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ABSTRACT  
 

Invasive Non-Typhoidal Salmonella infections have become widespread in sub-Saharan Africa. 

Predominant hyper-virulent clone S. Typhimurium ST313 is found to be associated with 

bloodstream invasion and multidrug resistance. Despite its importance, limited information is 

available on the circulating genotypes causing invasive non-typhoidal salmonellosis in Ghana. 

A total of fifty-one NTS isolates from pediatric blood samples was used for this study. The 

resistance profiles of isolates were assessed against 8 classes of antibiotics by disc diffusion 

method followed by PCR detection of resistance markers. Molecular detection of the presence of 

a virulence associated gene, st313-td, was used as plausive test to select isolates for Multi-Locus 

Sequence Typing (MLST) analysis. Additionally, the mechanism of ciprofloxacin resistance was 

explored by monitoring changes in expression levels of important targeted genes including gyrA, 

acrA, ydhJ, emrD, and soxR under drug pressure using reverse transcription quantitative PCR.  

Antibiotic susceptibility testing results showed all isolates were completely susceptible to 

imipenem, ceftriaxone and ceftazidime. In most cases, multidrug resistance (including reduced 

susceptibility to fluoroquinolones) were frequently recorded among S. Typhimurium isolates 

(63%, n=32/51). On the contrary, nine out of ten S. Dublin and the five unknown serovars were 

susceptible to all antibiotics used for screening. The virulence gene st313-td was detected in only 

27% (n=14/51) isolates. Eight (8) other isolates showing varying resistance phenotypes were 

selected in addition to the 14 positive isolates for typing and analyses by MLST. Out of twenty-

two (22) selected isolates, 82% (n=18), 4% (n=1) and 14% (n=3) were S. Typhimurium ST313, S. 

Typhimurium ST19, and S. Dublin ST 10 respectively. Most importantly, it was observed that 

about 83% (n=15/18) of S. Typhimurium ST313 clones were multidrug resistant (MDR). 
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Likewise, ten selected isolates for PCR analyses tested positive for the resistance markers; CatA1 

(30%), StrA (90%), BlaTem (50%), TetA (30%) & TetB (10%), Sul1 (80%) & Sul2 (100%) and aadA 

(70%). The normalized transformed mRNA transcript levels showed significant variations in gene 

expression of gyrA, acrA, ydhJ, emrD and soxR among susceptible, intermediate and laboratory 

induced resistant isolates. Further, sequence data analysis detected a single nucleotide 

polymorphism at position 324 resulting in a mutation (Phe → Asp) in the gyr A of clinical 

intermediate isolate, although there were no significant mutations in acrA, ydhJ, emrD and soxR 

genes among the three test isolates.   

From the results, high frequencies of multidrug resistant invasive NTS pathogens carrying 

plasmid-borne resistance gene markers were found. Also, reduced susceptibility to 

fluoroquinolones and cephalosporin were observed which calls for increased surveillance and 

management of antimicrobial resistance to guide treatment. Detection of a SNP in gyrA gene and 

variations in mRNA levels suggest possible genetic and transcriptional regulation mechanisms 

employed by Salmonella pathogen to withstand drug stress. Therefore, further investigations are 

required to understand these mechanisms which will assist in developing alternative therapeutic 

interventions.  
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background 

Salmonellosis remains a significant disease problem to humans and livestock. Over 500million 

cases of illness due to Salmonella infections are reported annually and about 40% are cases found 

in children (Majowicz et al., 2010; Kariuki et al., 2015). Usually patients suffering from 

salmonellosis present with clinical symptoms such as fever, malaise, diarrhea, nausea and 

sometimes accompanied with vomiting (Chen et al., 2013). These conditions are expected to 

resolve within some few days but can progress and become complicated in patients with 

suppressed immunity. The disease incidence is highest during the peak of rainfall in the tropics, 

where pathogen burden and transmission is expected to be high (Guiraud et al., 2017). Zoonotic 

transmission and fecal oral transmission are reported as the major routes of infections in humans 

(MacLennan & Levine, 2013). 

S. enterica is one of the major causative agents of salmonellosis, which belongs to the family of 

Gram negative facultative anaerobes called Enterobacteriaceae (Giannella, 1996). They are largely 

associated with acute gastrointestinal infections in humans (MacLennan & Levine, 2013; Labi, et 

al., 2014; Ashton, et al., 2017). These species of organisms are further divided into 6 subspecies 

and about 2600 serovars (McClelland et al., 2001; Issenhuth-Jeanjean et al., 2014). Generally, non-

typhoidal Salmonella (NTS) serovars include all the serotypes except those that cause typhoid 

fever like Salmonella Typhi and Salmonella Paratyphi (Feasey et al., 2012). S. Typhimurium and 

S. Enteritidis are the most predominant NTS serovars globally associated with human 

salmonellosis (Gordon et al., 2008; Langridge et al., 2009). Unlike S. Typhi and S. Paratyphi which 
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are human host restricted and known for their systemic infections, most NTS serovars cause self-

limiting infections in a broad range of hosts including farm animals (Chen et al., 2013). 

In sub-Saharan Africa, some strains of NTS species have evolved into invasive forms, representing 

one of the major causes of bloodstream infections especially in malnourished children below age 

five, HIV-AIDS and severe malaria patients (MacLennan & Levine, 2013; Kariuki, et al., 2015). 

S. Typhimurium is the most predominant pathogenic serovar causing invasive NTS among 

children and immunocompromised individuals (Kingsley et al., 2009). Previous studies based on 

sub-genomic analysis identified less variability among NTS pathogens. However, recent reports 

have shown that these S. Typhimurium variants in sub Saharan Africa belong to a distinct genotype 

known by multi-locus sequence typing as ST313 (Kingsley et al., 2009; Okoro et al., 2012; 

MacLennan & Levine, 2013; Moon et al., 2015; Okoro et al., 2015). This genotype is known for 

its hyper-virulence activities and host specificity. Like S. Typhi, a whole genome analysis of 

invasive NTS serovars showed evidence of significant genome degradation and accumulation of 

non-coding genes which has markedly contributed to their human host adaptation (Kingsley et al., 

2009). The serovars possess repertoire of virulence genes which has enabled them to cause 

systemic infections (Kingsley et al., 2009). For example, the gene st313-td is a virulence trait found 

on the genome island of bloodstream S. Typhimurium ST313 and S. Dublin pathogens which plays 

a significant role in host invasion mechanisms (Leekitcharoenphon et al., 2013; Herrero-Fresno et 

al., 2014). Molecular phylogenetic studies suggest that the ST313 clones evolved into two lineages 

over five decades ago during the emergence of HIV pandemics (Okoro et al., 2015). The sequence 

type ST313 was previously thought to be confined in sub Saharan Africa until a recent study 

reported its emergence in patients in the United Kingdom (Ashton et al., 2017). 
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Several hospital-based studies in Ghana have reported that invasive salmonellosis represented 

majority of bloodstream infection cases with the most predominant pathogens being S. 

Typhimurium and S. Enteritidis (Labi et al., 2014; Eibach et al., 2016; Andoh et al., 2017). In 

addition to causing high mortality and morbidity in sub-Saharan Africa, the resistance of iNTS 

pathogens to multiple antimicrobial agents is of growing concern (Mandomando et al., 2010; 

Kariuki et al., 2015; Eibach et al., 2016; Andoh et al., 2017). Strains expressing multidrug 

resistance (MDR) phenotype to sulphamethoxazole-trimethoprim (SXT), ampicillin, and 

chloramphenicol have been recorded in most sub-Saharan African countries thus limiting the value 

of these agents for management of invasive NTS (Kariuki, et al., 2015). Prolonged exposure to 

certain antibiotics has contributed to positive selection for resistance strains under drug pressure 

(Gordon, 2008). This has also been found to be one of the driving forces behind bacterial pathogen 

evolution (Kingsley et al., 2009; Okoro et al., 2012; Okoro et al., 2015).  

Ciprofloxacin is a bactericidal antibiotic belonging to the group of first-generation 

fluoroquinolones produced in the 1980s. This broad-spectrum drug has proven active against 

several bacterial infections since its production until reports of resistance emerged in the early 

2000s (Chattaway et al., 2016). Ciprofloxacin is still one of the most prescribed antibiotics for 

treatment of recalcitrant Gram negative/positive bacteria (Redgrave et al., 2014; Chattaway et al., 

2016; Eibach et al., 2016). The drug’s mode of action is by inhibiting bacterial DNA replication 

through its interaction with DNA gyrase or Topoisomerase IV enzymes which belong to the 

Topoisomerase Type II (Redgrave et al., 2014; Casper et al., 2017). The primary target in most 

Gram negative bacteria, such as Salmonella, is the DNA gyrase which is an enzyme that regulates 

negative supercoiling of the chromosomal DNA during replication (Caspar et al., 2017). 

Mechanisms like point mutations in target genes resulting in conformational changes in enzymes, 
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horizontal acquisition of plasmids mediating resistance, and upregulation of efflux pumps to 

reduce drug accumulation in bacterial cells have been proposed by other studies to contribute to 

resistance (Giraud et al., 2000; Redgrave et al., 2014). Indeed, fluoroquinolone resistance has been 

found to involve several factors and not one could be associated with complete resistance 

(Redgrave et al., 2014). Therefore, it is important to study the resistance mechanisms employed 

by the hyper-virulent Salmonella strains against ciprofloxacin, a clinically relevant antibiotic 

administered during treatment of bacterial bloodstream infections.  
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1.2 Problem Statement and Justification 

1.2.1 Problem Statement  

ST313 is a hyper-virulent clone found in many countries in sub-Saharan Africa. Invasive NTS 

pathogens are the most frequently isolated blood-borne pathogens in Ghana (Nielsen et al, 2012; 

Labi et al., 2014; Cruz Espinoza et al., 2016). There has been reports of emerging invasive NTS 

bacteria with reduced susceptibility to fluoroquinolones which has become the first-line drug of 

choice for treatment of bacteremic infections in Ghana (Eibach et al., 2016; Andoh et al., 2017). 

This may compromise disease treatment and increase economic burden.  

1.2.2 Justification 

 

It is important as a country to identify the circulating genotypes to aid disease surveillance, 

management, and future epidemiological studies. The st313-td gene may be present in invasive 

NTS clinical isolates and therefore could be used as a preliminary screening method for identifying 

virulent clones.  

Although, there are some reports on the resistance mechanisms of Salmonella serovars at the 

genomic (Kingsley et al., 2009; Hayden et al., 2016; Kagambèga et al., 2018) and transcriptomic 

levels (Li et al., 2017), these studies attempted to elucidate the mechanisms by inducing resistance 

in these pathogens against antimicrobial agents. A study by Eibach and his group on febrile 

Ghanaian children with invasive Salmonella infections found that some of the Salmonella isolates 

showed reduced ciprofloxacin susceptibility by employing resistance mechanisms such as mutated 

drug targets (particularly gyrase) and/or through the action of efflux pumps (Eibach et al., 2016). 

However, the contributions of these mechanisms were not clearly demonstrated. This suggests that 

other genes or pathways may be involved in the resistance of Salmonella to ciprofloxacin which 
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could be investigated using a gene expression approach. No study has yet reported on the 

transcriptomic analysis of clinical S. Typhimurium ST313 isolates with multidrug resistance 

phenotype.  

Therefore, this current study was to identify predominant clones among invasive NTS serovars 

Typhimurium and Dublin and to carry out gene expression analysis on identified multidrug 

resistant hyper-virulent S. Typhimurium clone. 

1.3 Hypotheses 

 

i. The genotype ST313 is a predominant circulating clone among Ghanaian febrile children 

with NTS bloodstream infections 

ii. The ST313 clones are hyper-virulent clones associated with high frequency of reduced 

ciprofloxacin susceptibility 

iii. Molecular analyses will identify possible resistance mechanisms in hyper-virulent ST313 

clones. 

1.4 Aim 

 

To screen and elucidate the possible mechanisms of multidrug resistance in invasive NTS ST313 

clones. 

1.5 Objectives 

 

1.5.1 To determine the frequency of ST313 in clinical isolates 

a) determine the antibiotic susceptibility profiles of invasive NTS serovars 

b) identify drug resistance molecular markers  

c) screen for the presence of st313-td in invasive NTS serovars 
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d) identify the clones of invasive NTS serovars by multi-locus sequence typing 

 

1.5.2 To characterize the resistance mechanisms of ST313 multidrug resistant clones 

a) Determine the Minimum Inhibitory Concentrations of Ciprofloxacin against 

selected S. Typhimurium isolates  

b) Induce resistance to ciprofloxacin in S. Typhimurium sensitive isolate 

c) Compare the expression of genes regulating resistance to ciprofloxacin by Reverse 

Transcription-quantitative PCR 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

2.1 Salmonella classification 

2.1.1 Systems of Salmonella Classification  

Salmonella belongs to a family of Gram negative, rod shaped bacteria called Enterobacteriaceae 

(Crum-Cianflone, 2008). The genus Salmonella is of clinical importance as members are generally 

implicated in diverse disease pathogenesis in humans and animals (Su & Chiu, 2007). Salmonella 

was first discovered in 1884 by D. E. Salmon as Salmonella choleraesuis from the intestinal tracts 

of pigs (Smith (1894), cited in Su & Chiu, 2007). Since then, the nomenclature system of the 

bacteria has evolved over several years and it is expected to change in the future (Brenner et al., 

2000; Su & Chiu, 2007). Nomenclature of the bacteria presents a better way to understanding the 

organism’s taxonomy (Tindall et al., 2005).  

The Judicial Commission of the International Committee on the Systematics of Prokaryotes is 

among the organizations that approve the taxonomic classification and nomenclature system of 

Salmonella (Shelobolina et al., 2004). The antigenic formula, also called White-Kauffman-Le 

Minor Scheme, is one of the recent methods used for classifying Salmonella serovars which is 

based on their antisera and biochemical reactivity of (Issenhuth-Jeanjean et al., 2014). This scheme 

is updated yearly or biennially by WHO Collaborating Centre for Reference and Research on 

Salmonella (Su & Chiu, 2005). According to Issenhuth-Jeanjean et al (2014), the 9th edition of the 

scheme was issued in 2007 with reports of supplement updates in 2010 and 2014. Moreover, 

Center for Disease Control has adapted the WHO Collaborating Centre nomenclature system in 

classifying Salmonella (Su & Chiu, 2005). 
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2.1.2 Nomenclature   

 

Presently, the genus Salmonella is divided into two major species, enterica and bongori (Popoff 

& Le Minor, 1997; Su & Chiu, 2007). Although a newly characterized species was identified and 

accepted by the Judicial Commission as subterranea (Shelobolina et al., 2004; Su & Chiu, 2005), 

such claim has been refuted by WHO Collaborating Center (Issenhuth-Jeanjean et al., 2014). 

Salmonella enterica constitutes the largest bacterial species under the genus. This group is further 

divided into six subspecies denoted by Roman numerals (or by names): subspecies I (enterica), 

subspecies II (salamae), subspecies IIIa (arizonae), subspecies IIIb (diarizonae) subspecies IV 

(houtenae), subspecies IV (indica) (Su & Chiu, 2007; Brenner et al., 2000; Popoff & Le Minor, 

1997). Classification based on serology further categorize the subspecies into variants; popularly 

accepted by the Judicial Commission as serovars (Su & Chiu, 2007). Currently, there are about 

2659 serovars identified under the species according to White-Kauffman-Le Minor scheme 

(Issenhuth-Jeanjean et al., 2014).  

Before 1966, most Salmonella serovars were named based on their geographic origin, host, or 

pathogenic characteristics of the first isolated strain (Grimont & Weill, 2007; Su & Chiu, 2007). 

The names of clinically important serovars were, however, officially retained in 2005 even after 

the amendment of Salmonella nomenclature (Su & Chiu, 2007). A typical example is Salmonella 

enterica subspecies enterica serovar Typhimurium or simply Salmonella Typhimurium. Unnamed 

and newly discovered serovars after 1966 adopted the name given by their antigenic formula. In 

this case, the subspecies name is written in Roman numeral and is followed by their antigenic 

factors starting with O antigens (somatic) then H antigens (phase I, and if present, phase II) 

(flagellar), all of which are separated by a colon sign.  Example is Salmonella serovar II 39:z10:z6 

(Su & Chiu, 2007).  
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2.2 Major Salmonella serovars 

 

Salmonella enterica belongs to a group of pathogenic bacteria often associated with mild to severe 

diarrheal or enteric diseases. The serovars may be grouped into two major types: typhoidal and 

non-typhoidal Salmonellae. The typhoidal Salmonella pathogens and therefore cause typhoid fever 

in healthy human hosts (Ashton et al., 2017). Their host restricted nature is suggested to be due to 

evolutionary development to become systemic after a protracted period (Ashton et al., 2017). Also, 

there is limited information to prove their survivability in other non-human hosts. Unlike typhoidal 

Salmonella, NTS consists of a large number of Salmonella enterica serovars mainly associated 

with gastroenteritis. They have a wide host range and easily adaptable to the environment.  

 2.2.1 Typhoidal Salmonella serovars 

 

Typhoid disease arises when an individual is infected with either S. Typhi or S. Paratyphi A and B 

(Zand et al., 2003).  There are about 22 million typhoidal cases reported each year and over 

200,000 result in death (Crump et al., 2004). Healthy individuals in endemic countries in Asia and 

sub-Saharan Africa may suffer from the disease burden (Feasey et al., 2012). Consumption of fecal 

contaminated food and water is considered as one of the commonest routes of infection. Once 

ingested, the bacteria disseminate into the bloodstream (Groß et al., 2011). Typhoid fever cases 

are predominant in Asian countries although there have been increasing incidence rates in Africa 

over the years (Chau et al., 2007; Mweu & English, 2008; Groß et al., 2011; Kariuki et al., 2015). 

A study in Ghana estimated adjusted incidence rate of the disease based on setting and age as 100 

cases per 100,000 person-years of observation with high proportion observed in rural children 

(Cruz Espinoza et al., 2016). Other studies have reported similar incidence rates in sub-Saharan 

Africa (Mweu & English, 2008). Generally, the incidence rate in Africa is 10 to100 cases per 
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100,000 person-years of observation (Mweu & English, 2008). However, current report showed 

varied proportions ranging from 0 to 400 cases per 100,000 person-years of observation in some 

countries (Marks et al., 2017).  

Studies have also shown marked increase in the proportion of drug resistant typhoid pathogens 

over the years (Groß et al., 2011). There have been several reports of S. Typhi resistance to 3rd and 

4th generation antibiotics including cephalosporins and cephems, carbapenems and 

fluoroquinolones (Kariuki et al., 2015). Increased proportion of S. Typhi MDR isolates ranging 

from 63% to 80% has been reported in Asia (Chau et al., 2007). Ghana Health Service recommends 

administration of cephalosporins and fluoroquinolones as well as resuscitation of loss fluids in 

severe cases (Andoh et al., 2017). Although there are WHO recommended typhoid vaccines, these 

are not widely being introduced especially in resource limited areas (Kariuki et al., 2015).   

2.2.2 Non-typhoidal Salmonella serovars 

 

Non-typhoidal Salmonella is known to cause gastrointestinal infection in both humans and 

animals. The Infection often lead to self-limited diarrhea in immune competent individuals. 

However, the disease conditions in sub-Saharan Africa tend to have fatal outcomes particularly in 

immune suppressed individuals with adjusted incidence rate of about 200 cases/100,000 person-

years and case fatality rate ranging between 10 and 20% (Feasey et al., 2012; Marks et al., 2017; 

Uche et al., 2017). Some serovars classified under this group tend to be host adapted. For example, 

S. Gallinarum and S. Dublin are most frequently isolated from poultry and cattle respectively 

(Langridge et al., 2015).   

Many studies in sub-Saharan Africa have reported high prevalence of S. Enteritidis and S. 

Typhimurium in NTS infections among other NTS serovars in humans (Guiraud et al., 2017; Uche 
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et al., 2017). In the USA, S. Typhimurium is implicated as the predominant pathogen causing 

foodborne diseases (Hendriksen et al., 2011). Similar case is observed in Europe, Asia and 

Southern America with the proportion of S. Typhimurium and S. Enteritidis proportions ranging 

from 17% to 45% (Hendriksen et al., 2011).   

2.2.3 Invasive Non-Typhoidal Salmonella Infections 

 

Bacterial bloodstream infection is considered as one of the most fatal health conditions especially 

among Children (Berkley et al., 2005; Groß et al., 2011; Feasey et al., 2012; Nielsen et al., 2012; 

Laupland & Church, 2014; Cruz Espinoza et al., 2016; Obeng-Nkrumah et al., 2016). Many studies 

have shown that the bacterial pathogens frequently isolated from blood include Staphylococcus 

aureus, Streptococcus pneumoniae, Salmonella enterica and Escherichia coli (Groß et al., 2011; 

Nielsen et al., 2012; Laupland & Church, 2014).  

Invasive NTS pathogens have been implicated in majority of bloodstream infections in sub-

Saharan Africa. A study by Nielsen et al (2012) showed that the annual cumulative incidence rate 

of invasive NTS bloodstream infections was 25.2 incidences per 1000 cases among rural Ghanaian 

children. The authors also reported the proportions of invasive NTS, Staphylococcus aureus, 

Streptococcus pneumoniae and S. Typhi as 53.3%, 13.2%, 9.1% and 7% respectively out of a total 

of 238 bloodstream pathogens identified (Nielsen et al., 2012). Another study in a tertiary hospital 

in Ghana reported invasive NTS (64%, n=115) as the most predominant cause of Salmonella 

bloodstream infections (Labi et al., 2014). Invasive NTS, among other bacterial pathogens, have 

been implicated in high mortality rate among cancer patients and neonates in Ghana (Obeng-

Nkrumah et al, 2015; Labi et al., 2016). Similar patterns have been observed according to other 

studies in sub-Saharan Africa (Lunguya et al., 2013; Mandomando et al., 2015; Marks et al., 2017). 

For example, a study in Burkina Faso described about 56% of 118 systemic pathogens as iNTS 
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and high proportions were found in infants (Guiraud et al., 2017). In Malawi, neonates were found 

to be at a higher risk of suffering from bacteremia predominantly caused by invasive NTS and 

Streptococcus pnuemonia infections (Milledge et al., 2005). A study from Mozambique also 

reported high prevalence of invasive NTS and Pneumonia among children suffering from 

community-acquired bacterial bloodstream infections (Sigaúque et al., 2009).  

Several factors have been found to contribute to iNTS infections. These factors may be categorized 

as host and non-host. Mostly, host factors include age, malnutrition, severe malaria, pneumonia, 

meningitis, and HIV/AIDS coinfections (Feasey et al., 2012; MacLennan & Levine, 2013). On the 

other hand, the major non-host factor may be provision of effective healthcare services which may 

be restrained as a result of large endemic population, limited resources for effective diagnosis, and 

also the emergence of multidrug resistant bacteria (Kariuki et al., 2015).  

 

2.3 Clonal Diversity and Spread invasive Salmonella 

Salmonella has a clonal population structure displaying relatively low recombination and high 

recombination rates between and within subspecies respectively. Despite their close genetic 

relatedness, the disease phenotype and epidemiology can vary substantially between Salmonella 

subtypes. About 10% of S. enterica genome is made up of transposons, insertion sequences and 

plasmids which encode genes contributing to their serovar characteristics and clonal diversity 

(McClelland et al., 2001). In the early years of molecular sub-typing, studies based on Pulse Field 

Gel Electrophoresis and PCR amplification were not discriminatory enough to determine 

phylogenetic diversity among clones (Kingsley et al., 2009). Thus, application of sequence based 

MLST analysis has become widespread (Kagambèga et al., 2008). According to Kingsley et al 

(2009), there are about 20 distinct sequence types of S. Typhimurium available in the MLST 
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database for S. enterica. The authors reported in their study that about 31 (100%) and 13 (65%) of 

S. Typhimurium isolates from Malawi and Kenya respectively belonged to ST313 sequence type. 

They also discovered one Kenyan isolate with genotype ST394 which shared similar genetic 

identity to ST313. Six out of the twenty Kenyan isolates were ST19, a globally distributed clone 

which causes gastroenteritis. S. Typhimurium genotypes LT2, SL1344 and DT104 were the 

ubiquitous ST19 Salmonella serovars (Kingsley et al., 2009). On the other hand, DT56 and 

D23580 were of ST313 genotype (Kingsley et al., 2009). Unlike NTS, Salmonella Typhi is 

predominantly found in Asia and the most frequently isolated genotype is CT18 (McClelland et 

al., 2001). A virulent strain of S. Typhi, H58 Haplotype, has become the most predominant 

typhoidal pathogen in Asia (Kariuki et al., 2015). 

 

2.4 Non-Typhoidal Salmonella (NTS) Ecology, Pathogenesis, and Immune Response   

2.4.1 Ecology 

Non-Typhoidal Salmonella is a ubiquitous bacterium known to survive in biotic and abiotic 

conditions (Crum-Cianflone, 2008). In the environment, they are found in various water sources, 

plant and animal food products and animal feed (Hendriksen et al., 2011; Olobatoke, 2017). In 

living host, these pathogens are often isolated from the gastrointestinal tract (Olobatoke, 2017). 

According to Olobake (2017), one of the commonest routes of transmission occurs during handling 

of animal products. During slaughter and dressing process, the pathogen passes through the 

intestines of infected animal into the feces which may contaminate food product (Crum-Cianflone, 

2008; Olobatoke, 2017). In addition, crop farming in soil and water reservoirs may lead to 

contamination of produce particularly fruits and vegetables (Hanning et al., 2009).  
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2.4.2 Infective dose and incubation period 

 

NTS infection, in most cases, may not result in disease symptoms in healthy adults. Studies have 

shown that infective dose for NTS infection is about 106 cfu/ml (Crum-Cianflone, 2008). 

Contrarily, typhoidal Salmonella infections cause disease at a lower infective dose of about 103 

cfu/ml (Blaser & Newman, 1982).   

In general, the number of bacterial cells needed to cause salmonellosis largely depends on several 

factors including Salmonella strain type and the individual’s health status (Blaser & Newman, 

1982). Direct human contact has been implicated in the transmission of NTS infection (Crum-

Cianflone, 2008). This could be due to unsanitary conditions and unhygienic lifestyles adopted by 

some people. Asymptomatic individuals may serve as major source of transmission among 

endemic population (Kariuki et al., 2015). The incubation period for salmonellosis is between 16 

hours to 20 hours which is followed by a prodromal stage where patients suffer from diarrhea 

(Glynn & Palmer, 1992).  Diarrhea, fever, and vomiting are examples of disease symptoms that 

may last for about 4-7days and in severe cases, may result in bloodstream infections.   

2.4.3 Colonization, invasion, and immune response mechanisms 

Salmonella pathogen is found to be an intracellular facultative bacterium (de Jong et al., 2012). 

The pathogen may invade phagocytic and non-phagocytic host cells (Figure 2). After ingestion, 

Salmonella traverses the gastro-intestines where it attaches itself to the epithelial cells after passing 

through the mucosal walls (Cooke et al., 2007). The bacteria may invade M cells and enterocytes 

in the intestinal epithelia as well as dendritic cells (de Jong et al., 2012). As the bacteria 

transmigrate, some become phagocytosed by stationed macrophages and dendritic cells. Within 

the phagocytes, the bacteria form a protective vacuole called Salmonella Containing Vacuole 
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within which they grow and multiply (Santos et al., 2002; Olobatoke, 2017). While inside the 

vacuole, the pathogen secretes several effector proteins into the cytosol of the phagocytic cells via 

the type three secretory system-1 (TTSS3-1) which modulate the activity of host cell cytoskeleton 

to enhance pathogen survival (Knodler et al., 2010; de Jong et al., 2012).  

In an in vivo study, Reis et al (2003) used the ileal ligated loop model in cattle to demonstrate the 

enteric pathogenesis of S. Typhimurium infections. The authors showed that the bacteria may 

invade enterocytes or M cells found in the follicle-associated epithelium of the Peyer’s Patches. 

Within an hour of infection, S. Typhimurium pathogens rapidly invaded the intestinal tissues by 

first penetrating the apical region to the basal side of the epithelia. The bacteria then migrate to the 

lamina propria, a connective tissue beneath the epithelia, within 5 hours of infection (Reis et al., 

2003). During this period, about 3 hours post-infection, innate immune cells, particularly 

neutrophils, lying underneath the epithelia sense and become activated by the presence of the 

pathogens (Santos et al., 2002; Reis et al., 2003).  

Immune response is triggered by the interaction between the immune cell pattern-recognition 

receptors (PRRs) such as Toll-Like Receptors (TLRs) and pathogen-associated molecular patterns 

(PAMPs) such as LPS, resulting in the stimulation and activation of neutrophils and macrophages 

(de Jong et al., 2012). There is also increased production of pro-inflammatory cytokines 

particularly interleukins (e.g. IL-1β, IL6, & IL17, TNF) which lead to further recruitment of 

several immune cells to the site (Santos et al., 2002; de Jong et al., 2012).   
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Figure 1: Salmonella invasion and colonization (adapted from Hume et al., 2017) 

This action overwhelms the body leading to high levels of chloride ion secretion by epithelial cells 

into the intestinal lumen. This is eventually accompanied by osmotic influx of sodium ions and 

water resulting into severe diarrhea and dehydration in patients (Zhang et al., 2003). 

NTS is often associated with systemic infections in immunocompromised patients (Gordon, 2008). 

Studies in murine models have shown that T3SS-2 mediates Salmonella bloodstream 

dissemination and survival in phagocytes (de Jong et al., 2012). Other studies have proposed 

several mechanisms leading to systemic infections in immunosuppressed individuals particularly 

HIV-AIDS patients. Some evidences suggest that bloodstream infections occur due to deficiency 

in immune responses. Defective cytokine production (e.g. IL-12, IL-23 and IL-17) may enhance 

NTS translocation to distant sites such as the mesenteric tissues, the lymph nodes, liver, gall 

bladder, and the spleen (Gordon, 2008; Raffatellu et al., 2008; de Jong et al., 2012). Also, 

MacLennan et al (2010) found that over-stimulation of Immunoglobulin G against 

lipopolysaccharide component of NTS in HIV-infected patients enabled the pathogen to escape 

killing by humoral immune response. 
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2.5 Laboratory identification 

Most NTS infections may lead to mild or severe disease symptoms. For effective treatment, it is 

important to ascertain the presence of Salmonella as the etiological agent of the disease (Iddrisu, 

2014). This could be done by effective diagnostic and classification methods (Laupland & Church, 

2014). In addition, several laboratory-based methods of identification have assisted in disease 

surveillance and control (Hendriksen et al., 2011). The identification methods described below 

focuses on both clinical and reference laboratory investigations of S. enterica. 

2.5.1 Bacterial Culture 

Microbiological examination by culturing methods is considered as the gold standard for 

phenotypic identification of causative organisms (Iddrisu, 2014). In the case of diarrheal disease, 

stool culture may lead to identification of viable Salmonella pathogens. Blood culture is a 

mandatory diagnostic method for confirming bacteremic infections (Laupland & Church, 2014). 

Selective enrichment media have been used to distinguish between Salmonella serovars (Pierce et 

al., 2012). In most cases, bacterial culturing procedures are followed by other basic identification 

methods, particularly microscopy. Some drawbacks may include low sensitivity and low 

specificity. Insufficient specimen collection may preclude the isolation of positive pathogens 

(Laupland & Church, 2014). Another limitation as a result of contamination may lead to false 

positive results. Lastly, the procedure has slow turn-around time which means clinicians may 

obtain results after about 2-7 days.   

2.5.2 Serotyping 

 

An agglutination test is used to differentiate between Salmonella serovars based on immunological 

reactivity in the presence of polyvalent antisera (Slauch et al., 1995). During bloodstream 

infections, antibodies are produced against lipopolysaccharides (LPS), a constituent of the outer 
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membrane of Gram-negative bacteria (Henderson et al., 1996; Tuin et al., 2006). The LPS consists 

of Lipid A, O antigen, and a polysaccharide core. The endotoxic part of LPS is Lipid A which is 

highly conserved and is made up of two phosphate groups attached to glucosamine moieties (Tuin 

et al., 2006). Mostly, the immunogenic part is the O antigen. In some cases, like S. Typhi, the 

polysaccharide core produces Vi antigen which agglutinates in the presence of anti-Vi serum (Tuin 

et al., 2006). The Kauffman-White Scheme of Classification is based on the reaction of Salmonella 

to the various antisera therefore giving rise to diverse serovars (Slauch et al., 1995). Some major 

limitations include cross-reactivity of the test leading to false positive results and insufficient 

discrimination between sporadic infections and chronic cases.   

2.5.3 Biochemical Tests 

 

This is an assay carried out to identify bacteria based on their biochemical reactions and enzyme 

activity. A combination of several assays is used to determine different species and strains of 

Salmonella (Hemraj et al., 2013). For example, Salmonella enterica is a Gram-negative facultative 

anaerobe, with negative oxidase or urease activity, negative indole producers and non-lactose 

fermenters and it shows motility due to the possession of flagella (Hemraj et al., 2013). Using these 

and other bacterial characteristics, scientists could distinguish between species and strains even to 

the level of serovars. Nevertheless, these biochemical tests have limitations in their low 

discriminatory power within strains and relies on several methods for distinction (Wattiau et al., 

2011).  

2.5.4 Phage Typing 

This is a phenotypic screening of Salmonella based on the type of bacteriophage it harbors 

(Baggesen et al., 2010). The bacterium is transformed with a lysogenic or lytic phage which lyse 

the cell after incubation to form clear zones on an agar plate. Previously, scientists used this method 
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for classifying of bacterial strains within the same species during outbreaks (Baggesen et al., 2010). 

Salmonella bacteria especially S. Typhimurium and S. Enteritidis are classified as definitive phage 

types (DT) and Phage Types (PT) respectively (Andoh et al., 2017). In most cases, the typing 

patterns should conform to phage types defined by a reference laboratory for it to be recognized 

(Cooke et al., 2007; Baggesen et al., 2010; Andoh et al., 2017). The procedure has low specificity.  

2.5.5 Pulse-Field Gel Electrophoresis (PFGE) 

 

The PFGE method is based on restriction digest of bacterial genome and their electrophoretic 

mobility in agarose gel using alternating currents (Liu, 2006). PFGE results in 8-25 large DNA 

fragment patterns of about 40-600kb (Liu, 2006). This method has sufficiently high discriminatory 

power and has been used in many laboratories for identifying bacterial strains. The procedure is 

often laborious and there is lack of comparable data across various laboratories (Lui et al., 2011). 

Nonetheless, many scientists consider PFGE as the gold standard for molecular typing of bacteria 

in epidemiological studies (Liu, 2006).  

A similar molecular typing method based on restriction digest analysis is ribotyping. Ribotyping 

uses ribosomal DNA probes to detect smaller fragment sizes (1-30kb) of the genomic DNA (Liu, 

2006). This method is reproducible and has high discriminatory power (Liu, 2006). However, it 

faces limitations like that of PFGE. 

2.5.6 Quantitative Polymerase Chain Reaction 

 

Amplification of specific gene sequences enables easy detection and discrimination between 

bacterial species and strains.  This is a rapid and sensitive procedure which is often used as 

molecular tool for identifying pathogens in the laboratory. Most studies employing PCR method 

amplify the 16S ribosomal RNA gene (16SrRNA) for bacterial identification (Mollet et al., 1997). 
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The amplification of RNA polymerase B subunit (rpoB) has also been used for phylogenetic 

analyses to discriminate between Salmonella species (Mollet et al., 1997). In general, the PCR 

primers may tend to have low binding specificity and probes used in the amplification of target 

gene sequence may be equivocal.  

2.5.7 Multi-Locus Sequence Typing (MLST) 

MLST is considered as one of the indispensable molecular tools for epidemiological studies 

(Ranjbar et al., 2017). Bacterial characterization is based on the amplification and sequencing of 

conserved genes with sufficient polymorphisms between nucleotide sequences for allelic 

discrimination (Foley et al., 2009). Sequenced allele fragments of about 400-500bp are assigned 

allelic profiles and then submitted to a central database to generate bacterial sequence types (ST) 

(Foley et al., 2009). For Salmonella, the following seven housekeeping genes are often sequenced 

for comparative analyses: thrA (aspartokinase+homoserine dehydrogenase), purE 

(phosphoribosylaminoimidazole carboxylas), sucA (alpha ketoglutarate dehydrogenase), hisD 

(histidinol dehydrogenase), aroC (chorismate synthase), hemD (uroporphyrinogen III cosynthase), 

dnaN (DNA polymerase III beta subunit) (Lui et al., 2011; Ranjbar et al., 2017). According to Liu 

et al (2011), hisD showed the highest discriminating nucleotide sequences among the other targets 

in Salmonella isolates. In another study, sucA gene has been shown to distinguish between ST313 

and ST19 (Krauland et al., 2009). MLST is important for genetic population studies especially due 

to its reproducibility. However, this tool may be less discriminatory among certain bacterial strains 

(Fakhr et al., 2005) and therefore rely on the combination of other identification tests. 

2.5.8 Whole Genomic Sequencing 

Complete genome sequencing is considered as the ideal molecular tool for characterizing bacteria 

(Philips et al., 2016). Sequencing techniques such as Sanger, Illumina, Pyrosequencing, Ion 
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Torrent and Nanopore Technology may be used to generate sequence data. With this method of 

analysis, data of MLST, resistance and other virulence traits could be obtained (Okoro et al., 2012; 

Kagambèga et al., 2018). This has sufficiently high discriminatory power. Due to the vast sequence 

data generated, gene annotations may become difficult and time consuming. Also, the cost 

involved in this procedure serve as one of the limitations.  

 

2.6 Antimicrobial agents and resistance 

2.6.1 Mode of action and mechanism of resistance 

Classes of antimicrobials used for effective treatment of NTS disease include Fluoroquinolones, 

Carbapenems, Aminoglycosides, Macrolides, and Third Generation Cephalosporins (Su et al., 

2004; Ando et al., 2017). Most of these classes target inhibition of protein synthesis or cell wall 

formation. For example, Aminoglycosides and Macrolides inhibit peptide elongation whereas 

Cephalosporins and Carbapenems act against bacterial cell wall formation of bacterial.  

Fluoroquinolones have become widely used antibiotics in Ghana (Groß et al., 2011). This drug is 

bactericidal, and its mode of action is by inhibiting bacterial replication (Casper et al., 2016). 

Primarily, the compound interacts and inactivates DNA gyrase in Gram negative bacteria or 

Topoisomerase IV in Gram positive bacteria (Casper et al., 2016). The enzyme is a tetramer which 

consists of dimer subunits A and B (Casper et al., 2016). This enzyme complex releases tension in 

the bacterial chromosome during replication by negative supercoiling (Sutera et al., 2013; Casper 

et al., 2016).  

Polymorphisms due to single base-pair change at designated sequence sites may alter the 

conformation of the enzyme and reduce affinity for drug resulting in resistance (Sutera et al., 
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2013). These sites are known as quinolone resistance-determining regions (QRDRs) (Sutera et al., 

2013). Point mutations in the GyrA QRDR codons 83 (Ser to Phe, Ser to Tyr, or Ser to Ala) and 

87 (Asp to Tyr, Asp to Gly, or Asp to Asn) were found to confer significant level of resistance to 

fluoroquinolones (Giraud et al., 2000; Rahmani et al., 2013; Eibach et al., 2016). In addition, 

Single nucleotide polymorphisms at QRDR codons 463 to 466 of GyrB were also associated with 

resistance (Sutera et al., 2013; Eibach et al., 2016). Further, mutations in the ParC gene codon 80 

(Ser to Iso, or Ser to Arg) of Topoisomerase IV may confer some level of resistance to 

fluoroquinolones, however, this form of mutation is rarely found in Salmonella (Giraud et al., 

2000; Su et al., 2004; Rahmani et al., 2013; Eibach et al., 2016). Horizontal transfer of quinolone 

resistance plasmids (qnr) are also found to play major role in resistance to quinolones and 

fluoroquinolones.  

The efflux of drug to reduce its accumulation in bacterial cell is another mechanism of decreasing 

the effect of the drug. Thus, active efflux is an important bacterial resistance mechanism to 

fluoroquinolone (Giraud et al., 2000; Caspar et al., 2017). Giraud et al (2000) suggested that 

increased expression of efflux mediated proteins like AcrAB coupled with reduced membrane 

permeability may be the initial resistance mechanism employed by the bacteria prior to GyrA 

mutations.   

2.6.2 Epidemiology of resistance in sub-Saharan Africa 

 

Treatment failure as a result of antimicrobial resistance poses a heavy economic burden aside 

increased morbidity and mortality rates (Bernabe et al., 2017). There have been vast reports of 

moderate to high prevalence of antimicrobial resistant pathogens in sub-Saharan Africa (Bernabe 

et al., 2017). Resistance to first line drugs particularly Chloramphenicol, Amino-penicillin and 

Sulphamethoxazole-Trimethoprim has driven the use of advanced antimicrobials such as 
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fluoroquinolones, carbapenems and third generation cephalosporins (Su et al., 2004; Al kraiem et 

al., 2018). A review by Bernabe et al reported the rate of resistance to the first line drugs in sub-

Saharan Africa ranged from 50-70% (Bernabe et al., 2017). They also observed moderate levels 

of resistance to Gentamicin (38%) and Amoxicillin-Clavulanic Acid (42%), 3rd generation 

Cephalosporins (17%) and Fluoroquinolones (12%) among Gram negative bloodstream 

pathogens. Most importantly, Salmonella enterica isolates showed no resistance to Ceftriaxone 

(Bernabe et al., 2017). Molecular analysis of resistance among multidrug resistant Salmonella 

isolates have shown high proportions of plasmid mediated resistance genes CatA1, Sul 1, Sul 2, 

Tet A, Tet B, BlaTem, aadA, dfrA (Orman et al., 2002; Kagambèga et al 2018). 

2.6.3 Methods for Studying Salmonella antibiotic resistance mechanisms 

 

Mostly, antibiotic resistance is studied using phenotypic and molecular based techniques. 

Antimicrobial susceptibility testing using disc diffusion method is considered as the gold standard 

for assessing resistance among Salmonella pathogens (Mandomando et al., 2010). The results are 

interpreted using standard breakpoints according to Clinical Laboratory Standards Institute (CLSI) 

or European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines. With this 

method, several antibiotics could be screened simultaneously on an agar plate. The drawback is 

that, the minimum concentration to inhibit bacterial growth may not be determined. Also, 

persistent isolates may be missed during the analysis.  

Another method is based on determination of the minimum inhibitory concentration (MIC) of an 

antimicrobial agent (Wiegand et al., 2008). This could be done by using agar diffusion or broth 

dilution assay. Test organisms may be exposed to progressively increasing concentrations of a 

given antimicrobial agent to determine the concentration at which the drug inhibits bacterial 
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growth. This method may be laborious and prone to error. An alternative way of carrying out MIC 

test is by using commercially available E-Test kit which may also be costly.  

PCR detection of plasmid-borne resistance genes could serve as a good platform to monitor 

antimicrobial resistance (Orman et al., 2002). Resistance genes borne on plasmids and transposons 

are associated with major spread of drug resistance among bacteria across the globe. 

Sequencing of genes particularly chromosomal encoded resistance genes to identify synonymous 

mutations could be used to study resistance (Okoro et al., 2015; Kagambèga et al., 2018). 

Additionally, expression profiling of bacterial genes including efflux pump and metabolic genes 

using RT-qPCR and RNA sequencing has been employed in the study of antibiotic resistance 

mechanisms in Salmonella (Li et al., 2017). 
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CHAPTER THREE 

3.0 Methodology 

3.1 Characteristics of Salmonella Isolates 

3.1.1 Sample size 

The sample size for the study was calculated according to the method reviewed by Charan & 

Biswas (2013). Briefly, the formula was given as:  

Sample size = (Z1-α/2)2 P (1-P)/ d2 where Z1-α/2 represents the standard normal variate (if the level 

of significance, α is 5%, then the value of Z is 1.96), d is the absolute error which is decided by 

the researcher and P is the expected proportion in the population and is usually based on previous 

study.  

Using the formula above, the value of α= 0.05, giving Z1-α/2 value as 1.96. The absolute error was 

0.05. A study published by Labi et al (2014) showed that the prevalence of invasive NTS infected 

patients among those presenting with bacteremia at Korle Bu Teaching Hospital – a tertiary 

hospital in Ghana was 4%. From this, the expected proportion of patients suffering from iNTS 

infections was 0.04. Thus, the expected sample size was calculated as follows: Sample Size= 1.962 

× 0.04 × (1-0.04)/ 0.052 = 59. 

3.1.2 Study Design  

 

This was a laboratory-based retrospective study conducted at Department of Biochemistry, Cell 

and Molecular Biology, University of Ghana. Archive S. Typhimurium and S. Dublin isolates were 

obtained from Kumasi Centre for Collaborative Research in Tropical Medicine (KCCR) at Kwame 

Nkrumah University of Science and Technology. These bacterial isolates were previously isolated 
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from blood samples taken from pediatric febrile patients between September 2007 and September 

2012. Other presumptive Salmonella enterica isolates included in the study were obtained from 

the Acute Febrile Illness (AFI) project, an on-going study at the Department of Biochemistry, Cell 

and Molecular Biology/West Africa Centre for Cell Biology of Infectious Pathogens (WACCBIP), 

University of Ghana. 

3.1.3 Bacterial isolates 

 

Pure invasive NTS archive isolates from KCCR (n=46) were aerobically revived and grown on 

Cystine-lactose-electrolyte-deficient agar (C.L.E.D, Oxoid) at 37oC for 24 hours. The cultures 

were then transported within few hours in a media plate sealed with paraffin and stored in a zipper 

storage bag kept in a leakage-free box. The samples were immediately brought to the Department 

of Biochemistry, Cell and Molecular Biology, University of Ghana, microbiology lab where they 

were kept at 4oC to arrest their growth or stored at -20oC in 20% glycerol (v/v). Prior, S. enterica 

isolates from the AFI study (n=5) were kept under -20oC storage condition. A total 51 bacterial 

isolates (S. Typhimurium n=36, S. Dublin n=10, Unknown serovars n=5) were available for the 

study.  

3.1.4 Culturing conditions and morphological examination 

 

The isolates were sub-cultured on chocolate agar and incubated at room temperature for 24 hours. 

The cultures were routinely grown using Luria-Bertani (LB) media (Sigma-Aldrich) or chocolate 

agar. In the case of antimicrobial susceptibility testing, Mueller Hinton Agar 2 (Merck, Germany) 

was used. Gram’s staining was carried out to confirm the phenotypic characteristics of isolates as 

previously described (Grainger et al., 2001).  
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3.2 Susceptibility Testing 

 

The antibiotic susceptibility profiles of each isolate were assessed using disc diffusion method and 

by following CLSI M100 recommendations. The experimental procedure was carried using 

NCCLS manual for antimicrobial susceptibility testing. First, bacterial cells were cultured on LB 

agar at 37oC overnight. Single colonies from the overnight cultures were suspended in sterile 0.9% 

saline (w/v) and adjusted to 0.5McFarland standard (BBL, Becton Dickson). A sterile cotton-

tipped swab stick was then dipped into the suspension. Excess liquid was removed from the swab 

by pressing against the side of the tube. The agar plate was inoculated by swabbing the surface 

starting from the top to cover entire plate.  Streaking was done in a forward and backward manner 

and then rotating the plate to approximately 60o to repeat the procedure. The isolates were screened 

against the following antimicrobials: Ampicillin (10µg), Ceftazidime (30µg), Cefuroxime (30µg), 

Ceftriaxone (30µg), Ciprofloxacin (5µg), Levofloxacin (5µg), Sulphamethoxazole-Trimethoprim 

(300µg), Gentamicin (10µg), Imipenem (10µg), Chloramphenicol (30µg), and Tetracycline 

(30µg) (Oxoid). These agents for AST were chosen by first comparing and then selecting 

frequently used antimicrobial agents in recent NTS research publications from Ghana (Donkor et 

al., 2012; Labi et al., 2014; Eibach et al., 2016; Andoh et al., 2017). The AST cultured plates were 

incubated at 25oC for 16-18hours after which the zones of inhibition were measured in millimeters 

using a ruler. The breakpoints were interpreted according to CLSI M100S standards (2014) and 

using the reference strain E. coli ATCC 25922® as control organism.  
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3.3 DNA Extraction 

 

Single cell colony was cultured in LB broth (Sigma-Aldrich, UK) by incubating at 37oC while 

shaking at 220rpm overnight. Cultured cells were harvested, and genomic DNA were extracted 

with Quick-DNA Plus Isolation Kit (Zymo Research). The procedure for extraction were carried 

out by following the manufacturer’s instructions, although, with few modifications. Briefly, a 

volume of 1000µL of each sample culture was harvested by centrifugation. Excess media was 

washed off by resuspending pellets in 500µL Phosphate Buffered Saline (PBS) and centrifuging 

at 500 × g for 2 minutes. The Pellets were finally resuspended in 200µL PBS, followed by addition 

of 200µL Biofluid and Cell Buffer® (Zymo Research) and 20µL Proteinase K (20mg/mL). After 

vortexing for 10-15 seconds, the mixture was incubated at 55oC for 15minutes. In addition, a bead-

beating step was introduced by homogenizing the cells with sterile inert beads (Zymo Research) 

using the Disruptor Genie for 5-10 minutes. An equal volume of Genomic Binding Buffer® (Zymo 

Research) was added to the mixture, vortexed for 10-15 seconds, then transferred into a column 

placed in collection tube (Zymo Research). The column was washed with 400µL Pre-Wash 

Buffer®. Following this step was additional washing using 700µL and then 200µL gDNA Wash 

Buffer® by centrifugation (12,000 × g for 1 minute). Finally, the Spin Columns were transferred 

to a sterile micro-centrifuge tube where 50µL DNA Eluting Buffer® preheated at 70oC was added. 

This was incubated at room temperature for 5 minutes before centrifuging at maximum speed 

(16,000 × g for 1 minute) to elute the DNA. The quantity and purity of the isolated DNA samples 

were analyzed using Nanodrop™ Spectrophotometer (ThermoFisher Scientific, USA). 
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3.4 Salmonella Genotyping 

3.4.1 Amplification of virulence gene st313-td by polymerase chain reaction (PCR) 

All conventional PCR reaction components were assembled using NEB OneTaq® 2X Master Mix 

with Standard Buffer protocol. The mixture consisted of 1X Master Mix buffer with Taq 

Polymerase, 0.2µM of each primer set and 1-5µL genomic DNA as template in a total reaction 

volume of 20µL. The PCR primers were obtained from previous study (Herrero-Fresno et al, 

2014). The reaction set up and conditions for st313-td gene was carried out according to the 

experimental conditions used by Herrero-Fresno et al with few modifications. First, elongation 

temperature was set based on the Taq Polymerase used. In addition, the number of reaction cycles 

were increased from 30 cycles to 33 cycles. The primer sequences specific for the gene st313-td is 

given as follows: forward 5´-GGTGATGTAGAAAGACGAA-3´ and reverse 5´-

GGAAGAGTAGGGAAAAGAA-3´ (synthesized by Inqaba Biotec, SA) with expected amplicon 

size of about 1029bp. The thermocycling conditions using ProFlex® PCR System (Thermo Fisher 

Scientific, USA) were set as follows: 94oC for 5 minutes as initial denaturation step, then 

amplification step- 94oC for 1minute, 55oC for 1 minute, 68oC for 1 minute for 33 cycles, and final 

extension for 10min at 68oC. The amplicons were analyzed using gel electrophoresis by resolving 

in 1.5% agarose prepared in 1X TAE buffer and stained with EZ-Vision® in gel-solution 

fluorescent dye. The gel was visualized using Amersham Imager 600 and the estimated band size 

of the amplicons were determined by comparing to the Quick-Load® Purple 100bp DNA Ladder 

(New England BioLabs Inc). 

3.4.2 Multi-Locus Sequence Typing  

 

Twelve S. Typhimurium and Two S. Dublin DNA samples showing presence of st313-td gene and 

8 other isolates (seven S. Typhimurium and one S. Dublin) with varying antibiotic susceptibility 
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patterns were selected for MLST analyses (ID Genomics, Seattle, USA). The MLST targeted 7 

housekeeping genes in the bacterial genome as described in a previous study (Moon et al., 2015). 

The target genes were aroC, dnaN, hemD, hisD, purE, sucA, and thrA.  

 

3.5 Antimicrobial Resistance Markers Amplification  

The PCR reaction was carried out based on the conditions previously described above by using 

NEB OneTaq® 2X Master Mix with Standard Buffer protocol. The annealing temperatures used 

for the reactions were based on the primers obtained for the specific markers of resistance.  
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3.6 Minimum Inhibitory Concentration Determination and Ciprofloxacin Resistance 

Induction 

 

The MICs of Ciprofloxacin were determined by broth microdilution assay according to the 

Wiegand et al, (2008) protocol. Two S. Typhimurium ST313 isolates 113552 and 113821, which 

showed complete susceptibility and MDR phenotypes respectively, were selected. The reference 

strain E. coli ATCC 25922® was used as control organism. Isolates were cultured overnight on 

Mueller Hinton Agar (MHA) by incubating at 37oC. Ciprofloxacin serial dilutions in cation-

adjusted Mueller Hinton Broth (MHB 2) were freshly prepared. Bacterial cells were adjusted to 

0.5McFarland’s Standard before exposing to the antibiotic. The experiment was repeated in three 

biological replicates and two technical replicates. MICs were measured with a microplate reader 

(Varioskan LUX) after overnight incubation at 37oC with shaking. A typical 96-well plate set up 

was as shown below:   

 

 

Figure 2: Representative 96-well plate set up for broth microdilution assay 
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3.7 Induction Assay 

Following the MIC results, the susceptible isolate (113552) was cultured on Mueller-Hinton agar 

(MHA) overnight. These susceptible cells, after adjusting to 0.5 McFarland’s Standard, were 

exposed to increasing concentration of ciprofloxacin starting with the concentration of half the 

established MIC (0.015µg/mL) (Appendix Table 3). The test, growth control and sterility control 

cultures were incubated overnight at 37oC while shaking. In addition, MHA culture plates with or 

without ciprofloxacin were prepared. The optical density (OD) at 600nm was measured and cell 

viability on MHA plates was assessed before proceeding to the next higher concentration. The 

procedure was repeated until resistant strains with elevated ciprofloxacin MIC began to show 

delayed growth (in this case, at 4µg/mL). Selected resistant bacteria were cultured in antibiotic-

free MHB for five consecutive days to check for stability.  

 

3.8 Growth Comparison of Ciprofloxacin Resistant Isolates  

The three induced resistant (113552_Res1, 113552_Res2, & 113552_Res4) isolates and the 

susceptible parental (113552) isolates were grown on LB agar overnight. The growth patterns were 

determined by culturing individual isolate in LB broth starting with an initial OD of 0.02. The OD 

of the cultures were measured after every hour for 14 hours and then after 24 hours of incubation 

to ploy a growth curve. MICs of the resistant and the susceptible isolates were determined as 

previously described. All set ups were carried out in two technical replicates. The significant 

differences in growth behavior between the induced resistant and parental isolates were analyzed 

using Mann-Whitney Test at a two-tailed p-value of 0.05.  
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3.9 PCR Amplification of Ciprofloxacin Resistance Genes  

The genomic DNA of induced resistant (113552_Res4), susceptible (113552) and clinically 

intermediate resistant (113821) isolates were extracted using Quick-DNA Plus Isolation Kit (Zymo 

Research) as previously described. The listed primers for PCR (Table 1) were designed using the 

Primer3Plus Bioinformatics program (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi). These designed primers were purchased from Inqaba Biotech 

Company, SA. PCR reaction conditions were as previously described except for the annealing 

temperature which was set at 60oC for all primers. Amplicons were resolved on 1.5% agarose gel 

stained with Ethidium Bromide. The PCR products are sent for Sanger sequencing. Upon receipt, 

sequenced data will undergo quality control checks by assessing the size of distribution using 

Agilent 2200 Tapestation (~ 250-1000bp). Further, sequence data will be edited using CLC 

Genomics Workbench software (CLC bio, Denmark) to remove adapter sequences as previously 

described (Philips et al., 2016). Genetic variations based on nucleotide polymorphisms will be 

determined by mapping FastQ files of the three isolates to the reference genome of S. Typhimurium 

LT2 (Accession number: NC_003197) at National Centre for Biotechnology Information (NCBI) 

database.  

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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Table 1: Primers for Ciprofloxacin Resistance Targeted Genes 

No. Gene  DNA Primer sequence 5’-3’ Gene Annotation Ref 

1. GyrA F- 

AGTACGTGGGCGAATGTGTT 

DNA Gyrase subunit A This 

study 

  R- 

AGGATGGTGTCATGGGTGTT 

2. AcrA F- 

AAACGGAACCACTGCAAATC 

Acridine Efflux Pump This 

study 

  R- 

TTTCAATCCGTCAGTCACCA 

3. YdhJ F- 

CGCGTGGTAAATATGTCGTT 

Multidrug Resistance Efflux 

Pump 

This 

study 

  R- 

GTCACTTTCCACGCTTTGGT 

4. EmrD F- CCATTTATATTCCCGCCATC Multidrug Resistance Protein 

D 

This 

study 
  R- 

AGACGTTCATCACGCCAAAC 

5. SoxR F- 

CGGGCGAGTATAATTCCTCAA 

Redox-Sensing 

Transcriptional Activator of 

SoxS 

This 

study 

  R- 

CAGTCGCTACGCGATAAACA 

NB: F=Forward, R=Reverse 
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3.10 Gene Expression Analysis by Reverse Transcription-quantitative Polymerase Chain 

Reaction (RT-qPCR) 

3.10.1 RNA Extraction  

Selected bacterial isolates (113552, 113821, & 113552_Res4) were grown on LB agar at 37oC 

overnight. Each isolate was sub-cultured in 10ml LB broth for 18-24hours. Next, 1ml of each 

culture was inoculated into 10ml Brain Heart Infusion (BHI) containing ciprofloxacin at half the 

MICs for the individual isolates (Table 6). However, the induced resistant isolate (113552_Res4) 

was exposed to the same ciprofloxacin concentration as the clinical intermediate (113821) to 

mimic that of the intermediate. The cultures were incubated at 37oC while shaking at 225rpm for 

6-8 hours after which the cells were harvested. Two volumes of bacterial RNA Protect® (Qiagen, 

Germany) was added to one volume of bacterial culture by mixing and leaving on bench for about 

5 minutes to preserve the integrity of the RNA. Total RNA from the cell pellets were extracted 

using ZymoResearch RNA isolation kit and by following the manufacturer’s instructions. Briefly, 

cell pellets were resuspended in 400µl RNA Lysis Buffer, and then transferred into a Zymo-Spin™ 

filter in a collection tube. This was centrifuged at 16, 000 × g for 30seconds. One volume of 

absolute ethanol was added to the saved flow-through supernatant. The mixture was transferred 

into a Zymo-Spin™ IIICG Column and genomic DNA eliminated by DNase I Treatment. 

Following this step, about 400µl of RNA Prep Buffer was added to the column, centrifuged at 16, 

000 × g for 30seconds, and then discarded flow-through. A volume of 700µl RNA Wash Buffer 

was added to the column and centrifuged at 16, 000 × g for 30 seconds. The flow-through was 

discarded. Lastly, 400µl RNA Wash Buffer was added to the column. Here, centrifugation was set 

at 16, 000 × g for 2 minutes to ensure complete removal of Wash Buffer. The RNA bound to the 

matrix of the spin column was subsequently washed and eluted in 50µl nuclease free water. The 
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integrity and purity of RNA samples collected in RNase free microcentrifuge tubes were assessed 

using Nanodrop™ Spectrophotometer (ThermoFisher Scientific, USA). The samples were stored 

at -20oC for further experiments.   

3.10.2 Gene Expression Analysis by RT-qPCR 

 

The expression levels of GyrA, AcrA, YdhJ, EmrD and SoxR genes in susceptible (113552), 

intermediate resistant (113821) and induced resistant (113552_Res4) isolates under drug stress 

(exposure to ciprofloxacin) were analyzed by RT-qPCR. The cDNA synthesis and amplification 

of gene transcripts were achieved by using Luna® Universal One-Step RT-qPCR kit (New 

England Biolabs). For a 20µL RT-qPCR reaction, 10µL of Luna Universal One-Step Reaction Mix 

(2X), 1µL of Luna WarmStart® Reverse Transcriptase Enzyme Mix (20X), 0.8µL of forward 

(10µM) primer, 0.8µL of reverse (10µM) primer, 2µL of template RNA (ranging between 100 and 

200ng/µL), and 5.4µl nuclease-free water were used. The cycling conditions were as described 

below: 

55oC for 10minutes as reverse transcription step, 95oC for 1 minute as initial denaturation step, 

and 40 cycles of denaturation and extension steps at 95oC for 10seconds and 60oC for 30seconds 

respectively.  

The reaction was carried out in a 96-well microplate using the Quant Studio™ 5 Real Time PCR 

thermal system (ThermoFisher Scientific, USA). A negative no-template (distilled water) control 

was included in each run. The housekeeping gene 16SrRNA was used as the endogenous control. 

The mRNA transcript levels of targeted genes were determined as described previously (McGann 

et al., 2007; Duodu et al., 2010). The Ct values of the target genes and the endogenous control 

gene were transformed using the formula, E-Ct, where E is the reaction efficiency and Ct is the 
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threshold cycle. The expression levels were normalized using the formula; N= transformed Ct 

(target)/ transformed Ct (endogenous control).  

3.10.3 DNA Sequence Analysis of Resistance target genes 

 

Amplified gene products were sequenced using Sanger sequencing platform. Sequence analysis was 

performed using Geneious bioinformatics software platform (https://www.geneious.com). Raw reads were 

edited and analyzed by aligning the nucleotide sequences of susceptible, intermediate, and resistant isolates 

to corresponding genes of reference strain S. Typhimurium LT2.  

3.11 Statistical Analyses 

Data generated from the study were computed using Microsoft Excel. Results of AST experimental 

replicates as well as data for resistance gene amplification were expressed as percentages. Further 

statistical analyses of data were exported into and analyzed using Graph Pad Prism 6 Software. 

Categorical data obtained for the sequence types and multidrug resistance were compared using 

Chi-Square/Fisher’s Exact Tests. Continuous data from determination of growth pattern were 

analyzed as mean ±S.D. The significant differences were assessed using non-parametric using 

Mann Whitney Test. The mRNA transcript levels were analyzed using normalized log10 

transformed transcript levels.  Comparison of expression levels among samples were determined 

using 1-Way ANOVA and Tukey’s multiple compassion test. All statistical analysis was set at a 

significant level of 5% (p value < 0.05) except for SNP analysis in which significant level was set 

at 0.1% (p-value < 0.001). 

https://www.geneious.com/
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CHAPTER FOUR 

4.0 RESULTS 

4.1 Characteristics of Salmonella Isolates 

All the fifty-one archived Salmonella isolates yielded growth on chocolate agar at 100% revival 

success rate. Salmonella appeared as small, round, smooth colonies with cream-to-grey color. 

Also, colonies did not show any discoloration of the media. All isolates were sampled from 

pediatric blood. Forty-six of them were serotyped based on White-Kauffmann-LeMinor scheme 

using agglutination tests (Eibach et al., 2016).  Out of the 51 isolates, 70% (n=36) and 20% (n=10) 

belonged to S. Typhimurium and S. Dublin serovars respectively (Table 2). All bacterial isolates 

were identified as Gram negative rod-shaped. PCR detection of Salmonella specific invA gene 

tested positive for all isolates from AFI and KCCR. 

 

4.2 Antimicrobial Susceptibility Profile 

 

Susceptibility test was carried out to examine the phenotypic resistance patterns of Salmonella 

isolates (figure 3 and 4). The bacteria were tested against eight different classes of antibiotics and 

multidrug resistance was defined as resistance to three or more classes of drugs. The types of 

antibiotics were selected based on their frequent use in current NTS studies carried out it Ghana 

and also based on Ghana Health Service recommendation for the treatment of NTS disease in the 

country (Donkor et al., 2012; Labi et al., 2014; Eibach et al., 2016; Andoh et al., 2017). All isolates 

(100%) were completely susceptible to Imipenem, Ceftazidime and Ceftriaxone (figure 4). 

Reduced susceptibility to levofloxacin (n=6) and ciprofloxacin (n=3), gentamicin (n=1), 

tetracycline (n=1), amoxicillin-clavulanic acid (n=1) and cefuroxime (n=1) was also observed 
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among isolates (Figure 1). In general, resistance frequency of over 60% was recorded against 

chloramphenicol (n=32/51, 63%), amoxicillin (n=34/51, 67%), ampicillin (n=35/51, 69%), 

streptomycin (n=31/51, 61%) and Sulphamethoxazole-Trimethoprim (n=33/51, 65%) (Figure 1A). 

Only 2% of the isolates (n=1) were resistant to tetracycline or Amoxicillin-Clavulanic Acid (figure 

4A). S. Dublin isolates were susceptible to almost all antibiotics used except for ampicillin and 

amoxicillin (figure 4C). High levels of resistance and reduced susceptibility were mostly observed 

among S. Typhimurium isolates (figure 4B). Overall, there were 32 MDR isolates (Table 2).   

 

 

 

 

Figure 3: Representative agar plates of antimicrobial susceptibility testing using disc 

diffusion method. 
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Figure 4: Antimicrobial susceptibility profile of (A) all Salmonella enterica (B) 

Salmonella Typhimurium and (C) Salmonella Dublin isolates.
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Table 2: Source, Serovars, and Drug Resistance Profile of Salmonella 

enterica Isolates 

Serovar Source Number of 
Isolates (%) 

Susceptible 
to all 
antibiotics 
(N) 

Resistant to 
≥3 classes of 
antibiotics 
(N) 

Typhimurium Blood 36 (70%) 1 32  

Dublin Blood 10 (20%) 8  - 

NTS Blood 5 (10%) 5  - 

Total   51 (100%)   

ABBREVIATION: 
N= number of isolates 
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4.3 Detection of Antimicrobial Resistance Gene Markers 

Following the phenotypic susceptibility testing, the molecular detection of plasmid-mediated 

resistance genes was carried out by PCR to confirm the resistance phenotype of the isolates. Ten 

isolates showing varying antimicrobial susceptibility profiles were selected for the molecular 

analysis. The targeted resistance genes, based on AST results, were plasmid-encoded and 

predominantly associated with corresponding drug resistance (Appendix Table 1). The genes were 

CatA1, BlaTem, StrA, aadA, TetA & B, Sul1 & 2, aac (3) III-Iv, and drfA14 encoding resistance to 

chloramphenicol, β-lactams, streptomycin, streptomycin, tetracycline, sulfamethoxazole, 

gentamicin, and trimethoprim respectively (figure 5). Three isolates (30%) carried CatA1 gene 

(figure 5) although a total of 5 showed phenotypic resistance to Chloramphenicol. Interestingly, 

one of CatA1-carrying isolates was susceptible to chloramphenicol in the AST results (Appendix 

Table 2). The test was repeated to confirm the result. The presence of BlaTem gene was detected 

among five of the 7 isolates which showed phenotypic resistance to amino-penicillin drugs.   About 

90% of the isolates contained StrA gene including 2 isolates which were susceptible to 

streptomycin (Figure 5). Gene aadA was detected in 70% isolates (figure 5) and it was profoundly 

present in isolates showing streptomycin resistance. TetA gene was present in 30% of the isolates 

(figure 5) including one S. Typhimurium with no phenotypic resistance to tetracycline (Appendix 

Table 2). On the other hand, Tet B gene was detected in only one MDR S. Typhimurium isolate 

(10%) with phenotypic resistance to Tetracycline (figure 5). Ninety percent of Sul1 and 100% of 

Sul2 genes were detected (figure 5) including 3 other sulfamethoxazole susceptible isolates. 

However, there was no detection of aac-III-IV or dfrA14 genes which codes for Gentamicin and 

Trimethoprim resistance, respectively.  
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Figure 5: Distribution of antimicrobial resistance gene markers among Salmonella enterica isolates. 

Genes CatA1, BlaTem, Tet A & B, Sul 1 & 2, and StrA & AadA encode resistance to chloramphenicol, beta 

lactams, tetracycline, sulphamethoxazole and streptomycin respectively 
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4.4 Salmonella genotyping by MLST 

4.4.1 Detection of Virulent trait st313-td gene  

Amplification of st313-td gene was carried out as a preliminary investigation to identify possible 

virulent clones prior to selection for Multilocus Sequence Typing (MLST). Conventional PCR was 

performed for all fifty-one isolates. Out of this, only 14 (27%) of them carried the gene of which 

S. Typhimurium and S. Dublin isolates were 12 and 2 respectively (Table 3). Other S. 

Typhimurium (n=7) and S. Dublin (n=1) isolates showing varying resistance phenotypes, were 

selected in addition to the 14 positive isolates for typing and analyses (Table 3). S. Typhimurium 

isolates with sequence type ST313 represented 82% (n=18/22) of all the typed isolates whereas 

only 4% (n=1/22) was ST19 (Table 3). All S. Dublin isolates (14%, n=3/22) were of sequence type 

ST10 (Table 4).  

4.4.2 Comparison of Salmonella Sequence Types and Resistance Phenotypes 

 

The antimicrobial susceptibility results showed that S. Dublin isolates used in the study belong to 

sequence type 10 (ST10) and were susceptible to all the antimicrobial agents used (Table 4). On 

the other hand, a higher proportion of these isolates carried the st313-td gene (Table 4). Out of the 

19 genotyped S. Typhimurium isolates, 15 (78%) of them were classified as MDRs (Table 5). The 

only ST19 isolate showed resistance to two classes of antibiotics (Table 5). Interestingly, one S. 

Typhimurium ST313 isolate was found to be susceptible to all the antibiotics Table 5).  By 

comparing the virulence trait with MDR phenotype among ST313 clones, a greater proportion 

(53%) carried the st313-td gene. This observation was shown to be statistically insignificant by 

using Fisher’s Exact Test (p >0.05)
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Table 3: Summary of st313-td gene amplification and Multi-Locus Sequence Typing 

Serovar Presence of st313-

td (n) 

Absence of 

st313-td (n) 

Total  Sequence Type 

(% of total) 

S. Typhimurium 12  7 19 ST313 (82%) 

ST19 (4%) 

S. Dublin 2 1 3 ST10 (14%) 

Total 14 8 22  

Abbreviation:   n=number of 

isolates 

   

 

 

 

 

 

 

 

Table 4: Phenotypic and Genotypic Characterization of S. Dublin 

Serovar Isolate (%) st313-td gene Antimicrobial Sensitivity Sequence Type 

S. Dublin 67 Present Susceptible to all antibiotics ST10 

33 Absent Susceptible to all antibiotics ST10 
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Table 5: Relationship between S. Typhimurium Genotype, Resistance Profile and 

Virulence Trait 

No. st313-td gene Sequence Types Resistance Profile 

1 present ST313 MDR 

2 present ST313 MDR 

3 present ST313 MDR 

4 present ST313 Resistant to two classes of antibiotics 

5 present ST313 MDR 

6 absent ST313 susceptible to all antibiotics 

7 present ST313 MDR 

8 present ST313 MDR 

9 absent ST313 MDR 

10 present ST313 MDR 

11 present ST313 MDR 

12 absent ST19 Resistant to two classes of antibiotics 

13 present ST313 MDR 

14 present ST313 MDR 

15 absent ST313 MDR 

16 absent ST313 MDR 

17 present ST313 MDR 

18 absent ST313 MDR 

19 absent ST313 Resistant to two classes of antibiotics 

MDR=multidrug resistant 
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4.5 Characterization of ST313 Resistance to Ciprofloxacin 

4.5.1 MIC determination and growth patterns of ciprofloxacin resistant isolates 

Prior to induction of resistance, the MICs of Ciprofloxacin susceptible (113552) and intermediate 

(113821) isolates were determined as 0.015 µg/ml and 0.25 µg/ml respectively (Table 6). The 

resistant isolates (113552_Res1, 113552_Res2, and 113552_Res4) were obtained after exposing 

the susceptible ST313 isolate (113552) to increasing concentrations of ciprofloxacin as outlined 

in the methods. The MICs for 113552_Res1 and113552_ Res2, and 113552_Res4 were 1, 2, and 

4µg/ml respectively (Table 6).  

 

Table 6: Summary of Minimum Inhibitory Concentration and Resistance Characteristics 

Sample MIC (µg/ml) Ciprofloxacin Susceptibility 

113552 0.015 Susceptible 

113821 0.25 Intermediate 

113552_Res1 1 Resistant 

113552_Res2 2 Resistant 

113552_Res4 4 Resistant 
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To establish the effects of ciprofloxacin resistance on bacterial growth, the optical density 

(OD600) of each bacterial culture including the control parental isolate (113552) was monitored at 

different time points (figure 6). There was no statistically significant difference between the 

resistant and susceptible isolates. However, 113552_Res4 isolate showed the highest exponential 

growth rate as compared to the other isolates (figure 6). This observation was contrary to that of 

113552_Res1 which measured the lowest OD (figure 6). After 14 hours, the isolates seemed to 

have entered the stationary phase except for 113552_Res2 (figure 6). 

 

 

Figure 6: Comparison of growth patterns among Salmonella ST313 isolates. The 

graph shows the mean ±SD optical density (OD) measured for each isolate over time. 

The blank was LB broth and the control organism was 113552. Resistant isolates 

113552_Res1, 113552_Res2, and 113552_Res4 were obtained after exposing the control 

organisms to 1ug/ml, 2ug/ml and 4ug/ml Ciprofloxacin concentrations respectively. 
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4.5.2 Expression analysis of genes related to ciprofloxacin resistance 

To understand the mechanism of resistance, changes in mRNA transcript levels of selected genes 

(gyrA, acrA, ydhJ, emrD, and soxR) after exposure to ciprofloxacin were monitored by reverse 

transcription quantitative PCR (figure 7). These targeted genes are known to be regulated in 

responses to fluoroquinolones (Li et al., 2017). Amplification of the endogenous control 16SrRNA 

gene resulted in low Ct values (between 4.9 and 6.9) corresponding to its high abundance in the 

cultured samples. Some differences in 16SrRNA abundance were also observed between tested 

samples, which could be attributed to differential growth of Salmonella cells under varying 

ciprofloxacin exposure. To avoid any confounding effect of cell numbers on the quantitative 

analysis of mRNA transcript levels, the expression of each targeted gene was first log transformed 

and normalized to the 16S rRNA reference control. The results showed significant variation in gene 

expression levels between the susceptible, intermediate, and resistant isolates (figure 7). The 

transcript levels were generally higher for susceptible than the resistant isolates. For most of the 

genes, significant differences in mRNA transcript levels were also observed between the 

intermediate and induced resistant isolates (figure 7). For the induced resistant isolate, there were 

no significant differences between the mRNA transcripts levels of the five genes notwithstanding 

emrD gene was the least expressed. 
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Table 7: Ciprofloxacin Concentrations used for RNA Expression 

No. Sample ID Ciprofloxacin 

concentration 

used 

1 susceptible 0.0075 µg/ml 

2 intermediate 0.125 µg/ml 

3 Resistant 0.125 µg/ml 

 

 

Figure 7: Normalized log10 transformed mRNA transcript levels of target genes in 

Salmonella isolates. The expression levels of gyrA, acrA, ydhJ, emrD and soxR in 

susceptible, intermediate and resistant isolates after exposure to ciprofloxacin were 

determined by RT-qPCR analysis. The mRNA transcript levels were normalized to the 

endogenous control 16SrRNA.The data represent mean ±SD of three technical replicates 

and (*) is p <0.05 
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Figure 8:  Agarose gel representation of PCR amplicons. PCR products of the 

following genes (from left to right) YdhJ (726bp), AcrA (926bp), and GyrA 

(350bp), SoxR (433bp) & EmrD (825bp) among resistant, intermediate and 

susceptible isolates.  N was the negative no template control and L was 100bp 

DNA ladder 
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4.5.3 DNA Sequence Analysis of Resistance Target Gene 

Although no changes in gene expression were detected in the resistant isolate, this does not 

preclude the generation of mutations in those genes. To explore this further, PCR amplification 

and sequencing of all five genes (gyrA, acrA, ydhJ, emrD, and soxR) were performed for the 

susceptible, intermediate and resistant isolates (figure 8). From the sequence analyses, a SNP 

was observed at codon 324 (C →A) leading to a change from phenylalanine to isoleucine (p-

value, << 0.001) in the gyrA gene of the clinical intermediate resistant isolate (Figure 9) 

However, no statistically significant changes in SNPs were observed for acrA, ydhJ, emrD, and 

soxR genes among the three isolates (Appendix Table 5). 

 
Fig 9: Sample visualization of SNPs. Nucleotide sequence of gyrA gene where 1, 2, and 3 represent 

susceptible, intermediate, and resistant respectively. 

1 

2 

3 
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CHAPTER FIVE 

5.0 DISCUSSION, CONCLUSION AND RECOMMENDATION 

5.1 Discussion 

Invasive NTS disease is considered as the one of the most important cause of morbidity and 

mortality in sub-Saharan Africa (Kariuki et al., 2015; Guiraud et al., 2017).There have been reports 

of high levels of resistance to ampicillin, sulphamethoxazole-trimethoprim and chloramphenicol 

among pathogens causing bacterial bloodstream infections in Africa (Bernabe et al., 2017).  S. 

Typhimurium is one of the major serovars implicated in human invasive NTS infections (Kariuki 

et al., 2015; Bernabe et al., 2017). Moderate proportions of host adapted serovars such as S. Dublin 

which causes salmonellosis in cattle have also been found in humans (Andoh et al., 2017). This 

study was set to investigate the virulent genotypes of NTS and their importance in driving 

multidrug resistance in Ghana. Earlier reports in other countries in sSA have associated multidrug 

resistance to invasiveness (Gordon et al., 2008; Kariuki et al. 2015; Akullian et al., 2018). To 

determine the frequency of multi-drug resistant NTS pathogens causing bloodstream infections in 

febrile children, fifty-one (51) invasive NTS isolates of S. Typhimurium and S. Dublin were 

obtained for the study (Table 2). It was observed that high proportions of S. Typhimurium isolates 

displayed MDR phenotype. These pathogens were mostly resistant to chloramphenicol, 

sulphamethoxazole-trimethoprim, ampicillin, and amoxicillin. The results obtained in this study is 

supported by those conducted by Andoh et al (2017) who reported high prevalence of NTS isolates 

with resistance to the multiple antimicrobials described above. These drugs were previously used 

as first-line therapeutic agents for the treatment of bacterial infections in Ghana (Ando et al., 2017). 

However, 3rd generation cephalosporins and fluoroquinolones are currently prescribed as treatment 

drugs for salmonellosis (Kariuki et al., 2005; Ando et al., 2017). The authors also reported about 
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2-8% level of resistance to cephalosporins. In this current study, it was observed that one S. 

Typhimurium isolate showed reduced susceptibility to cefuroxime, a 2nd generation cephalosporin. 

Interestingly, all isolates were susceptible to ceftriaxone (figure 4). Several other studies have no 

reports of Salmonella isolates associated with ceftriaxone resistance (Schwarz et al., 2010; Lui et 

al., 2011; Bernabe et al., 2017). This suggests that third generation cephalosporins may serve as 

important drug choice when other third-line drugs are less effective in sub-Saharan Africa. Another 

important observation was the reduced susceptibility to fluoroquinolone, albeit in a low proportion 

of S. Typhimurium isolates (figure 4B). Recent reports have shown the emergence of 

fluoroquinolone non-susceptible invasive NTS pathogens in Ghana (Eibach et al., 2016). This 

report was consistent with the AST and MIC results obtained in this study (figure 4 and Table 6). 

Studies by Giraud et al (2000) observed that Salmonella pathogens showing resistance to 

fluoroquinolones were also resistant to non-related antimicrobials. It was evident from our analysis 

that all isolates with reduced ciprofloxacin susceptibility were also classified as MDR. 

Fluoroquinolone resistance has become of great concern since these drugs are widely being used 

for treatment of invasive salmonellosis (Kariuki et al., 2015). Generally, the AST have shown high 

prevalence of MDR NTS pathogens implicated in bloodstream infections.  

 Resistance genes borne on mobile genetic elements such as plasmids and integrons have been 

found to mediate the spread of resistance among Salmonella isolates (Orman et al., 2002; Krauland 

et al., 2009). Most studies have identified resistance genes including qnr, blaTem, catA1, sul1, sul2, 

tetA, tetB, dfrA14, dfrA1, aac(3)IV, aadA, and strA among others in MDR pathogenic bacteria 

(Bräu et al., 1984; Heuer et al., 2002; Orman et al., 2002; Leekitcharoenphon et al., 2013; Rahmani 

et al., 2013; Vuthy et al., 2017; Kagambèga et al., 2018). In this study, there were no detection of 

aac(3)IV or dfrA14 encoding gentamicin or trimethoprim resistance respectively among the 
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isolates screened. However, strA and tetB genes, blaTem, catA, and tetA genes and sul1, sul2, and 

aadA genes were present in low, moderate, and high levels respectively (Figure 5). Some isolates 

carried resistance genes yet did not elicit phenotypic resistance to the antibiotics. This observation 

was similar to the results obtained by Kagambèga et al (2018) who revealed the presence of tetB 

gene among Salmonella whole genome sequences without corresponding phenotypic resistance to 

tetracycline. Generally, most of the isolates showed corresponding antibiotic resistance phenotype. 

This goes on to confirm the suggestions of Orman et al (2002) that drug resistance is often 

mediated by horizontal acquisition of resistance genes.  

NTS pathogens were originally associated with local infections in the gastro-intestines. In sub-

Saharan Africa, however, NTS has been implicated in bacteremia (Kariuki et at., 2015). To evolve 

into invasive forms, researchers have proposed that the hyper-virulent pathogen may possess 

repertoire of virulence genes which increases its pathogenicity (Herrero-Fresno et al., 2014). In a 

study conducted by Herrero-Fresno et al, whole genome comparison among Salmonella strains 

revealed the presence of a pathogenicity island in S. Typhimurium ST313 genome known as 

ST313-GI which encodes prophage proteins for replication, excision, and integration. This 18kb 

genome island (GI) is found to harbor a virulence gene, st313-td, which plays important role in 

bacterial bloodstream invasion. The authors found about 93% of 82 bloodstream S. Typhimurium 

and 100% of 50 S. Dublin isolates harbored the st313-td gene by PCR amplification. MLST 

analysis showed that this proportion of S. Typhimurium strains belonged to ST313 clade and 

originated from sub-Saharan Africa. It was noted that about all other S. Typhimurium isolates 

sampled from various sources aside human blood lacked the presence of the gene. Interestingly, a 

smaller fraction (about 6.8kb) of ST313-GI were present in S. Dublin chromosome. They therefore 

concluded that the complete GI responsible for increased pathogenicity was exclusively found in 
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S. Typhimurium ST313. In this present study, st313-td was detected in 14 out of 51 (27%) 

bloodstream NTS pathogens (Table 3). The MLST analysis showed 18 out of a total of 22 invasive 

NTS isolates were S. Typhimurium ST313, representing the most common genotype (Table 3). 

Additionally, two S. Dublin isolates carrying the st313-td belonged to ST10 genotype (Table 3 & 

4). One ST19 isolate lacking the st313-td gene was also identified (Table 3 & 5). This study further 

sought to establish the virulence of ST313 genotypes by comparing the resistance phenotype with 

virulence trait. Although there was no statistically significant association, it was noted that a 

moderate level (about 58%) of S. Typhimurium ST313 isolates harboring the st313-td gene 

displayed MDR phenotype (Table 5). In addition, these pathogens carried several of the plasmid 

encoded antimicrobial resistance genes (Appendix Table 2). Importantly, increasing levels of 

resistance to third line drugs were observed among ST313 isolates. On the Other hand, all S. Dublin 

ST10 isolates were susceptible to all antibiotics (Table 4), and this was consistent with the findings 

of Herrero-Fresno et al (2014). 

Few studies have investigated the expression of important genes regulating resistance to 

fluoroquinolones (Qin et al., 2018). Mostly, molecular investigation is carried by identifying 

nucleotide polymorphisms in the resistant strains (Chattaway et al., 2016). Such studies have 

limitation in the sense that certain genetic mutations may be non-synonymous. Thus, determining 

the impact of fluoroquinolones on gene expression of pathogenic bacteria may provide a step 

towards understanding their resistance mechanisms. The study therefore aimed to investigate 

possible mechanisms of resistance in a hyper-virulent S. Typhimurium ST313 clone by gene 

expression analysis. Firstly, laboratory induced ciprofloxacin resistant isolates were generated 

from susceptible clinical isolate in vitro. This was to reduce confounding factors such as host stress 

response adaptation which may influence the effects of ciprofloxacin on the bacteria. Analysis of 
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the growth behavior revealed there was no statistical difference between the susceptible and 

induced resistant isolates (figure 7). On the contrary, a study in Haemophilus parasuis showed 

faster growth rate in tildipirosin induced resistant strains (Li et al., 2017). The growth pattern 

observed in this present study was important since it established successful generation of isogenic 

resistant isolates which differed from the susceptible wildtype based on their response to 

ciprofloxacin. Variation in gene expression was investigated by comparing normalized mRNA 

transcript levels of gyrA, acrA, ydhJ, emrD and soxR among susceptible, intermediate, and induced 

resistant isolates (figure 7). These genes were selected based on a transcriptomic study of 

ciprofloxacin resistant S. Typhimurium reference strain ATCC 13311 (Li et al., 2017). In the 

current study, high levels of mRNA transcripts were found in the susceptible wildtype as compared 

to the intermediate and induced resistant isolates for all five genes (p value <0.05) (figure 7).  This 

contradicted the findings of Li et al where the authors revealed increased expression of gyrA, acrA, 

ydhJ and emrD in Salmonella resistant isolates. High levels of expression in the susceptible isolate 

have been described by Erickson et al (2017) as adaptive resistance mechanism used by bacteria 

in transient stress response. In their study, the authors found increased expression of resistance 

genes among E. coli strains after exposure to antibiotic stress (Erickson et al., 2017). Therefore, it 

could be suggested that the observed relatively high expression in the NTS wildtype isolate may 

be due to adaptive measures mounted to withstand new environmental stress (that is exposure to 

ciprofloxacin) unlike the resistant or intermediate that may require higher dosage to induce similar 

level of response. Surprisingly, Li et al also found out by transcriptomic and RT-qPCR analyses 

that soxR gene expression was downregulated in induced resistant Salmonella strain. This present 

study reported low levels of soxR mRNA transcripts in resistant isolates indicating downregulation 

of the gene, which agrees with the data obtained by Li et al (2017).  
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In this work, resistant isolates were exposed to lower ciprofloxacin concentration (0.125µg/ml), 

far less than its determined MIC. Goh et al (2002) have previously suggested that bacterial 

transcription are greatly affected by the concentrations of the antimicrobial agents used for 

induction. The group further suggested that the effects of sub-inhibitory concentrations on 

transcription is independent of the inhibitory actions of the drugs. During transcription, the 

expression machinery employs various mechanisms to detect subtle levels of antimicrobial agents 

to produce the appropriate stress response by upregulation or downregulation of target genes (Goh 

et al, 2002). 

Point mutations resulting in polymorphic differences in bacteria genome may contribute to 

antimicrobial resistance mechanisms. The fact that we do not observe changes at the transcript 

level does not rule out mutations in the target genes. Polymorphism arising from point mutation at 

the quinolone resistance determining region (QRDR) has served as important contributing factor 

to fluoroquinolone resistance (Chattaway et al., 2016). Here, we exploited the nucleotide sequence 

variations among susceptible, intermediate, and resistant S. Typhimurium isolates to identify SNPs 

involved in ciprofloxacin resistance. Notably, a SNP at position 324 in the gyrA gene of the clinical 

intermediate isolate was identified that resulted in transversion mutation C→A (p value << 0.001) 

and a subsequent amino acid change from Phe to Asp. According to several published reports, the 

most frequently observed point mutations in gyrA occur at QRDR codon 83Ser to Phe/Tyr/Ala or 

87Asp to Tyr/Gly/Asn. Thus, the single gyrA mutation (324Phe to Asp) could be a novel one. 

Although, mutation in gyrA may have a more direct contribution to the resistance phenotype 

(Casper et al., 2017), further analysis is recommended to validate the synonymy of the mutations 

and/or its association with reduced ciprofloxacin susceptibility. On the other hand, no significant 

SNPs were found in AcrA, SoxR, EmrD, and YdhJ genes (p-value ≥0.001). 
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5.2 Conclusion 

There is high preponderance of MDR S. Typhimurium ST313 among children suffering from fever 

according to the study.  This situation is worsened by the observed reduced susceptibility to 

fluoroquinolones. Further investigation of possible ciprofloxacin resistance mechanisms by gene 

expression showed significant variations in mRNA transcript levels among susceptible, 

intermediate, and resistant S. Typhimurium isolates. Nonetheless, the activities of the drug at both 

genomic and transcriptional levels suggest the need for a whole genomic and transcriptomic 

approach to fully understand the interplay of fluoroquinolone resistance mechanisms in iNTS 

ST313. 

This study has a practical public health implication as fluoroquinolones are still being used as drug 

of choice for treatment of salmonellosis, the knowledge of the endemic genotypes and their 

resistance mechanisms would provide a step towards developing effective therapeutic 

interventions. 

5.3 Limitations and Recommendations 

The study involved a retrospective approach and therefore could not completely reflect on the 

current disease situation and treatment results. The limited time available for fresh sample 

collection and for conducting the entire research necessitated the use of archived isolates. 

Nevertheless, the information obtained in the study could still be relevant for informed decision 

making on antibiotic resistance management as well as a premise for future NTS genotype 

research.  

The expected proportion of patients suffering from iNTS was calculated based on a study at Korle 

Bu Teaching Hospital – a tertiary hospital in Ghana (Labi et al, 2014). There is limited 

epidemiological information on invasive non-typhoidal salmonellosis in Ghana. The few studies 

have suggested a wide prevalence rate ranging between 2.5% and 57% (Schwarz et al. 2010; 
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Nielsen et al., 2012; Labi et al. 2016. Opintan and Newman, 2017). This include studies from both 

rural and tertiary hospitals. The present study based its sample size calculation on Labi’s study at 

a tertiary hospital with a prevalence rate of 4% because it is also a referral hospital where several 

clinical NTS cases are expected to be reported.  

Data from MLST could not allow for the discovery of new emerging strains since the method 

involves the amplification of 7 housekeeping genes which rarely undergo molecular changes. 

Thus, whole genome sequences would be a recommended option since this approach provide vast 

genetic information including MLST data.  

In the future, it is recommended that a prospective research approach should be carried with a 

larger sample size which would provide a true reflection of the present moment. With the fight 

against multidrug resistance, the development of vaccines should more promising solution to the 

problem. Also, avoiding sub-optimal concentrations and indiscriminate use or abuse of drugs 

against Salmonella infections is critical. Prescription of antimicrobial targeting specific causative 

organism, rather than relying on a broad-spectrum antimicrobial should be encouraged for the 

management of febrile illness. Antibiotics should only be prescribed by health professionals when 

necessary. We should improve on national surveillance for antimicrobial resistance. 
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APPENDIX 
 

Appendix Table 1: Primers for Antibiotic Resistance Genes 

Antibiotic Gene 

name 

Sequence 5’- 3’ Fragment 

size (bp) 

Annealing 

Temp (oC) 

Author 

Beta Lactam blaTem (F) ACCAATGCTTAATCAGTGAG 963 50 Vuthy et al., 

2017 (B) GCGGAACCCCTATTTG 

Sulfamethoxazole sul1 (F) TGAGATCAGACGTATTGCGC 420 58 Rahmani et al., 

2013 
(R) TTGAAGGTTCGACAGCACGT 

Sulfamethoxazole sul2 (F) GGCAGATGTGATCGACCTCG 405 58 Vuthy et al., 

2017 
(R) TGCCGGGATCAAGGACAAG 

Chloramphenicol catA1 (F) AATGTACCTATAACCAG 585 42 Leekitcharoenph

on et al., 2013 (R) TGCCTTAAAAAAATTAC 

Trimethoprim dfrA14 (F) TGAGAACCTTGAAAGTATCATTG 483 55 Rahmani et al., 

2013 
(R) ACCCTTTTTCCAAATTTGATAG 

Tetracycline tetA (F) GCTACATCCTGCTTGCCTTC 210 58 Vuthy et al., 

2017 (R) CATAGATCGCCGTGAAGAGG 

Tetracycline tetB (F) TTGGTTAGGGGCAAGTTTTG 659 55 Leekitcharoenph

on et al., 2013 
(R) GTAATGGGCCAATAACACCG 

Streptomycin strA  (F)CCAATCGCAGATAGAAGGC 548 58 Vuthy et al., 

2017 (R) CTTGGTGATAACGGCAATTC 

Streptomycin aadA (F) GTGGATGGCGGCCTGAAGCC 528 58 Rahmani et al., 

2013 
(R) AATGCCCAGTCGGCAGCG 

Gentamicin aac(3)III-

IV 

(F) GACGACGAGCCGTTCGAYCC 280 58 Bräu et al., 1984 

(R) 

CCATCAACTCGGCAAGATGSAG 
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Appendix Table 2: Identification of Antibiotic Resistance Genes 

No. Sample ID Serovar Sequence 

Type (ST) 

Antibiotic Susceptibility Pattern Antibiotic resistance genes 

    Susceptible Intermediate Resistant  

1 113378 S. Typhimurium 313 Chlo, Strep  Amx, Amp, SXT Sul1, Sul2, StrA, aadA, 

CatA1, BlaTem  

2 113552 S. Typhimurium 313 All drugs   Sul1, Sul2  

3 113590 S. Typhimurium 313  Lev Chlo, Amx, Amp, 

Strep, SXT 

Sul1, Sul2, StrA, aadA, 

CatA1, BlaTem 

4 113734 S. Typhimurium 313   Chlo, Amx, Amp, 

Strep, SXT 

Sul1, Sul2, StrA, aadA, 

BlaTem 

5 113821 S. Typhimurium 313  Lev, Cip Chlo, Amx, Amp, 

Strep, SXT 

Sul1, Sul2, StrA, BlaTem, 

aadA 

6 114348 S. Typhimurium 313  Tet Chlo, Amx, Amp, 

Strep, SXT 

Sul1, Sul2, TetA, StrA, aadA 

7 114361 S. Dublin 10 All drugs   Sul1, SUl2, StrA 

8 114575 S. Typhimurium 19 Amp Amox, Strep, 

Cefuroxime 

 Sul1, Sul2, TetA, StrA, aadA 

9 115613 S. Dublin -   Amx, Amp Sul2, StrA 

10 116208 S. Typhimurium 313   Chlo, Amx, Amp, 

Strep, SXT, Tet 

Sul1, Sul2, Tet A, Tet B, 

StrA, CatA1, BlaTem, aadA 

NB: The Antimicrobial Susceptibility Patterns above were mainly used as basis for selecting resistance genes for the PCR 

amplification. Amx= Amoxicillin, Amp= Ampicillin, Chlo= Chloramphenicol, Cip= Ciprofloxacin, Strep= Streptomycin, SXT= 

Sulphamethoxazole-Trimethoprim, Tet=Tetracycline.  
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Appendix Table 3: Ciprofloxacin MIC Determination Results  
16ug

/ml 

8ug/

ml 

4ug/

ml 

2ug/

ml 

1ug/

ml 

0.5ug

/ml 

0.25u

g/ml 

0.125u

g/ml 

0.06u

g/ml 

0.03u

g/ml 

0.015u

g/ml 

0.0075u

g/ml 

Gro

wth 

Cont

rol 

Steri

lity 

Cont

rol 

Antibiotic 

Susceptibi

lity 

A 0.07

1 

0.09

0 

0.10

1 

0.10

1 

0.06

8 

0.086 0.059 0.089 0.079 0.067 0.054 0.745 0.67

0 

0.06

6 

Suscept

ible 

 

B 0.08

3 

0.06

4 

0.05

9 

0.08

5 

0.08

8 

0.079 0.057 0.057 0.063 0.080 0.034 0.532 0.73

4 

0.06

7 

 

Aver

age 

0.07

7 

0.07

7 

0.08

0 

0.09

3 

0.07

8 

0.083 0.058 0.073 0.071 0.074 0.044 0.639 0.70

2 

0.06

7 

 

D 0.03

4 

0.04

4 

0.03

3 

0.03

8 

0.06

4 

0.074 0.067 0.539 0.618 0.735 0.605 0.594 0.74

9 

0.04

9 

Interme

diate 

 

E 0.03

2 

0.03

3 

0.04

2 

0.03

3 

0.05

8 

0.063 0.065 0.542 0.674 0.776   0.744 0.65

2 

0.05

1 

 

Aver

age 

0.03

3 

0.03

9 

0.03

8 

0.03

6 

0.06

1 

0.069 0.066 0.541 0.646 0.756 0.605 0.669 0.70

1 

0.05

0 

 

G 0.03

4 

0.03

8 

0.03

7 

0.03

8 

0.05

6 

0.054 0.055 0.051 0.051 0.053 0.051 0.046 0.67

6 

0.05

0 

Referen

ce 

 

H 0.03

4 

0.03

4 

0.03

5 

0.04

1 

0.05

0 

0.051 0.051 0.053 0.051 0.048 0.046 0.046 0.74

7 

0.05

3 

 

Aver

age 

0.03

4 

0.03

6 

0.03

6 

0.04

0 

0.05

3 

0.053 0.053 0.052 0.051 0.051 0.049 0.046 0.71

2 

0.05

2 

 

                 

NB:  the table above shows absorbance measured at 600nm and in duplicates 
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Appendix Table 4: Primers for RT-qPCR  

Organism Gene Primer Sequence 5’-3’ Fragment 

size 

Reference 

Salmonella Typhimurium 16SrR

NA 

F: TGTAGCGGTGAAATGCGTAG 161bp Li et al., 

2017 

R: CAAGGGCACAACCTCCAAG 

Salmonella Typhimurium 

LT2 

GyrA F: AAGCCAACGAACGTATCACC 189bp  This 

study 
R: AAGTCAGGTCAACGCCAATC 

Salmonella Typhimurium 

ST313 

SoxR F: AGTTAGACCGACGTATTCAT  

 

158bp Li et al., 

2017 

R: TTAATCATCTTCAAGCAGCC 

Salmonella Typhimurium 

ST313 

EmrD F: CCTCGTCGGCATGTCTATTT  

 

133bp Li et al., 

2017 

R: GAGCGTTCTCGCCATTACTC 

Salmonella Typhimurium 

LT2 

AcrA F: TGATGCTCTCAGGCAGCTTA 152bp This 

study 

R: ACGGTAAGCAACGGTACGAC 

Salmonella Typhimurium 

LT2 

YdhJ F: ATTATGCCAGCACCGGTAAG 161bp This 

study 
R: GCCAACGTGACCCTGTAACT 

NB: all primers developed in this study have Tm of about 60oC 
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Appendix Table 5: Edit versions of SNPS 

Sequence Name Mi

ni

mu

m 

Ma

xi

mu

m 

L

en

gt

h 

Aver

age 

Quali

ty 

Cha

nge 

Co

ver

ag

e 

Polymorphism 

Type 

Refer

ence 

Freq

uenc

y 

Refe

renc

e 

Nuc

leoti

de(s

) 

Stra

nd-

Bias 

>50

% 

P-

valu

e 

Strand-

Bias 

>65% 

P-value 

Varia

nt 

Frequ

ency 

Varian

t 

Nucleo

tide(s) 

Variant P-

Value 

(approxim

ate) 

Variant 

Raw 

Freque

ncy 

AcrA_NC_003197_Salm

onella_enterica 

24

2 

24

2 

1 14 G -

> T 

2 SNP 

(transversion) 

50.00

% 

G 1 1 50.00

% 

T 0.078 1 

EmrD_NC_003197_Sal

monella_enterica 

82 82 1 13 A -

> T 

1 SNP 

(transversion) 

 
A 1 1 100.0

0% 

T 0.05 1 

EmrD_NC_003197_Sal

monella_enterica 

85 85 1 14 C -

> T 

2 SNP 

(transition) 

 
C 0.5 0.85 100.0

0% 

T 0.0025 2 

GyrA_NC_003197_Salm

onella_enterica 

19

3 

19

3 

1 4 T -

> A 

3 SNP 

(transversion) 

 
T 0.25 0.55 100.0

0% 

A 0.063 3 

GyrA_NC_003197_Salm

onella_enterica 

19

4 

19

4 

1 12 G -

> T 

3 SNP 

(transversion) 

 
G 0.25 0.55 100.0

0% 

T 0.00025 3 

GyrA_NC_003197_Salm

onella_enterica 

32

4 

32

4 

1 55 C -

> A 

6 SNP 

(transversion) 

66.70

% 

C 1 1 33.30

% 

A 1.50E-10 2 

SoxR_NC_003197_Salm

onella_enterica 

27 27 1 9 T -

> G 

3 SNP 

(transversion) 

33.30

% 

T 0.5 0.85 66.70

% 

G 0.067 2 

SoxR_NC_003197_Salm

onella_enterica 

28 28 1 13 A -

> T 

3 SNP 

(transversion) 

33.30

% 

A 0.5 0.85 66.70

% 

T 0.0073 2 

SoxR_NC_003197_Salm

onella_enterica 

29 29 1 13 T -

> A 

3 SNP 

(transversion) 

33.30

% 

T 0.5 0.85 66.70

% 

A 0.011 2 

SoxR_NC_003197_Salm

onella_enterica 

30 30 1 20 A -

> T 

3 SNP 

(transversion) 

66.70

% 

A 1 1 33.30

% 

T 0.03 1 
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SoxR_NC_003197_Salm

onella_enterica 

40

5 

40

5 

1 16 G -

> A 

4 SNP 

(transition) 

75.00

% 

G 1 1 25.00

% 

A 0.097 1 

SoxR_NC_003197_Salm

onella_enterica 

44

1 

44

1 

1 6 #N

AM

E? 

2 Insertion 
  

0.5 0.85 100.0

0% 

G 0.063 2 

YdhJ 49 49 1 10 (A)

5 -

> 

(A)

4 

3 Deletion (tandem 

repeat) 

A 0.25 0.55 100.0

0% 

 
0.001 3 

NB: p-value<0.001  

 




