella variants (Gopinath, Carden and
Monack, 2012). Moreover, the movement of asymptomatic individuals with salmonellosis
across different countries has played a role in the global dissemination of these strains,
contributing to their widespread distribution (Arcillaet al., 2016). As a result, the presence
of mcr genes in Salmonella warrants significant attention, given its status as a zoonotic

pathogen of considerable importance to public health (Portes ef al., 2022).

Within this context, the need for effective management of colistin resistance, prudent colistin
utilization, and Salmonella infections in both human and animal domains becomes
imperative. Embracing a One Health framework underscores this approach—an all-
encompassing perspective that acknowledges the intricate interplay between human health,
animal well-being, and the environment. One Health promotes judicious antibiotic
employment in both human medical care and veterinary practice. The unchecked use and
improper administration of antibiotics in animals can fuel the emergence and propagation of
antibiotic resistance. By instating meticulous antibiotic stewardship measures, the selective
pressure leading to resistance can be curtailed. Striking a balanced and controlled application
of this category of antimicrobials in human and animal medicine emerges as one of the
paramount methods to curb the spread of colistin resistance. Regulations and guidelines

governing antibiotic usage in animals raised for food can encompass restrictions on
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antibiotic application for growth promotion and preventive purposes. These measures also
advocate the exploration of non-antibiotic alternatives. Ensuring stringent standards of
hygiene and biosecurity across human healthcare facilities and animal production
environments acts as a safeguard against the dissemination of resistant bacteria among
humans, animals, and their surroundings. The One Health approach also acknowledges the
repercussions of antibiotic residues and resistant bacteria entering the ecosystem via
agricultural runoff and wastewater. The implementation of regulatory measures to control
the release of antibiotics and resistant bacteria into water bodies and soil can significantly
mitigate environmental contamination. Moreover, vigilance and surveillance concerning
antibiotic resistance, spanning human and animal populations as well as the environment,
play a pivotal role in recognizing emerging resistance trends and identifying critical areas of

concern. This proactive approach enables timely intervention and mitigation strategies.

While surveillance is widely acknowledged as a critical component in combating
antimicrobial resistance (AMR), devising an appropriate surveillance system can prove to
be a complex undertaking. It is imperative to consider benefit-risk assessments, evaluating
the potential advantages of surveillance, such as enhanced public health responses, against
potential drawbacks, including stigma, discrimination, and costs. This deliberation is crucial
in determining the justification of engaging in surveillance activities. For instance, in this
particular scenario, the samples were randomly chosen from a pool of 660 specimens
forwarded to SSRC. However, this initial sample pool only represents hospitalizations
attributed to Sa/monella and individuals seeking medical care, rather than encompassing the
entire population. Another potential source of bias could stem from variations in physician
training or the policies of public and private hospitals regarding sample sharing with SSRC
for surveillance purposes. These factors could potentially introduce significant
representational disparities. Nevertheless, the implementation of an active surveillance
system might be impractical due to the considerable costs and resource demands, including
personnel, laboratory infrastructure, and consumables. Efforts by ECDC to address these
challenges involve offering guidelines, data, and even conducting sample analyses in
suspected Salmonella outbreak situations. Technological progress, like the development of
Point of Care diagnostics capable of identifying Sa/monella or even serotyping prevalent
serotypes directly within hospital or medical professional settings, without necessitating
advanced laboratory facilities, holds potential for establishing more robust surveillance

networks.
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Chapter 9. Conclusions & suggestions for future research

This study, a pioneering endeavor for the Greek setting, has illuminated the existence of
colistinresistance within the circulating Salmonella isolates of the country. The prevalence
of colistin resistance aligns closely with, or slightly exceeds, the average observed across the
European Union. Notably, the presence of mcr genes within the colistin resistant isolates
under scrutiny could not be verified in this particular sample. To comprehensively address
the challenge of antimicrobial resistance (AMR) against this specific antibiotic, it is
imperative to enhance our understanding of colistin resistance and the distribution of mcr
genes in Salmonella isolates from Greece. Achieving this understanding can facilitate the
adoption of surveillance strategies and a One Health approach. Such initiatives are crucial
for devising effective strategies, minimizing the horizontal (and potentially vertical)
transmission of mcr genes within the microbial community of Greece, and mitigating the

impact of AMR.

Future investigations should concentrate on illuminating the precise landscape of colistin
resistance within Salmonella strains in Greece, while simultaneously addressing the
constraints inherent in the current study. This objective can be achieved by augmenting the
sample size under scrutiny and collecting data on colistin resistance and mcr gene prevalence
over successive years. Furthermore, it is prudent to delve into the investigation of colistin-
susceptible isolates harboring multidrug resistance genes, in an effort to uncover any latent
presence of mcr genes. These genes could potentially exist within Salmonella serotypes
without manifesting the characteristic colistin-resistant phenotype. Integral to this endeavor
is the assimilation of data from veterinary services and food safety authorities, along with
the adoption of a comprehensive, multi-stakeholder approach. This collaborative approach
is indispensable for effective surveillance of colistin resistance and mcr genes, extending
beyond the confines of Sa/monella. By doing so, we can unmask the authentic repercussions
of colistin employment in animal husbandry and meticulously construct One Health

strategies to counteract this emerging threat.

46



BIBLIOGRAPHY

Almagor, J. et al. (2018) ‘The impact of antibiotic use on transmission of resistant bacteria
in hospitals: Insights from an agent-based model’, PLOS ONE. Edited by Z. Zhou, 13(5), p.
e0197111. Available at: https://doi.org/10.1371/journal.pone.0197111.

Anjum, M.F. et al. (2016) ‘Colistin resistance in Salmonella and Escherichia coli isolates
from a pig farm in Great Britain’, Journal of Antimicrobial Chemotherapy, 71(8), pp. 2306—
2313. Available at: https://doi.org/10.1093/jac/dkw149.

Ao, T.T. et al. (2015) ‘Global Burden of Invasive Nontyphoidal Salmonella Disease,20101°,
Emerging  Infectious  Diseases, 21(6),  pp. 941-949.  Available at:
https://doi.org/10.3201/eid2106.140999.

Arcilla, M.S. et al. (2016) ‘Dissemination of the mcr-1 colistinresistance gene’, The Lancet
Infectious Diseases, 16(2), pp. 147-149. Available at: https://doi.org/10.1016/S1473-
3099(15)00541-1.

Azzopardi, E.A. et al. (2013) ‘Colistin in burn intensive care: Back to the future?’, Burns,

39(1), pp. 7-15. Available at: https://doi.org/10.1016/j.burns.2012.07.015.

Bertelloni, F. et al. (2022) ‘Low Level of Colistin Resistance and mcr Genes Presence in
Salmonella spp.: Evaluation of Isolates Collected between 2000 and 2020 from Animals and
Environment’, Antibiotics, 11(2), p. 272. Available at:
https://doi.org/10.3390/antibiotics11020272.

Binsker, U., Kédsbohrer, A. and Hammerl, J.A. (2022) ‘Global colistin use: a review of the
emergence of resistant Enterobacterales and the impact on their genetic basis’, FEMS
Microbiology Reviews, 46(1), p. fuab049. Available at:
https://doi.org/10.1093/femsre/fuab049.

Biswas, S. et al. (2012) ‘Colistin: an update on the antibiotic of the 21st century’, Expert
Review  of  Anti-infective  Therapy, 10(8), pp. 917-934. Available at:
https://doi.org/10.1586/eri.12.78.

Blair, JM.A. et al. (2015) ‘Molecular mechanisms of antibiotic resistance’, Nature Reviews

Microbiology, 13(1), pp. 42—51. Available at: https://doi.org/10.1038/nrmicro3380.

Bolla, J.-M. et al. (2011) ‘Strategies for bypassing the membrane barrier in multidrug
resistant Gram-negative bacteria’, FEBS Letters, 585(11), pp. 1682—-1690. Available at:
https://doi.org/10.1016/j.febslet.2011.04.054.

47



Brink, A.J. et al. (2014) ‘Multicomponent antibiotic substances produced by fermentation:
Implications for regulatory authorities, critically ill patients and generics’, International
Journal  of  Antimicrobial — Agents, 43(1),  pp. 1-6.  Available at
https://doi.org/10.1016/j.ijjantimicag.2013.06.013.

Burow, E. ef al. (2019) ‘Antibiotic resistance in Escherichia coli from pigs from birth to

slaughter and its association with antibiotic treatment’, Preventive Veterinary Medicine, 165,

pp. 52-62. Available at: https://doi.org/10.1016/j.prevetmed.2019.02.008.

Carroll, L.M. et al. (2019) ‘Identification of Novel Mobilized Colistin Resistance Gene mcr-
9 in a Multidrug-Resistant, Colistin-Susceptible Salmonella enterica Serotype Typhimurium
Isolate’, mBio. Edited by M.S. Turner, 10(3), pp. e00853-19. Available at:
https://doi.org/10.1128/mBi0.00853-19.

Cassir, N., Rolain, J.-M. and Brouqui, P. (2014) ‘A new strategy to fight antimicrobial
resistance: the revival of old antibiotics’, Frontiers in Microbiology, 5. Available at:

https://doi.org/10.3389/fmicb.2014.00551.

Catry, B. et al. (2015) ‘Use of colistin-containing products within the European Union and
European Economic Area (EU/EEA): development of resistance in animals and possible
impact on human and animal health’, International Journal of Antimicrobial Agents, 46(3),

pp- 297-306. Available at: https://doi.org/10.1016/j.ijantimicag.2015.06.005.

Centers for Disease Control and Prevention (2022) Snapshots of Salmonella Serotypes.
Available at:  https://www.cdc.gov/salmonella/reportspubs/salmonella-atlas/serotype-
snapshots.html#:~:text=Salmonella%20Enteritidis%2C%200ne%2001%20the,it%20infects
%20the%20new%?20chick (Accessed: 10 August 2023).

Chai, S.J. et al. (2012) ‘Salmonella enterica Serotype Enteritidis: Increasing Incidence of
Domestically Acquired Infections’, Clinical Infectious Diseases, 54(suppl _5), pp. S488—
S497. Available at: https://doi.org/10.1093/cid/cis231.

Chukwu, E.E. ef al. (2020) ‘A national survey of public awareness of antimicrobial
resistance in Nigeria’, Antimicrobial Resistance & Infection Control, 9(1), p. 72. Available

at: https://doi.org/10.1186/s13756-020-00739-0.

Cohn, A.R. ef al. (2021) ‘Moving Past Species Classifications for Risk-Based Approaches
to Food Safety: Salmonella as a Case Study’, Frontiers in Sustainable Food Systems, 5, p.
652132. Available at: https://doi.org/10.3389/fsufs.2021.652132.

48



Crump, J.A. et al. (2011) ‘Antimicrobial Resistance among Invasive Nontyphoidal
Salmonella enterica Isolates in the United States: National Antimicrobial Resistance
Monitoring System, 1996 to 2007°, Antimicrobial Agents and Chemotherapy, 55(3), pp.
1148-1154. Available at: https://doi.org/10.1128/AAC.01333-10.

Crump, J.A. and Wain, J. (2017) ‘Salmonella’, in International Encyclopedia of Public
Health. Elsevier, pp. 425-433. Available at: https://doi.org/10.1016/B978-0-12-803678-
5.00394-5.

Davey, P. et al. (2013) ‘Interventions to improve antibiotic prescribing practices for hospital
inpatients’, in The Cochrane Collaboration (ed.) Cochrane Database of Systematic Reviews.
Chichester, UK: John Wiley & Sons, Ltd, p. CD003543.pub3. Available at:
https://doi.org/10.1002/14651858.CD003543.pub3.

Davies, R. and Wales, A. (2019) ‘Antimicrobial Resistance on Farms: A Review Including
Biosecurity and the Potential Role of Disinfectants in Resistance Selection’, Comprehensive
Reviews in Food Science and Food Safety, 18(3), pp. 753-774. Available at:
https://doi.org/10.1111/1541-4337.12438.

Deris, Z.Z. et al. (2014) ‘A secondary mode of action of polymyxins against Gram-negative
bacteria involves the inhibition of NADH-quinone oxidoreductase activity’, The Journal of

Antibiotics, 67(2), pp. 147-151. Available at: https://doi.org/10.1038/ja.2013.111.

Doron, S. and Davidson, L.E. (2011) ‘Antimicrobial Stewardship’, Mayo Clinic
Proceedings, 86(11), pp. 1113—1123. Available at: https://doi.org/10.4065/mcp.2011.0358.

Effa, E.E. and Bukirwa, H. (2008) ‘Azithromycin for treating uncomplicated typhoid and
paratyphoid fever (enteric fever)’, in The Cochrane Collaboration (ed.) Cochrane Database
of Systematic Reviews. Chichester, UK: John Wiley & Sons, Ltd, p. CD006083.pub2.
Available at: https://doi.org/10.1002/14651858.CD006083.pub?2.

Egorov, A.M., Ulyashova, M.M. and Rubtsova, M.Yu. (2018) ‘Bacterial Enzymes and
Antibiotic  Resistance’, Acta  Naturae, 10(4), pp. 33-48. Available at:
https://doi.org/10.32607/20758251-2018-10-4-33-48.

Eng, S.-K. et al. (2015) ‘Salmonella : Areview on pathogenesis, epidemiology and antibiotic
resistance’, Frontiers in Life Science, 8(3), pp. 284-293. Available at:
https://doi.org/10.1080/21553769.2015.1051243.

49



European Centre for Disease Prevention and Control (2017) Antimicrobial Resistance
Surveillance in Europe 2016. Available at: https://www.ecdc.europa.eu/en/publications-

data/antimicrobial-resistance-surveillance-europe-2016 (Accessed: 30 July 2023).

European Food Safety Authority and European Centre for Disease Prevention and Control
(2022) ‘The European Union Summary Report on Antimicrobial Resistance in zoonotic and
indicator bacteria from humans, animals and food in 2019-2020°, EFSA Journal, 20(3).
Available at: https://doi.org/10.2903/j.efsa.2022.7209.

European Medicines Agency (2016) Updated Advice on the Use of Colistin Products in
Animals within the European Union: Development of Resistance and Possible Impact on
Human and Animal Health. Available at:
https://www.ema.europa.eu/en/documents/scientific-guideline/updated-advice-use-colistin-
products-animals-within-european-union-development-resistance-possible en-0.pdf

(Accessed: 30 July 2023).

European Medicines Agency (2019) Categorisation of Antibiotics in the European Union.
Answer to the Request from the European Commission for Updating the Scientific Advice on
the Impact on Public Health and Animal Health of the Use of Antibiotics in Animals.
Available at: https://www.ema.europa.eu/en/documents/report/categorisation-antibiotics-
european-union-answer-request-european-commission-updating-scientific_en.pdf

(Accessed: 30 July 2023).

Falagas, M.E. and Rafailidis, P.I. (2008) ‘Re-emergence of colistin in today’s world of
multidrug-resistant organisms: personal perspectives’, Expert Opinion on Investigational

Drugs, 17(7), pp- 973-981. Available at: https://doi.org/10.1517/13543784.17.7.973.

Falagas, M.E., Rafailidis, P.I. and Matthaiou, D.K. (2010) ‘Resistance to polymyxins:
Mechanisms, frequency and treatment options’, Drug Resistance Updates, 13(4-5), pp. 132—
138. Available at: https://doi.org/10.1016/j.drup.2010.05.002.

Falgenhauer, L. et al. (2016) ‘Colistin resistance gene mcr-1 in extended-spectrum -
lactamase-producing and carbapenemase-producing Gram-negative bacteria in Germany’,
The  Lancet Infectious  Diseases, 16(3), pp. 282-283. Available at:
https://doi.org/10.1016/S1473-3099(16)00009-8.

Fernandez, J., Guerra, B. and Rodicio, M. (2018) ‘Resistance to Carbapenems in Non-
Typhoidal Salmonella enterica Serovars from Humans, Animals and Food’, Veterinary

Sciences, 5(2), p. 40. Available at: https://doi.org/10.3390/vetsci5020040.

50



Ferrari, R.G., Panzenhagen, PH.N. and Conte-Junior, C.A. (2017) ‘Phenotypic and
Genotypic Eligible Methods for Salmonella Typhimurium Source Tracking’, Frontiers in

Microbiology, 8, p. 2587. Available at: https://doi.org/10.3389/fmicb.2017.02587.

Ferreyra, C. et al. (2022) ‘Diagnostic tests to mitigate the antimicrobial resistance
pandemic—Still the problem child’, PLOS Global Public Health. Edited by J. Robinson,
2(6), p. €0000710. Available at: https://doi.org/10.1371/journal.pgph.0000710.

Figueiredo, R. et al. (no date) ‘Detection of an mcr-1-encoding plasmid mediating colistin

resistance in Salmonella enterica from retail meat in Portugal’.

Fisher, I.S.T. and Threlfall, E.J. (2005) ‘The Enter-net and Salm-gene databases of foodborne
bacterial pathogens that cause human infections in Europe and beyond: an international
collaboration in surveillance and the development of intervention strategies’, Epidemiology

and Infection, 133(1), pp. 1-7. Available at: https://doi.org/10.1017/S095026880400305X.

Fonseca E Silva, D. et al. (2019) ‘Evaluation of rapid colistin susceptibility directly from

positive blood cultures using a flow cytometry assay’, International Journal of Antimicrobial

Agents, 54(6), pp. 820—823. Available at: https://doi.org/10.1016/j.ijjantimicag.2019.08.016.

Fortini, D. et al. (2022) ‘Colistin Resistance Mechanisms in Human Salmonella enterica
Strains Isolated by the National Surveillance Enter-Net Italia (2016-2018)’, Antibiotics,
11(1), p. 102. Available at: https://doi.org/10.3390/antibiotics11010102.

Gallardo-Godoy, A. et al. (2016) ‘Activity and Predicted Nephrotoxicity of Synthetic
Antibiotics Based on Polymyxin B’, Journal of Medicinal Chemistry, 59(3), pp. 1068—-1077.
Available at: https://doi.org/10.1021/acs.jmedchem.5b01593.

Gal-Mor, O., Boyle, E.C. and Grassl, G.A. (2014) ‘Same species, different diseases: how
and why typhoidal and non-typhoidal Salmonella enterica serovars differ’, Frontiers in

Microbiology, 5. Available at: https://doi.org/10.3389/fmicb.2014.00391.

Giamarellou, H. (2016) °‘Epidemiology of infections caused by polymyxin-resistant
pathogens’, International Journal of Antimicrobial Agents,48(6), pp. 614—621. Available at:
https://doi.org/10.1016/j.ijantimicag.2016.09.025.

Gil Prieto, R. et al. (2009) ‘Epidemiology of hospital-treated Salmonella infection; Data
from a national cohort over a ten-year period’, Journal of Infection, 58(3), pp. 175-181.

Available at: https://doi.org/10.1016/j.jinf.2009.01.002.

51



Gilchrist, J.J. and MacLennan, C.A. (2019) ‘Invasive Nontyphoidal Sa/monella Disease in
Africa’, EcoSal Plus. Edited by M.S. Donnenberg and A.J. Bidumler, 8(2), p. ecosalplus.ESP-
0007-2018. Available at: https://doi.org/10.1128/ecosalplus.ESP-0007-2018.

Gopinath, S., Carden, S. and Monack, D. (2012) ‘Shedding light on Salmonella carriers’,
Trends in Microbiology, 20(7), pp- 320-327. Available at:
https://doi.org/10.1016/j.tim.2012.04.004.

Gould, .M. and Bal, A.M. (2013) ‘New antibiotic agents in the pipeline and how they can
help overcome microbial resistance’, Virulence, 4(2), pp. 185-191. Available at:

https://doi.org/10.4161/viru.22507.

Haenni, M. et al. (2016) ‘Co-occurrence of extended spectrum P lactamase and MCR-1
encoding genes on plasmids’, The Lancet Infectious Diseases, 16(3), pp. 281-282. Available
at: https://doi.org/10.1016/S1473-3099(16)00007-4.

Haenni, M. et al. (2022) ‘Environmental contamination in a high-income country (France)
by antibiotics, antibiotic-resistant bacteria, and antibiotic resistance genes: Status and
possible causes’, Environment International, 159, p. 107047. Available at:

https://doi.org/10.1016/j.envint.2021.107047.

Hoffman, S.J. et al. (2015) ‘Strategies for achieving global collective action on antimicrobial
resistance’, Bulletin of the World Health Organization, 93(12), pp. 867—876. Available at:
https://doi.org/10.2471/BLT.15.153171.

Hu, Y. et al. (2019) ‘Salmonella harbouring the mcr-1 gene isolated from food in China
between 2012 and 2016°, Journal of Antimicrobial Chemotherapy, 74(3), pp. 826—828.
Available at: https://doi.org/10.1093/jac/dky496.

Hussein, N.H. ef al. (2021) ‘Mobilized colistin resistance (mcr) genes from 1 to 10: a
comprehensive review’, Molecular Biology Reports, 48(3), pp. 2897-2907. Available at:
https://doi.org/10.1007/s11033-021-06307-y.

Jackson, B.R., Igbal, S. and Mahon, B. (2015) ‘Updated Recommendations for the Use of
Typhoid Vaccine — Advisory Committee on Immunization Practices, United States, 2015,

64(11).

Jim O’Neill (2016) ‘Tackling drug-resistant infections globally: final report and
recommendations’. Available at: https://apo.org.au/node/63983.

52



Kaiser, R.A., Taing, L. and Bhatia, H. (2022) ‘Antimicrobial Resistance and Environmental
Health: A Water Stewardship Framework for Global and National Action’, Antibiotics, 11(1),
p. 63. Available at: https://doi.org/10.3390/antibiotics 11010063.

Kariuki, S. ef al. (2015) ‘Antimicrobial resistance and management of invasive Salmonella
disease’, Vaccine, 33, pp- C21-C29. Available at:
https://doi.org/10.1016/j.vaccine.2015.03.102.

Leonard, S.R., Lacher, D.W. and Lampel, K.A. (2015) ‘Acquisition of the lac operon by
Salmonella enterica’, BMC  Microbiology, 15(1), p. 173. Available at:
https://doi.org/10.1186/s12866-015-0511-8.

Li, J. et al. (2018) ‘Fluoroquinolone Resistance in Salmonella: Mechanisms, Fitness, and
Virulence’, in M.T. Mascellino (ed.) Salmonella - A Re-emerging Pathogen. InTech.
Available at: https://doi.org/10.5772/intechopen.74699.

Li, W. et al. (2021) ‘MCR Expression Conferring Varied Fitness Costs on Host Bacteria and
Affecting Bacteria Virulence’, Antibiotics, 10(7), p. 872. Available at:
https://doi.org/10.3390/antibiotics10070872.

Lima, T., Domingues, S. and Da Silva, G. (2019) ‘Plasmid-Mediated Colistin Resistance in
Salmonella enterica: A Review’, Microorganisms, 7(2), p. 55. Available at:

https://doi.org/10.3390/microorganisms7020055.

Liu, Y.-Y. et al. (2016) ‘Emergence of plasmid-mediated colistin resistance mechanism
MCR-1 in animals and human beings in China: a microbiological and molecular biological
study’, The Lancet Infectious Diseases, 16(2), pp. 161-168. Available at:
https://doi.org/10.1016/S1473-3099(15)00424-7.

Lopez-Camacho, E. ef al. (2014) ‘Genomic analysis of the emergence and evolution of
multidrug resistance during a Klebsiella pneumoniae outbreak including carbapenem and
colistinresistance’, Journal of Antimicrobial Chemotherapy, 69(3), pp. 632—636. Available
at: https://doi.org/10.1093/jac/dkt419.

Luo, Q. et al. (2020) ‘Serotype Is Associated With High Rate of Colistin Resistance Among
Clinical Isolates of Salmonella’, Frontiers in Microbiology, 11, p. 592146. Available at:
https://doi.org/10.3389/fmicb.2020.592146.

Ly, N.S. et al. (2012) ‘Impact of Two-Component Regulatory Systems PhoP-PhoQ and

PmrA-PmrB on Colistin Pharmacodynamics in Pseudomonas aeruginosa’, Antimicrobial

53



Agents and Chemotherapy, 56(6), pp- 3453-3456. Available at:
https://doi.org/10.1128/AAC.06380-11.

Lynch, M.F. et al. (no date) ‘Typhoid Fever in the United States, 1999-2006’:

Malhotra-Kumar, S. et al. (2016) ‘Colistin-resistant Escherichia coli harbouring mcr-1
isolated from food animals in Hanoi, Vietnam’, The Lancet Infectious Diseases, 16(3), pp.

286-287. Available at: https://doi.org/10.1016/S1473-3099(16)00014-1.

McEwen, S.A. and Collignon, P.J. (2018) ‘Antimicrobial Resistance: a One Health
Perspective’, in S. Schwarz, L.M. Cavaco, and J. Shen (eds) Antimicrobial Resistance in
Bacteria from Livestock and Companion Animals. Washington, DC, USA: ASM Press, pp.
521-547. Available at: https://doi.org/10.1128/9781555819804.ch25.

Mellou, K. et al. (2021) ‘Diversity and Resistance Profiles of Human Non-typhoidal
Salmonella spp. in Greece, 2003-2020°, Antibiotics, 10(8), p. 983. Available at:
https://doi.org/10.3390/antibiotics10080983.

Memish, Z.A., Venkatesh, S. and Shibl, A.M. (2003) ‘Impact of travel on international
spread of antimicrobial resistance’, International Journal of Antimicrobial Agents,21(2), pp.

135—-142. Available at: https://doi.org/10.1016/S0924-8579(02)00363-1.

Michael, C.A., Dominey-Howes, D. and Labbate, M. (2014) ‘The Antimicrobial Resistance
Crisis: Causes, Consequences, and Management’, Frontiers in Public Health, 2. Available

at: https://doi.org/10.3389/fpubh.2014.00145.

Micoli, F. et al. (2021) ‘The role of vaccines in combatting antimicrobial resistance’, Nature
Reviews Microbiology, 19(5), pp. 287-302. Available at: https://doi.org/10.1038/s41579-
020-00506-3.

Mofftatt, J.H. et al. (2010) ‘Colistin Resistance in Acinetobacter baumannii Is Mediated by
Complete Loss of Lipopolysaccharide Production’, Antimicrobial Agents and
Chemotherapy, 54(12), pp. 4971-4977. Available at: https://doi.org/10.1128/AAC.00834-
10.

Monte, D.F.M. and Sellera, F.P. (2020) ‘Salmonella’ , Emerging Infectious Diseases,26(12).
Available at: https://doi.org/10.3201/e1d2612.ET2612.

Musoke, D. ef al. (2021) ‘The role of Environmental Health in preventing antimicrobial

resistance in low- and middle-income countries’, Environmental Health and Preventive

Medicine, 26(1), p. 100. Available at: https://doi.org/10.1186/s12199-021-01023-2.

54



Needham, B.D. and Trent, M.S. (2013) ‘Fortifying the barrier: the impact of lipid A
remodelling on bacterial pathogenesis’, Nature Reviews Microbiology, 11(7), pp. 467-481.
Available at: https://doi.org/10.1038/nrmicro3047.

Nhung, N. et al. (2015) ‘Induction of Antimicrobial Resistance in Escherichia coli and Non-
Typhoidal Salmonella Strains after Adaptation to Disinfectant Commonly Used on Farms in
Vietnam’, Antibiotics, 4(4), pp- 480-494. Available at:
https://doi.org/10.3390/antibiotics4040480.

Olaitan, A.O. et al. (2015) ‘Clonal transmission ofa colistin- resistant Escherichia coli from

a domesticated pig to a human in Laos’, J Antimicrob Chemother [Preprint].

Olaitan, A.O., Morand, S. and Rolain, J.-M. (2014) ‘Mechanisms of polymyxin resistance:
acquired and intrinsic resistance in bacteria’, Frontiers in Microbiology, 5. Available at:

https://doi.org/10.3389/fmicb.2014.00643.

Piddock, L.J.V. et al. (2022) ‘A Nonprofit Drug Development Model Is Part of the
Antimicrobial Resistance (AMR) Solution’, Clinical Infectious Diseases, 74(10), pp. 1866—
1871. Available at: https://doi.org/10.1093/cid/ciab887.

Pietsch, M. et al. (2021) ‘Third generation cephalosporin resistance in clinical non-typhoidal
Salmonella entericain Germany and emergence of bla CTX-M-harbouring pESI plasmids’,

Microbial Genomics, 7(10). Available at: https://doi.org/10.1099/mgen.0.000698.

Pittet, D. et al. (2000) ‘Effectiveness of a hospital-wide programme to improve compliance
with hand hygiene’, The Lancet, 356(9238), pp. 1307-1312. Available at:
https://doi.org/10.1016/S0140-6736(00)02814-2.

Poirel, L. et al. (2015) ‘The mgrB gene as a key target for acquired resistance to colistinin
Klebsiella pneumoniae’, Journal of Antimicrobial Chemotherapy, 70(1), pp. 75-80.
Available at: https://doi.org/10.1093/jac/dku323.

Poirel, L. et al. (2016) ‘Plasmid-mediated carbapenem and colistin resistance in a clinical
isolate of Escherichia coli’, The Lancet Infectious Diseases, 16(3), p. 281. Available at:
https://doi.org/10.1016/S1473-3099(16)00006-2.

Poppe, C. et al. (1998) ‘Salmonella typhimurium DT104: A virulent and drug-resistant
pathogen’, 39.

55



Portes, A.B. et al. (2022) ‘Global distribution of plasmid-mediated colistin resistance mcr
gene in Salmonella : A systematic review’, Journal of Applied Microbiology, 132(2), pp.
872—889. Available at: https://doi.org/10.1111/jam.15282.

Quesada, A. et al. (2016) ‘Detection of plasmid mediated colistin resistance (MCR-1) in
Escherichia coli and Salmonella enterica isolated from poultry and swine in Spain’, Research

in Veterinary Science, 105, pp- 134-135. Available at:
https://doi.org/10.1016/j.rvsc.2016.02.003.

Raspoet, R. ef al. (2011) ‘Internal contamination of eggs by Salmonella Enteritidis’, in
Improving the Safety and Quality of Eggs and Egg Products. Elsevier, pp. 46—61. Available
at: https://doi.org/10.1533/9780857093929.1.46.

Rebelo, A.R. et al. (2018) ‘Multiplex PCR for detection of plasmid-mediated colistin
resistance determinants, mcr-1, mer-2, mer-3, mer-4 and mer-5 for surveillance purposes’,
Eurosurveillance, 23(6). Available at: https://doi.org/10.2807/1560-7917.ES.2018.23.6.17-
00672.

Reddy, E.A., Shaw, A.V. and Crump, J.A. (2010) ‘Community-acquired bloodstream
infections in Africa: a systematic review and meta-analysis’, The Lancet Infectious Diseases,

10(6), pp. 417-432. Available at: https://doi.org/10.1016/S1473-3099(10)70072-4.

Rhouma, M., Beaudry, F. and Letellier, A. (2016) ‘Resistance to colistin: what is the fate for
this antibiotic in pig production?’, International Journal of Antimicrobial Agents, 48(2), pp.
119-126. Available at: https://doi.org/10.1016/j.ijjantimicag.2016.04.008.

Rogers Van Katwyk, S. ef al. (2019) ‘Government policy interventions to reduce human

antimicrobial use: A systematic review and evidence map’, PLOS Medicine. Edited by D.

Banach, 16(6), p. e1002819. Available at: https://doi.org/10.1371/journal.pmed.1002819.

Rogers Van Katwyk, S. et al. (2020) ‘Strengthening the science of addressing antimicrobial
resistance: a framework for planning, conducting and disseminating antimicrobial resistance

intervention research’, Health Research Policy and Systems, 18(1), p. 60. Available at:
https://doi.org/10.1186/5s12961-020-00549-1.

Rowe, B., Ward, L.R. and Threlfall, E.J. (1997) ‘Multidrug-Resistant Salmonella typhi: A
Worldwide Epidemic’, Clinical Infectious Diseases, 24(Supplement 1), pp. S106—S109.
Available at: https://doi.org/10.1093/clinids/24.Supplement 1.S106.

56



Scallan, E. et al. (2011) ‘Foodborne Illness Acquired in the United States—Major
Pathogens’, Emerging Infectious Diseases, 17(1), pp. 7-15. Available at:
https://doi.org/10.3201/e1d1701.P11101.

Schwarz, S. and Johnson, A.P. (2016) ‘Transferable resistance to colistin: a new but old
threat: Table 1.”, Journal of Antimicrobial Chemotherapy, 71(8), pp. 2066-2070. Available
at: https://doi.org/10.1093/jac/dkw274.

Shanmugakani, R.K. et al. (2020) ‘Current state of the art in rapid diagnostics for
antimicrobial resistance’, Lab on a Chip, 20(15), pp. 2607-2625. Available at:
https://doi.org/10.1039/DOLCO0034E.

Statista (2023) Greece: Age distribution from 2011 to 2021. Available at:
https://www.statista.com/statistics/276391/age-distribution-in-
greece/#:~:text=This%20statistic%20depicts%20the%20age,over%2065%20years%200f%
20age. (Accessed: 8 August 2023).

Sun, J. et al. (2018) ‘Towards Understanding MCR-like Colistin Resistance’, Trends in
Microbiology,26(9), pp. 794—808. Available at: https://doi.org/10.1016/j.tim.2018.02.006.

Tacconelli, E. et al. (2018) ‘Surveillance for control of antimicrobial resistance’, The Lancet
Infectious Diseases, 18(3), pp. €99—e106. Available at: https://doi.org/10.1016/S1473-
3099(17)30485-1.

Tao, S. et al. (2022) ‘The Spread of Antibiotic Resistance Genes In Vivo Model’, Canadian
Journal of Infectious Diseases and Medical Microbiology. Edited by S. Kaushik, 2022, pp.
1-11. Available at: https://doi.org/10.1155/2022/3348695.

Thanner, S., Drissner, D. and Walsh, F. (2016) ‘Antimicrobial Resistance in Agriculture’,
mBio.  Edited by F. Baquero, 7(2), pp. €02227-15. Available at:
https://doi.org/10.1128/mBi0.02227-15.

Threlfall, E. et al. (1998) ‘Epidemic ciprofloxacin-resistant Salmonella typhi in Tajikistan’,
The Lancet,351(9099), p. 339. Available at: https://doi.org/10.1016/S0140-6736(05)78338-
0.

Trauffler, M. et al. (2014) ‘ Antimicrobial drug use in Austrian pig farms: plausibility check
of electronic on-farm records and estimation of consumption’, Veterinary Record, 175(16),

pp. 402—402. Available at: https://doi.org/10.1136/vr.102520.

57



Van Belkum, A. et al. (2020) ‘Innovative and rapid antimicrobial susceptibility testing
systems’, Nature Reviews Microbiology, 18(5), pp. 299-311. Available at:
https://doi.org/10.1038/s41579-020-0327-x.

Veldman, K. et al. (no date) ‘Location of colistin resistance gene mcr-1 in Enterobacteriaceae

from livestock and meat’.

Velkov, T. et al. (2010) ‘Structure—Activity Relationships of Polymyxin Antibiotics’,
Journal of Medicinal Chemistry, 53(5), pp. 1898-1916. Available at:
https://doi.org/10.1021/jm90099%h.

Wernli, D. et al. (2017) *Antimicrobial resistance: The complex challenge of measurement
to inform policy and the public’, PLOS Medicine, 14(8), p. €1002378. Available at:
https://doi.org/10.1371/journal.pmed.1002378.

Whitman, W.B. (ed.) (2015) Bergey s Manual of Systematics of Archaea and Bacteria. 1st
edn. Wiley. Available at: https://doi.org/10.1002/9781118960608.

WHO, World Health Organization (2018) Critically Important Antimicrobials for Human
Medicine. Available at:
https://apps.who.int/iris/bitstream/handle/10665/312266/9789241515528-eng.pdf
(Accessed: 30 July 2023).

WHO, World Health Organization (2022) Antimicrobial resistance. Available at:
https://www.who.int/news-room/fact-sheets/detail/antimicrobial -resistance (Accessed: 18

July 2023).

Wu, R. et al. (2018) ‘Fitness Advantage of mcr-1-Bearing IncI2 and IncX4 Plasmids in

Vitro’, Frontiers in Microbiology, 9, p. 331. Available at:
https://doi.org/10.3389/fmicb.2018.00331.

Xavier, B.B. ef al. (2016) ‘Identification of a novel plasmid-mediated colistin-resistance
gene, mcr-2, in Escherichia coli, Belgium, June 2016°, Eurosurveillance,21(27). Available

at: https://doi.org/10.2807/1560-7917.ES.2016.21.27.30280.

Yan, J. and Bassler, B.L. (2019) ‘Surviving as a Community: Antibiotic Tolerance and
Persistence in Bacterial Biofilms’, Cell Host & Microbe, 26(1), pp. 15-21. Available at:
https://doi.org/10.1016/j.chom.2019.06.002.

58



Yang, Q.E. et al. (2020) ‘Compensatory mutations modulate the competitiveness and
dynamics of plasmid-mediated colistin resistance in Escherichia coli clones’, The ISME

Journal, 14(3), pp. 861-865. Available at: https://doi.org/10.1038/s41396-019-0578-6.

Yang, Y.-Q. et al. (2018) ‘Novel plasmid-mediated colistin resistance gene mcr-7.1 in
Klebsiella pneumoniae’, Journal of Antimicrobial Chemotherapy, 73(7), pp. 1791-1795.
Available at: https://doi.org/10.1093/jac/dky111.

Zhang, X.-F. et al. (2016) ‘Possible Transmission of mcr-1 —Harboring Escherichia coli
between Companion Animals and Human’, Emerging Infectious Diseases, 22(9), pp. 1679—
1681. Available at: https://doi.org/10.3201/e1d2209.160464.

59



		2023-10-05T15:29:31+0300
	Georgia Mandilara


		2023-10-06T09:57:19+0300
	Panagiota Giakkoupi


		2023-10-06T14:16:14+0300
	Nikolaos Tegos




