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Abstract 

Title of Dissertation: Shift in the relative importance of different serovars causing 

invasive non-typhoidal Salmonella (iNTS) disease in Mali and the potential role for NTS 

vaccines to diminish disease burden. 

Kristin Bornstein, Doctor of Philosophy, 2017 

Dissertation Directed by:  Myron M. Levine, M.D., D.T.P.H.; Grollman Distinguished 

Professor, Department of Medicine; Associate Dean for Global Health, Vaccinology & 

Infectious Diseases; Founder & Former Director, Center for Vaccine Development 

And Laura L. Hungerford, DVM, MPH, PhD, CPH (co-mentor); Professor and Head, 

Department of Population Health Sciences; Virginia-Maryland College of Veterinary 

Medicine;  Formerly of the Epidemiology and Human Genetics Department, University 

of Maryland School of Medicine 

In sub-Saharan Africa, systematic surveillance of young children with suspected invasive 

bacterial disease has revealed non-typhoidal Salmonella (NTS) as a major pathogen 

exhibiting high case fatality. As the burden of Haemophilus influenzae type b (Hib) and 

Streptococcus pneumoniae has been decreased with successful vaccine implementation, 

NTS has become the predominant invasive bacterial pathogen in children aged <5 years.   

Most invasive NTS (iNTS) disease in endemic regions is caused by two serovars, S. 

Typhimurium and S. Enteritidis. My research investigated phylogenetic changes 

associated with a recent increase in the relative proportion of iNTS caused by S. 

Enteritidis in Bamako, Mali.  Through comparative genomics, homologs of tetracycline 

resistance and arsenic utilization genes were identified to be associated with isolates 



 

 

obtained after the serovar shift.  These findings were validated through laboratory assays 

and provide initial steps towards identifying evolutionary pressures associated with the 

shift in serovars. 

While NTS is believed to be acquired orally via contaminated food/water, studies have 

failed to identify the reservoir of infection or vehicles of transmission. This precludes the 

use of food chain interventions, but conversely has fostered the development of vaccines 

to prevent iNTS disease.  We developed a Markov chain model to estimate the potential 

impact of NTS vaccination programs in Bamako utilizing age-specific demographic and 

hospital surveillance data for iNTS disease in children aged <5 years, and assuming 

vaccine coverage and efficacy similar to the existing Hib vaccine.  The outcomes of 

interest were annual iNTS hospitalizations and deaths in children <5 years, with and 

without a NTS vaccine. Per the model, high coverage/high efficacy iNTS vaccination 

programs would drastically diminish iNTS disease except among infants age <8 weeks. 

The public health impact of NTS vaccination shifts as disease burden, vaccine coverage, 

and serovar distribution vary. S. Enteritidis exhibits a higher case fatality rate than S. 

Typhimurium, so the public health burden of the disease is increasing as it emerges as the 

dominant serovar causing iNTS.  Our model demonstrates that implementing an iNTS 

vaccine through an analogous strategy to the Hib vaccination program in Bamako would 

markedly reduce cases and deaths due to iNTS among the pediatric population.  
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Chapter 1:  Literature Review 

 

Introduction 

Salmonella enterica is a bacterial pathogen causing an estimated 1.2 million cases of 

disease per year in the United States alone (1), and more than 1.3 billion cases worldwide 

(2).  There are over 2500 serological variants (serovars) of Salmonella, some of which 

cause disease in animals and/or humans (3).  The clinical spectrum of disease includes 

typhoid and paratyphoid fever due to infection by serovars S. Typhi and S. Paratyphi A 

and S. Paratyphi B (4,5) and gastroenteritis caused by non-typhoidal Salmonella (NTS) 

serovars such as S. Enteritidis and S. Typhimurium (6,7).  However, while serovars of 

NTS primarily cause gastrointestinal illness in industrialized nations of the world (8,9), in 

sub-Saharan Africa they are currently of greater concern as causes of invasive bacterial 

disease (10–12).  In regions of sub-Saharan Africa where invasive NTS (iNTS) is 

endemic and the HIV prevalence is low, few cases of iNTS disease occur outside the 

pediatric population (<10 years of age) , with infants in the second half of the first year of 

life exhibiting the highest incidence of severe invasive disease resulting in hospitalization 

(13,14).  In contrast, in regions where there are populations with adults suffering from 

untreated or inadequately-treated HIV infection, iNTS can be a major cause of morbidity 

and mortality, as was well-described in Malawi prior to the widespread availability of 

antiretroviral drugs (11).  These differences in clinical presentation of NTS infections 

between sub-Saharan Africa and industrialized countries may be associated with 

differences in prevalence of malaria co-infections, immune competence, malnutrition, 
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and hemoglobinopathies resulting in hemolytic anemia (12,15–17); on the other hand, 

key differences among the pathogenic strains themselves also exist.  For example, ~95% 

of the invasive S. Typhimurium strains in sub-Saharan Africa are multi-locus sequence 

type 313 (ST313), a genotype unique to Africa which emerged at approximately the same 

time as the current endemic HIV (18,19).   

A series of pioneering systematic surveillance reports from Rwanda (20), Eastern Kenya 

(21), Central Kenya (22), Malawi (23),The Gambia (24), and Mozambique (25) 

documented the importance of iNTS S. Typhimurium and S. Enteritidis as causes of 

severe, often fatal, invasive disease in infants and young children in sub-Saharan Africa.  

The burden of invasive bacterial disease caused by NTS was first identified in Bamako, 

Mali during systematic surveillance undertaken from 2002-2005 by the Center for 

Vaccine Development (CVD) at the Hôpital Gabriel Touré (HGT) in Bamako.  This  

surveillance effort, originally designed to quantify the burden of invasive disease caused 

by Haemophilus influenzae type b (Hib) and Streptococcus pneumoniae (pneumococcus) 

in the pediatric population of Bamako, unexpectedly led to the identification that the NTS 

serovars S. Typhimurium and S. Enteritidis were also common causes of severe invasive 

disease (14). 

Even as NTS disease differs between industrialized nations and developing countries, 

variation in the underlying cause and comorbidities associated with iNTS exist across the 

African continent.  While the majority of iNTS cases in Malawi (23) and Mozambique 

(25) are caused by S. Typhimurium, S. Enteritidis has historically been the leading cause 

of iNTS disease in Rwanda (20).  Meanwhile, Mali (14) and Eastern Kenya (22) have 
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both documented similar shifts away from S. Typhimurium, with increased numbers of S. 

Enteritidis cases.   

 

Phylogenomics of NTS 

Starting in 2008, the systematic surveillance effort at the HGT in Bamako identified an 

unexpected shift in the serovar distribution of iNTS infections. S. Typhimurium, which 

had historically been the leading cause of iNTS infection both in Mali (14,26) and in 

most surveillance sites throughout sub-Saharan Africa (22,23,25,27) , decreased in 

frequency, while the proportion of iNTS disease due to S. Enteritidis increased (14). 

Preliminary sequencing of S. Enteritidis isolates by the Wellcome Trust Sanger Institute 

(WTSI) has suggested that the newly circulating S. Enteritidis isolates exhibited a high 

level of genetic similarity, representing a novel phylogenomic clade corresponding to the 

post-2008 timeframe (28). While periodic serovar shifts of this nature, with S. Enteritidis 

replacing S. Typhimurium as the leading cause of disease due to NTS, and have been 

throughout the world, and well documented in Belgium (29) and Eastern Kenya (22), the 

genotypic characteristics and environmental pressures that lead to such serovar shifts are 

not well understood.  Since data from our systematic bacteriology laboratory-linked 

surveillance in HGT indicated that S. Enteritidis historically exhibits a greater case 

fatality rate (28.7%) than S. Typhimurium (14.2%) among Malian infants, toddlers, and 

pre-school children (14), such a shift portends public health implications.  We 

hypothesize that certain genotypic changes in the S. Enteritidis isolates collected since 

2008 convey a phenotypic advantage for isolates from that serovar. To begin to address 
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this hypothesis, we identified specific genetic differences between sequenced isolates pre- 

and post- 2008 through bioinformatics, assessed the distribution of these genetic 

differences through PCR screening, and documented the phenotypic effects through 

appropriate series of relevant laboratory assays.   

There is limited data on the characterization of major genomic elements and evolutionary 

pressures on non-typhoidal Salmonella, and S. Enteritidis specifically; however, studies 

by Nuccio and Baumler (30,31) have identified specific genomic signatures associated 

with increased growth within the host gastrointestinal tract and increased gut 

inflammation. These signatures are identified in NTS strains associated with severe 

gastroenteritis but are not associated with invasive strains which have undergone genomic 

degradation. Feasey et al. examined global lineages of S. Enteritidis, including the 

isolates included in this study, and identified two clades of S. Enteritidis that have 

become prominent in Africa (28), and exhibit similar host-adapted genomic degradation 

as seen with S. Typhi, S. Paratyphi, and S. Typhimurium (18,19,32). However, none of 

these studies investigated potential evolutionary changes in S. Enteritidis within a discrete 

human population, such as the pediatric population of Bamako.  By focusing our research 

on a specific geographically limited, high-risk pediatric cohort, we attempted to assess 

the changes that occurred due to host- and/or reservoir-specific evolutionary advantages.  

Our research aimed to perform such an investigation to identify genomic and phenotypic 

changes in S. Enteritidis that are associated with its replacing of S. Typhimurium as the 

leading cause of iNTS disease in the study population, infants and young children in 

Bamako, Mali.   
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Our findings shed light on the evolutionary pressures on S. Enteritidis which may lead to 

elucidating how the serovar competes with S. Typhimurium within the pediatric 

population or in an external reservoir.  S. Typhi, S. Paratyphi A, and S. Typhimurium 

ST313 have been found to have undergone genomic degradation leading to host-

restriction, increased host adaptation, and increased virulence (32,33).  If S. Enteritidis is 

under similar evolutionary pressure and similarly undergoing genomic degradation, this 

would further underscore its threat to public health especially considering its increased 

case fatality rate compared to S. Typhimurium (14). The findings of this research may 

also help explain how the clades of S. Enteritidis identified by Feasey et al. co-exist 

outside a human host without competition by shedding light on their environmental 

reservoirs (28). For instance,  analysis of the geographic distribution and spatial diversity 

of key genetic markers and the emergence of pathogenic genetic features has previously 

been used to investigate the natural reservoirs of malaria and how environmental changes 

impact the epidemiology of Salmonella infections in cattle (3,34).  We believe that our 

research is offering preliminary insights on identifying some key markers that can be 

further explored and may help to unravel the heretofore unclear natural reservoirs of 

highly pathogenic iNTS strains circulating in sub-Saharan Africa. 

 

NTS Vaccinology 

Whereas much is known about the epidemiology of Hib and pneumococci (35–38), little 

is known about the reservoirs or modes of transmission of the NTS strains in Africa 

associated with invasive disease. Not until recently was much known about the 
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characteristics of sub-Saharan African isolates versus gastroenteritis-associated isolates of 

these serovars from high-income industrialized countries (14,18,19,27). Clinically, iNTS 

disease such as septicemia, bacteremia, purulent meningitis, and septic arthritis in infants 

and young children cannot be differentiated from those clinical syndromes caused by Hib, 

pneumococcus, or meningococcus.  The range of clinical signs and symptoms presented 

by iNTS (24) and the limited availability of blood culture capability in sub-Saharan 

Africa makes it difficult to quantify the true incidence and prevalence of iNTS (39). 

These challenges in detection have hindered epidemiologic research on iNTS. However, 

as the disease burdens due to Hib and pneumococci have plummeted in recent years 

following the introduction of Hib conjugate and multivalent pneumococcal conjugate 

vaccines (14,35), recognition of the burden of iNTS disease in parts of sub-Saharan 

Africa has increased (40). The lack of information on the reservoir and modes of 

transmission of iNTS disease in sub-Saharan Africa means that classic epidemiologic 

interventions to diminish the reservoir or to limit transmission cannot be utilized to 

control iNTS disease. This makes the immunization of susceptible hosts by means of a 

vaccine an attractive disease control strategy. The proposed thesis research into the 

underlying trends in the epidemiology of iNTS infections and modeling of the potential 

effects of vaccination bear great importance for Mali and other minimally-resourced 

countries whose pediatric populations are currently bearing the greatest burden of iNTS 

disease.  Furthermore, the model is invaluable for assessing the relative impact of 

modifying various assumptions contained within the Target Product Profile (TPP) (41), 

such as level of vaccine efficacy, immunization schedule, duration of protection, and the 



      

7 

 

utility of a mass vaccination “catch up” campaign that might accompany programmatic 

introduction of a vaccine. 

NTS bacteria possess lipopolysaccharide (LPS) and flagella, which form the basis of the 

serovar classification methodology and provide vaccine immunogens that stimulate 

immune responses against antigens located on the surface of the bacteria.  The LPS is 

composed of a conserved core polysaccharide with a serogroup-specific O polysaccharide 

(OPS) repeat region at the distal end of the core (42,43).  These OPS antigens 

differentiate the serovars into different serogroups and can act as potential vaccine 

components that could convey cross-serovar protection for serovars within the same 

serogroup (14,44).  Immunologically, these structures provide resistance to bacterial 

killing and uptake by phagocytes while long chain LPS helps shield the bacterial surface 

from attack by complement (45,46).   Furthermore, antigens of the flagella serve as 

another way to differentiate between the different serovars (47,48).  S. Enteritidis 

genomes encode phase-1 flagellin that exhibit the H:gm antigens, while S. Typhimurium 

exhibits both phase-1 and phase-2 flagellar antigens with H:i (Phase 1) and H:1,2 (Phase 

2) antigens (48). For several vaccines, such as those created for Hib, S. pneumoniae, N. 

meningitidis, and Salmonella Typhi, capsular polysaccharides have been used as the main 

vaccine immunogens (49).  For example, the Vi capsule polysaccharide of Salmonella 

Typhi is the target for both licensed polysaccharide and Vi-carrier protein conjugate 

typhoid vaccines (50). However, most non-typhoidal serovars lack capsular 

polysaccharides.  To fill this void, core-OPS (COPS) has been used as the target and 

flagellin subunits as the carrier protein in the development of conjugate vaccines (51). 
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Several candidate vaccines under development have shown promise in protecting against 

invasive S. Typhimurium and S. Enteritidis disease in animal models (44,52).  These 

include a bivalent conjugate vaccine based on covalently linking the core and O-antigen 

polysaccharides of S. Typhimurium (a Group B [O:4] serovar) and S. Enteritidis (a Group 

D [O:9] serovar) to the respective Phase 1 flagellin subunits (FliC) of each of these 

serovars (49,51,52), a live attenuated oral vaccine (52,53), and a bivalent Generalized 

Modules for Membrane Antigens (GMMA) vaccine consisting of outer membrane protein 

blebs from S. Typhimurium and S. Enteritidis that include lipopolysaccharide (52,54). 

These vaccines also have the potential to provide cross protection against other NTS 

serovars within Salmonella O Group B (e.g., S. Stanleyville) and O Group D (e.g., S. 

Dublin)(44,51,53).  Our research modeled the decrease in the number of cases and deaths 

attributable to iNTS in children < 5 years of age following the programmatic introduction 

of a NTS vaccine utilizing the same infrastructure that successfully delivered Hib and 

pneumococcal conjugate vaccines. 

 

Using Experience with Hib Vaccine to Predict NTS Vaccine Response  

Vaccines against Hib and pneumococcus are currently being distributed to young infants 

in Bamako through the Expanded Program on Immunization (EPI) (35,55). 

Consequently, invasive bacterial diseases due to these agents have decreased among 

young children in Mali, resulting in NTS becoming the most frequent invasive bacterial 

pathogen in this pediatric population, a rise from its previous third place position (14). 

Introduction of an effective vaccine that targets S. Enteritidis and S. Typhimurium 
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through the same EPI pipeline could mitigate the burden of hospitalizations due to 

invasive disease caused by these serovars. Available data on the burden of invasive 

disease caused by Hib before and following the introduction of the Hib conjugate vaccine 

in Mali provide a resource to model how a bivalent NTS conjugate vaccine might, in an 

analogous manner, be able to diminish the burden of iNTS disease, since the age-specific 

disease burden of invasive Hib disease was similar to that of iNTS.  

Whereas three Hib vaccine doses are targeted to be administered to each pediatric 

subject, Hib vaccination records show a varying level of vaccine coverage (and resultant 

efficacy) that will be captured in our model; fewer infants receive each subsequent dose 

of vaccine, with 97% receiving at least one dose and 81% receiving all three doses, 30 

months after the introduction of the vaccine (35). Sow et al. (35) verified the expected 

level of vaccine coverage as based on HGT surveillance by measuring serum IgG 

antibodies to Hib capsular polysaccharides, which constitute a correlate of protection 

against invasive disease. Through these means Sow and colleagues were able to assess 

and document the susceptibility of the infant population to Hib and objectively monitor 

the effectiveness of the EPI vaccine delivery pipeline.  They showed that not only did Hib 

incidence begin to rapidly decline a year after the vaccine introduction, but they also 

showed that invasive pneumococcal disease (another respiratory disease with similar 

clinical syndromes and high risk age groups) remained stable, indicating that the decrease 

in Hib disease was attributable to the vaccine specifically, and not dependent on any 

changes in clinical diagnosis.  The success of the Hib vaccination initiative underscored 

the importance of vaccinating infants in sub-Saharan Africa.  Since an NTS vaccine could 

be delivered to the same at risk population through the same vaccination pipeline, and 
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NTS presents the next greatest burden of invasive bacterial disease, we anticipate that the 

introduction of such a vaccine may be equally successful in decreasing the rate of 

hospitalizations and case-fatalities due to the disease. 

 

Modeling iNTS Disease and Vaccine Intervention 

Infectious disease modeling is a novel epidemiologic tool that allows the complexity of 

disease dynamics and epidemiologic features to be captured mathematically while 

enabling the investigation of the impact of different variables on the course of the disease 

in the population.  Such models have been utilized to simulate natural courses of disease 

and the effects of vaccine implementation (56–58), such as our research seeks to model 

with iNTS disease.  There are 3 major types of disease modeling, each with their own 

strengths and weaknesses: Agent based modeling, network modeling, and deterministic 

modeling.  Agent modeling allows for the modeling of single individuals and assessing 

the cumulative effects of their outcomes on the system as a whole (59).  Network 

modeling involves processing repeat simulations of the dynamics between groups with 

complex interactions (as compared to linear progressions) to identify the most likely end 

results (60).  Finally, deterministic modeling, which has historically been the standard for 

epidemic modeling, follows cohorts of susceptible, exposed, infected, and or recovered 

individuals over time (61). While the probabilistic-methods of agent-based and network 

modeling allow for a greater level of stochasticity explicitly captured in the model, they 

also require the greatest precision in all surrounding variables, such as transmission 

potential (R0), to appropriately capture that randomness. Deterministic models allow for 
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the greatest number of assumptions in parameterizing the model, but will only indirectly 

capture the stochasticity that is inherent in any natural system. Specifically, we will be 

utilizing an age-structured Susceptible-Infected-Recovered (S-I-R) epidemiologic model, 

which tracks the numbers of individuals moving between susceptible, infected, and 

recovered cohorts. 

In addition to the different ways to approach the model design, there are also a variety of 

ways to capture the dynamics of the model mathematically.  Differential equation model 

and difference equations offer a recursive method to capture the movement of individuals 

through the model as functions of the other variables in the model (62).  However, such 

models rely upon explicit values for each of those variables.  In modeling diseases where 

more features of the disease need to be captured implicitly, while epidemiologic features 

are explicitly known, Markov chain models provide a modeling approach that allows for 

the most direct reproduction of epidemiologic features (63).  iNTS disease in sub-Saharan 

Africa represents such a disease with a wide range of under researched features, but well 

documented epidemiology and expected vaccine characteristics, and as such, a Markov 

chain transition matrix model was developed in this investigation.  By selecting 

appropriate methodology, our model was optimized to assess estimated effects of varying 

ranges of efficacy, coverage, and vaccination schedules which can in turn help guide the 

development of the vaccine and the scheduling of appropriate implementation. 
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Chapter 2: Methods 

 

HGT Surveillance Parent Study 

The surveillance program established by the Center for Vaccine Development, Mali 

(CVD-Mali) and the Center for Vaccine Development (CVD), University of Maryland 

School of Medicine, was designed to identify bacterial pathogens associated with 

invasive disease among consented enrolled patients <15 years of age, admitted to HGT 

with fever or clinical signs of invasive bacterial disease (14). Patients were considered 

eligible for the study if they were under the age of 16 and admitted to the hospital HGT 

between July 1, 2002 and June 30, 2014 with a fever greater than or equal to 39°C and/or 

were suspected of having an invasive bacterial illness. Patients were excluded from the 

study if the parent, guardian, or patient (for children 13-16 years of age) was unwilling or 

unable to give informed consent. Neonates who had not left the hospital since birth and 

children who developed suspicion of infection after admission were also excluded from 

this study. This resulted in 21,675 study participants, including 515 hospitalized cases of 

iNTS, 299 of which were caused by S. Enteritidis among Bamako resident inpatients, as 

reported by Tapia et al. (14). 

This hospital-based surveillance was conducted under a protocol approved by the Ethics 

Committee of the Faculté de Médecine, Pharmacie et Odontostomatologie in Bamako, 

Mali and the University of Maryland Institutional Review Board. Consent was 

documented on a written form. If the participant's parent or guardian was illiterate, they 
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listened to an audiotaped version of the consent form in their local language and 

questions were so answered in the presence of a witness. 

 

Study Design 

The infectious disease modeling research involved the creation of an age-structured S-I-R 

epidemiologic model (56). Model inputs were developed using census data and literature 

(64–67).  Data were included from a prospective study of 515 pediatric patients under 

five years of age who were admitted to HGT with fever (or signs of invasive bacterial 

disease),  found to have laboratory-confirmed non-typhoidal Salmonella between July 1, 

2002 and June 30, 2014; and data from the assessment of introducing routine infant 

immunization with Hib conjugate vaccine delivered through the EPI in Mali (16,68,69). 

 The laboratory and bioinformatic research involved samples of laboratory-confirmed 

non-typhoidal S. Enteritidis isolates collected from pediatric patients admitted to HGT 

between July 1, 2002 and June 30, 2012.  Isolates from 2013 and 2014 were not yet 

available at the time of this analysis.  The clinical samples involved in this analysis were 

collected from the blood and/or spinal fluid of the patients during hospital admission by 

local hospital staff.  The Salmonella serovar was confirmed through multiplex 

polymerase chain reaction (PCR) assay and agglutination with Salmonella antiserum 

(70).  The selection of isolates included in this study was based on randomized sampling 

described below. 
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Preliminary Analysis  

The epidemiologic investigation of this study began with consolidating and cleaning data 

collected in four different databases over the 10+ years of surveillance at HGT and 

defining new variables specific to this investigation. Preliminary analysis of these data 

confirmed observations of increased relative proportion of S. Enteritidis and decreased 

proportion of S. Typhimurium among pediatric hospital admissions (14). 

The molecular investigation of the isolates began with taxonomic verification of 49 S. 

Enteritidis isolates selected as a stratified sample for whole genome sequencing and 

phylogenetic analysis by Feasey et al. (28). Of the 299 isolates available, 4-5 isolates 

were selected from each of the first 10 years of the study (for which samples were 

available) to represent all available isolates in that year. In years where there were less 

than four S. Enteritidis cases, all available isolates from that year were examined and 

additional isolates were sampled from high incidence years so that at least 2 and no more 

than 6 isolates were selected from each year. This provided a stratified sample of 49 

isolates. Taxonomic verification involved culturing on selective Salmonella-Shigella agar, 

positive O (D1) agglutination from cultures grown on Trypticase Soy Agar, and positive 

H agglutination (with antisera against g and m Phase 1 H antigens) from cultures grown 

on 0.6% agar swarm media (48). Colonies grown from overnight incubations were 

resuspended in PBS at a turbidity of 0.5 MacFarland and plated on Mueller-Hinton agar 

with ampicillin, chloramphenicol, gentamicin, sulfamethoxazole, ceftriaxone, and 

ciprofloxacin discs.  Zones of inhibition were measured after 12-18 hours of incubation at 

37°C, with the isolates exhibiting a range of antibiotic resistance (71).  
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Genomic DNA Isolation 

The genomic DNA of the 49 isolates selected for sequencing was extracted using a 

Promega Wizard Genomic purification kit.  Seven of the 49 selected isolates failed to 

provide genomic DNA of adequate quality for sequencing, and were therefore excluded 

from further analysis, and the remaining 42 samples were sent to the WTSI for 

sequencing via the Illumina platform. The genetic sequences of these samples were then 

mapped to a Malawian reference sequence via SMALT (Genome Research Limited, 

2013) software analysis.  This reference has been frequently relied upon as one of the few 

curated whole genome sequences available for S. Enteritidis.  A core genome maximum 

likelihood phylogeny was then created through RAxML (version 7.0.4) comparing our 

samples to each other as well as other S. Enteritidis samples gathered by the WTSI from 

other countries throughout the world (28). Visual inspection of the branching of Malian 

isolates in this this phylogenetic analysis suggested that a novel phylogenomic clade of S. 

Enteritidis may have evolved in Mali after 2008, and motivated our first hypothesis.  

 

Bioinformatic Analysis and Preliminary Results 

Phylogenetic analysis of the core genome content by year was used to determine the 

breakpoint at which the novel clade was established as the main S. Enteritidis genotype in 

the region. The proportion of misclassified isolates was measured for each year and at 

each branch of the phylogenetic tree. Isolates were considered misclassified when they 
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were collected from one half of the chronology but appeared in a branch that consisted 

mainly of isolates from the other half of the chronology. The branches of the tree 

consisted of mobile elements, and were thusly arranged to group the novel genetic 

changes as closely as possible. A breakpoint of 2008 minimized the difference in 

misclassifications between the pre and post groups across several major branches of the 

phylogenetic tree, and therefore was accepted as the year at which the S. Enteritidis 

genotype was established as the dominant serovar. This finding was supported by the 

epidemiologic data from HGT surveillance pertaining to the shift in relative proportion of 

iNTS caused by S. Enteritidis and S. Typhimurium (14) and the stratification of isolates 

before and after this breakpoint across the branches of the phylogenetic analysis by the 

Sanger Institute (28).  

The whole genome sequences of the 42 S. Enteritidis isolates sequenced by the Sanger 

Institute were assembled and annotated by the Institute for Genome Sciences (IGS) at the 

University of Maryland, Baltimore through the CloVR assembly pipeline (72). The 

sequence of each isolate was then analyzed for potential genes using a protein-coding 

gene prediction program, Prodigal (Prokaryotic Dynamic Programming Genefinding 

Algorithm)(73). Each of these genes were compared to one another to identify similar 

sequences which were clustered by >90% using the Large Scale BLAST Ratio Analysis 

(74). The cluster was represented by the sequence of a single putative gene from that 

cluster, not a consensus of all clustered sequences. These sequences had the potential to 

be representative of multiple potential alleles among the isolates examined. These alleles 

could connote the presence of a gene or represent multiple homologous genes with 
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divergent sequences in the same isolate. The classification of these clustered genes for 

further analysis helped to reduce the complexity of the data.  

Once the putative genes had been identified, BLAST Score Ratios (BSRs) were 

calculated for each putative gene in each examined isolate. Each of these genes was 

compared to one another to identify similar sequences clustered by >90% similarity using 

Large Scale BLAST Ratio Analysis (LS-BSR). The denominator of the BSR was 

calculated as the raw BLAST score of the putative gene sequence against itself (providing 

a reference of a perfect score for a sequence of that length and genetic complexity). The 

numerator of the BSR was the best-hit raw BLAST score result of the putative gene 

against all other potential genes identified in all other isolates. This resulted in a 

normalized score ranging from 0 to 1, with scores ≥ 0.8 considered highly conserved 

(“present”) among these isolates, ≤ 0.4 not conserved (“absent”), and anything in 

between as divergent. All putative genes that were completely conserved (BSR≥0.8) 

across all isolates were removed, as they constituted the conserved core genome, 

resulting in a list of 1,220 putative genes with variable presence among the included 

isolates to be further analyzed (Fig 2.1). To identify which genes were associated with the 

genetic shift in S. Enteritidis, an average BSR of each putative gene was calculated 

among all the isolates in each group. To identify which genes were associated with the 

genetic shift in S. Enteritidis, methods similar to those described by Sahl et al. were used 

(74). Significant differences in the average BSRs before and after the temporal breakpoint 

for each gene was determined by t-test with Welch approximations to account for 

potential unequal variances (p<0.01). Genes found to significantly differ before and after 

the temporal breakpoint were then confirmed manually by BLAST to verify their 
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presence and absence in each genome. This verification ensured that any differences in 

BSR were due to a true association with the temporal breakpoint, and were not an artifact 

of sequencing errors, gaps in the assembled genome, or incomplete regions of the 

genome.  

 

 
Fig 2.1. Workflow diagram of genetic analysis  

5,883 putative genes identified by Prodigal and clustered by >90% identity were analyzed 
to generate LS-BSRs. All putative genes that were conserved across all of the sequenced 
genomes were removed, resulting 1,220 putative genes with variation among the 
genomes to be further investigated.  
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The genomes of the isolates in this study were compared by whole-genome 

phylogenomic analysis as previously described (28).  The genomes were aligned using 

Mugsy (75) and homologous blocks were concatenated using the bx-python toolkit (76).  

The columns that contained one or more gaps were removed using Mothur (77).  The 

concatenated regions from each genome were used to construct a maximum-likelihood 

phylogeny with 100 bootstrap replicates using RAxML v7.2.8 (78) that was visualized 

using FigTree v1.4.2 (79). 

  

Sample Size and Power Based on Preliminary Results 

 From surveillance through June 30th, 2012, our study included isolates from 299 

individuals identified to have laboratory-confirmed invasive infections caused by S. 

Enteritidis. Of the 103 available isolates obtained before or during 2008, 23 were 

sequenced by Illumina. Nine of these 23 (39%) exhibited one of the novel putative genes 

identified as significantly associated with the shift in S. Enteritidis. This gene 

(centroid_210035_1) possessed the weakest level of statistical significance (p=0.0009) 

among the putative genes associated with the serovar shift. Of the 196 isolates obtained 

from after 2008, 19 were sequenced, with 16 exhibiting the present allele of the same 

gene (84%). By focusing on the least significant associated gene, we used these 

prevalence rates to estimate conservative sample size calculations for examining the 

distribution of this, and more significantly associated genes across other available isolates 

based on a binomial distribution across two samples. Bonferroni correction was used to 

account for the multiple comparisons across the 42 isolates being examined, resulting in a 
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p<0.001 considered significant. Based on a two-sided test with these parameters, 

screening 72 additional samples (36 from each group, pre- and post-2008) by PCR to 

assess the statistical significance of the distribution of these genetic changes across all 

available isolates yielded a power of 0.8. By screening and analyzing 74 isolates from 

each group (148 total), we would attain a power very close to 1 (power>0.999, p<0.001). 

We aimed to screen and perform functional assays on no less than the 72 additional 

samples necessary to attain a minimum power of 0.8. Simple random sampling of all 

isolates collected before and after the breakpoint was used to select 36 isolates from each 

group. 

 

Phenotypic Analysis 

Once a list of potential differences was generated through the genomic analysis described 

above, PCR primers were developed for screening those differences. This involved 

performing a nucleotide BLAST search (megablast) of each significant putative gene 

aligned against pre- and post-breakpoint isolates to determine where the genes exist on 

the chromosome in reference to each other. Geneious version 7.0 (80) was used to 

visualize the location of significant putative genes in relationship to each other within 

each isolate and comparatively across other sequenced isolates. Determining the physical 

position and co-location of the putative genes allowed us to optimize the selection of 

targets for PCR amplification.  Additionally, this approach had the potential to indicate 

the presence of a clonal group with a similar genomic framework of co-localized 

genomic regions to be investigated in future research (81). Genes that were identified to 
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have homologs with biologically relevant function via BLAST searches or were co-

located with other genes of interest, suggesting these genes may be in a functional unit or 

operon, were selected as PCR targets. Geneious software was then used to confirm that 

primer target regions were identical across the previously sequenced S. Enteritidis 

isolates containing the genes of interest. Ultimately, PCR primers were developed to 

amplify six targets.  Three of these PCR amplicons were associated with the isolates from 

the pre-breakpoint time period (pre1, pre2, and pre3) and three with the post-breakpoint 

isolates (post1, post2, and post3) (Table 2.1). 

 

Table 2.1 PCR Specifications 

Primer Sequence 
Amplicon 

(bp) 

Centroid 

Target 

Mg 

(mM) 

Annealing 

Temp (°C) 

pre1F TACTTTAGCCATCGAACTGG 1353 pre1 1.5 60 
pre1R TCGAATCACCACGCATTGAC     
pre2F TACAGCTCCATTAGCACAGG 1256 pre2 1.5 63 
pre2R TAACGGAAGGTGGTGCTGTC     
pre3F TTGATGCTGCAGGCATTTGC 873 pre3 1.5 60 
pre3R TTAACTGCATCAGGGATCTC     
post1F TTCGACAAAGATCGCATTGG 1153 post1 1.0 63 
post1R ACATGAAGGTCATCGATAGC     
post2F ACTCAGTGCTTTGATGGATG 573 post2 1.5 60 
post2R AGCAGCATAACCTTTTTCCG     
post3F ATACCAGAAGCCGTCGTTGG 1039 post3 1.0 63 
post3R AAGGCACCGACCATAGGAAC     

 

Once all PCR targets were identified and sequence similarity had been verified, PCR 

primers were selected to target intragenic regions within each putative gene of interest to 

assess their presence or absence in each isolate.  Genomic DNA of a small convenience 
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sample of previously sequenced isolates, including 3 pre- and 3 post-breakpoint samples, 

was used to validate the selected PCR primers, shown in Table 2.1, and optimize PCR 

conditions in regard to magnesium concentration and annealing temperature.  Magnesium 

concentrations ranging from 1.0 to 2.5 mM and annealing temperatures ranging from 

55°C to 66°C were tested.  The pre1 and pre2 genes attained optimal PCR results with a 

1.5 mM magnesium concentration, a 58°C annealing temperature, and an extension time 

of 1 min 20 second (with 1.3 kbp and 1.2 kbp PCR products, respectively).  The pre3 and 

post2 genes attained optimal PCR results under the same magnesium concentration and 

annealing temperature, but required shorter extension time of 45 second (with 873 bp and 

573 bp PCR products, respectively). The post1 and post3 genes attained optimal PCR 

results with a 1.0 mM magnesium concentration, a 62°C annealing temperature, and an 

extension time of 1 min (with 1.1 kbp and 1.0 kbp PCR products, respectively).  

NORGEN Biotek Corp. PCR purification kits were then used to extract the genomic 

DNA of the 72 non-sequenced 2 µl of template from each isolate was included in the 

PCR to screen for each of the six putative genes under their optimized conditions. Primer 

mix included 2 µl 10x PCR buffer, 0.4 µl of 10 mM dNTPs, and 0.2 µl of Invitrogen Taq 

DNA polymerase without Mg, and 1 µl of 10 mM forward and reverse primer relevant to 

each targeted centroid (final volume, 18 µl). PCR was performed in an Eppendorf 

Mastercycler®. The cycling parameters for screening each screening each centroid 

involved denaturation at 94°C for 2 min, followed by 25 cycles of heating to 94°C for 30 

sec, the relevant optimized anneal temperature for 30 sec, 72°C for extension time of 

relevant to the product length (1 min/kbp), and a final step of 72°C for 5 min. PCR 

products were separated on a 1% agrose gel stained with SYBR Safe and visualized using 
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a UV transilluminator. The proportion of isolates in the pre- and post-2008 groups that 

contained the selected PCR target were compared by chi-square analysis (with a p-value 

adjusted for multiple comparisons by Bonferroni correction) to test for significant 

differences in their distribution. 

Initial annotation of the putative genes novel to the S. Enteritidis isolates collected after 

2008 were found to be homologs of tetracycline-family resistance genes and arsenic 

utilization genes. Kirby-Bauer tests with 30 µg tetracycline were performed on the 

isolates which have been screened by whole genome sequencing or PCR assay to verify 

the predicted phenotypic differences between these strains. Colonies grown from 

overnight incubations were resuspended in PBS at a turbidity of 0.5 MacFarland and 

plated on Mueller-Hinton agar with discs impregnated with 30 µg tetracycline and 

concentrations of 0.04, 0.16, and 0.64 mg/ml sodium arsenate, as previously described 

(82). Zones of inhibition were measured after 12-18 hours of incubation at 37°C. For 

tetracycline antibiograms, zones with a diameter of ≥19 mm were considered susceptible, 

and ≤14 mm were resistant per CLSI guidelines (71). Significant differences in the 

proportion of tetracycline resistant isolates from pre- and post-2008 samples were tested 

by chi-square analysis and differences in zone diameters of arsenic resistance were 

compared by t-test (p<0.05).  
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Epidemiologic Modeling 

The incidence and epidemiologic features of iNTS infections among young children 

sufficiently severe enough as to result in hospitalization were captured using an age-

structured Markov chain infectious disease model including Susceptible, Infected, and 

Recovered status groups (56). The outcome of interest, as generated by the simulation 

model, was the number of hospitalizations due to iNTS-related bacteremia and case 

fatalities in the pediatric population with and without a novel bivalent conjugate S. 

Enteritidis/S. Typhimurium vaccine, based on a variety of epidemiologic data and 

estimated variable ranges.  Specifically, we assessed the impact of a range of vaccine 

efficacy, dose responses, and vaccination schedules on the number of cases prevented and 

deaths averted. 

Census data from the National Institute of Statistics (INSTAT) of Mali from 2009 (64) 

provided the pediatric population of different age groups of interest in Bamako as 

denominators for the model.  Crude birth rate and age-specific all-cause mortality data for 

specific pediatric age groups in Bamako came from Demographic and Health Surveys 

(DHS) of 2001, 2006 and 2012 (65–67).  The highest and lowest rates reported across the 

years of DHS reports were used to establish a range of probable values with the 

intermediate of the three values used as the initial parameter value (Table 2.2).  
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Table 2.2. Background Birth and Mortality Rates* from DHS, Bamako (65–67)  

Rates Variables 
Parameter Value 

(Range)  

Birth Rate Ν ν, 0.039 (0.038, 0.042) 
All-cause Mortality Rate μ[a]  
     Neonatal (<1 mo)  a=1 0.035 (0.028, 0.056) 
     Post-neonatal (1 mo - <12 mo)  a=2-9 0.031 (0.014, 0.038) 
     Child (12 – 59 mo) a=10 0.045 (0.018, 0.044) 

* Per 10,000 individuals of that age-group in the population 

 

The burden of invasive bacterial disease caused by NTS was derived from systematic 

surveillance of the incidence of bacterial pathogens initiated in 2002 at HGT, Bamako, 

Mali.  We used anonymized data on 515 pediatric patients under five years of age who 

were admitted to HGT with laboratory-confirmed iNTS disease between July 1, 2002 and 

June 30, 2014 to develop and validate the model parameters.  Ten susceptible age groups 

(0-3, 4-5, 6-7, 8-9, 10-11 weeks of age and 4-8, 9, 10-11, 12-23, 24-59 months of age) 

were developed based on statistical differences in the incidence of hospitalized cases and 

as required for vaccine intervention.  Numbers of cases within specific age groups, 

pooled across even years of the HGT surveillance (i.e., 2002, 2004, 2006, 2008, 2010, 

2012), were used with denominators from INSTAT (64) to generate the age group-

specific hospitalization rates of severe iNTS disease. Case fatality rates for the model 

were fatal cases divided by total cases per age group.  The model was then validated by 

comparing the number of cases and deaths due to iNTS per year estimated by the model, 

without accounting for vaccination effects, against the data from the odd years of HGT 

surveillance.  Data were pooled as means across the years of surveillance because the 

number of cases per age-group per year was small (Fig 2.2).  Multiple years of data were 
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included to provide more robust estimates for the Malian pediatric population and to 

encapsulate some of the variability over time. 

   

 
Fig 2.2. Average Number of Cases of Hospitalized iNTS Disease per Month by Age 

Group Occurring in Even and Odd Years of Surveillance and in Model Simulations 

 

The proportion of hospitalizations with S. Typhimurium and S. Enteritidis serovars has 

been observed to change over time.  Moreover, these serovars exhibit different case 

fatality rates. Therefore, in addition to the serovar distribution that was present among the 

hospitalized cases of iNTS from 2002-2012, serovar-specific case fatality rates for 

hospitalized children were also calculated based on the HGT surveillance data.  

The expected coverage for an iNTS vaccine was estimated based on data from Hib 

vaccine implementation in Bamako.  Vaccination coverage estimates came from an 

immunization coverage survey undertaken in 2015 among a sample of infants 6-8 months 
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of age in the population as part of prospective demographic surveillance in the Djikoroni-

para quartier of Bamako.  The demographic surveillance system allowed population-

based estimates to be derived as was done for the Global Enteric Multicenter Study 

(GEMS) (83,84).  Sixty-one mothers or other caretakers of infants 6-8 months of age 

were asked if they had an immunization card and 60 were able to show the card.  The 

narrow infant age range was selected to document not only evidence of receipt of Hib 

vaccine but to provide information on the timeliness of immunization which is important 

to the success of Hib and NTS vaccination as a public health tool.  Among these 61 

Djikoroni-para infants, 60 had received at least one dose of Hib vaccine 60/61 (98.4%) 

and 55 had received all three doses of Hib vaccine (55/61, 90.2% full coverage).   This 

Hib vaccine coverage information from Bamako was used as the starting point for our 

simulations, since it was drawn directly from our modeled population.  Hib coverage data 

from Kenya (85) was utilized to generate wider intervals of coverage values from a larger 

study sample and broader population data. Coverage data for alternative vaccination 

programs and booster vaccinations were based on the measles vaccine program 

implemented in Mali, which targeted children of the same scheduled ages as proposed in 

the model (86).   

Assumptions on the expected efficacy of the vaccines under development to prevent 

iNTS disease in Mali were based on assessments of the efficacy of Hib conjugate in a 

randomized clinical trial in The Gambia (84) and from post-licensure impact evaluations 

on Hib disease in Mali (35), Kenya (85) and Uganda (87) and a 9-valent pneumococcal 

conjugate vaccine efficacy trial in The Gambia (36).  Hib conjugate was highly effective 

in diminishing the disease burden when administered routinely through the EPI in Mali 
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(35), Kenya (85) and other African countries (87).  Efficacy for booster vaccination doses 

and a catch-up campaign program were based on anticipated results similar to those 

exhibited by the Hib catch up campaign and booster vaccine interventions performed in 

the United Kingdom (88,89).  In certain populations, such as those with a high prevalence 

of HIV cases, immune suppression decreases the amount of protection granted by 

vaccination against Hib (90).  While the pediatric population of Bamako does not exhibit 

high levels of HIV, a scenario with low vaccine efficacy due to immune suppression such 

as seen by Madhi et al. (90), in South Africa (a 20% decrease in each vaccine efficacy 

parameter) was also modeled.   

The invasive disease such as meningitis, septicemia, bacteremia and septic arthritis 

caused by invasive non-typhoidal Salmonella is clinically indistinguishable from those 

types of clinical infections caused by Hib (12). Each of these pathogens traverses a 

mucosal barrier leading to a bacteremia during which the bacterial pathogens are cleared 

by fixed macrophages residing in organs of the reticuloendothelial system. In the case of 

Hib, it is upper respiratory mucosa that is traversed (91), while for iNTS it is believed to 

be intestinal mucosa (92). Bacteremic organisms that reach the meninges, synovia, and 

pleura can cause meningitis, septic arthritis and empyema, respectively . The NTS 

conjugate vaccines under development elicit serum antibodies that exhibit both 

bactericidal and opsonophagocytic functional properties (93–95), like the antibodies 

stimulated by Hib conjugate vaccines (90,96–99). Thus, there exist striking pathogenetic, 

clinical and epidemiologic similarities between iNTS and Hib pathogens and similar 

functional activities are exhibited by the antibodies stimulated by the parenteral NTS 

conjugate vaccines (in animals) and by Hib conjugate vaccine in human infants.  
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Therefore, we assumed a similar efficacy and coverage for the NTS vaccine as was 

observed with Hib conjugate vaccine in the infant and toddler population in Bamako (and 

elsewhere in sub-Saharan Africa). Relying on Hib vaccination efficacy data allowed us to 

validate the iNTS vaccine implementation within the model and allowed for reliable 

comparisons of the protection potentially granted by the iNTS vaccine and various 

immunization schedules.   

 

Model Structure 

Individuals move through the Markov chain infectious disease model as diagrammed in 

Fig 2.3.  Each age group (a) included an age-specific number of children susceptible to 

(S[a], 10 groups, where a=1-10), hospitalized with (I[a], 4 groups, where a=1-3, 4-8, 9, 

10), or vaccinated by dose (d) against (V[a,d], where a varied for different scenarios and 

d=1-5) severe iNTS disease. Children who recovered (R) from severe hospitalization 

were considered as a single group.  Age categories were established by examining 

statistically significant variation in incidence and case fatality rates of iNTS (p<0.05) 

within the HGT surveillance data, and ages at which the EPI vaccinations were 

scheduled.  
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Fig 2.3.  Diagram of the Model  

(a) Base vaccination model, with vaccinations at 6, 10, and 14 weeks of life, (b) 
Generalized diagram of the model for alternative vaccination schedules 

 



      

31 

 

Neonates entered the model based on the population birth rate reported for Bamako (ν) 

and were considered to be hospitalized with iNTS disease at the same incidence as other 

infants < 2 months of age.  Children at any age were subject to the age-specific all-cause 

mortality rates (μ[a]) reported in the DHS.  Susceptible children (S[a]) were moved to a 

hospitalized status (I[a]) at age-specific iNTS hospitalization rates (β[a]).  We did not 

include subclinical infection and chronic carrier states, which have not yet been described 

for invasive NTS cases (100) and are not anticipated to have a direct impact on the rate of 

hospitalizations.  By relying on population data to inform the age-specific incidence rates, 

we indirectly captured some effects that these subclinical states potentially had without 

directly including them in the model. We assumed a constant infection pressure in the 

environment, which allowed us to assume that any change in incidence rates was due to 

the combined effects of age-specific vulnerability and indirect effects of the proportion of 

infected individuals in the population.  Children hospitalized with iNTS disease 

experienced mortality at age-specific case fatality rates (η[a]) or moved to a recovered 

status (R).  It has been documented that following NTS infection, individuals exhibit 

antibody titers that may bestow some protection against reinfection, either directly or as 

an indicator of cell-mediated immunity (100). Therefore, given the limited age range in 

the model, individuals who have survived hospitalized infection were considered 

protected against the severest form of reinfection that would result in a subsequent 

hospitalization. 

The length of iNTS infection was constrained to a single two-week time step 

corresponding to the observed duration of iNTS clinical disease in hospitalized Bamako 

children. Any susceptible children who did not suffer hospitalized iNTS disease, iNTS 
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fatality, or all-cause mortality graduated into the next susceptible age group at a rate 

appropriate to the two-week time step of the model.   All surviving children exited the 

model upon reaching five years of age, when the rate of hospitalizations due to iNTS 

rapidly declines (14). 

Vaccination against iNTS was initially modeled as a program which occurred at ~6, ~10, 

and ~14 (a=2,4,6, respectively) weeks of life to match the same three-dose infant 

immunization schedule as Hib conjugate.  The rates of hospitalizations due to invasive 

disease associated with NTS infection vary through the first few years of life, with the 

peak occurring at 6 to 11 months of age and rapidly declining after five years of life (14). 

Therefore, vaccinations will target infants early in life to convey protection to children 

before they reach the age of highest risk.  Children potentially received one, two, or three 

(dose d=1-3, respectively) doses of the vaccine with age-specific and dose-specific 

coverage rates (ϑ[a,d]).  For vaccinated children, the rate of hospitalization due to iNTS 

disease was applied only to the proportion of children without an effective vaccination (1-

ε[d]).  Vaccine protection was assumed to persist through early childhood, so successfully 

immunized children remained protected until they aged out of the model. 

To generate an overall distribution of potential values describing the natural 

epidemiologic behavior of the disease without implementation of a vaccination program, 

1000 simulations were run with key model variables (i.e., birth rate, incidence of 

hospitalization of iNTS cases, case fatality, and background all-cause mortality rates) 

randomly drawn each time from a uniform distribution based on the limits of the probable 

range around each parameter.  After being used to simulate the ‘average’ dynamics in 
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absence of vaccine use, a second set of 1000 simulations was used to assess the effect of 

different assumptions about vaccine efficacy and coverage in the model.  Key variables 

(i.e., all-cause mortality rates, iNTS incidence rates, iNTS case fatality rates, NTS 

vaccine efficacy, and NTS vaccine coverage) were sampled as before and values for 

vaccine efficacy and coverage drawn from triangular distributions based on each 

parameter value and its associated probable range under different scenarios.  The 

influence of each parameter on the number of iNTS cases and fatal iNTS cases generated 

by the model was assessed by sampling each parameter individually, while holding all 

other parameter values constant.  Tornado plots were used to capture the ranges of iNTS 

cases and fatal iNTS cases generated by these.  Next, specific effects of vaccination were 

examined in a birth cohort of 75,978 children, corresponding to the annual births for 

Bamako.  The expected number of cases and number of fatal cases in children < 36 

months of age within this cohort was generated under unvaccinated conditions, 

vaccinated conditions with 100% coverage and efficacy implemented at 6 weeks of life, 

and vaccinated conditions with coverage and efficacy matching the model parameters at 

6, 10, and 14 weeks of life.  Additionally, the effects of high, mid, and low vaccine 

efficacy levels on the overall number of cases and case fatalities were examined by dose, 

based on the ranges around these parameters. 

To assess the effects of serovar- specific severity, the vaccination program was modeled 

using case fatality rates representing only S. Typhimurium or only S. Enteritidis as causal 

agents.  Since the overall incidence of iNTS disease has not changed significantly with 

the documented serovar shift, we maintained the same overall incidence rates regardless 

of underlying causal agent.  Another 1000 simulations were performed to assess effects of 
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varying the parameter values across the probable ranges for case fatality rates of these 

two serovars on the number of severe iNTS cases and fatal iNTS cases. 

The same approach was used to simulate effects of alternative three-dose EPI vaccination 

regimens.  For example, the first two doses were administered at 6 (a=2) and 10 (a=4) 

weeks or at 10 (a=4) and 14 (a=6) weeks of life (concomitant with two doses of 

pentavalent and pneumococcal conjugate vaccine) and the third NTS vaccine dose was 

administered as a booster (dose d=4) at either age 9 months (a=7) (with measles 

containing vaccine dose 1 [MCV1]) or at 12 or 15 (a=9) months of age concomitant with 

MCV2.  We also modeled a rapid mass immunization catch-up campaign (dose d=5) 

targeting all children of age 6-23 (a=6-9), 9-23 (a=7-9), or 12-23 (a=9) months of age 

concomitant with the onset of adding iNTS vaccination to the routine young infant EPI. 

In each of these schedules, the precise ages at time of vaccination, although ideally 

targeted at specific weeks of life, in fact vary and are often delayed by several weeks in 

Bamako.  To allow for this, the number of children admitted to the HGT who received 

one, two, or three doses of vaccine any time within the relevant month of life was used to 

calculate the sample mean coverage levels among hospital admissions, and not by 

specific week of implementation.  These coverage levels fell within the confidence 

intervals of the Kenyan coverage data reported by Cowgill et al. (85) that were used to 

parameterize the model. 
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Indirect Protection 

Effectiveness assessments following the introduction of routine infant immunization with 

Hib conjugate vaccine in Bamako, Mali (19) suggested that indirect immunity played a 

factor in the amount of protection granted by the Hib vaccine.  Although it was not 

included in the final manuscript, we estimated an analogous herd immunity protective 

factor (ι), based on the additional decline over time in Hib incidence following 

programmatic implementation of vaccine and implement this factor in the model.  These 

indirect protective effects of herd immunity were added to the model explicitly as a 

graduated increase in protected individuals over time (resulting in an estimated efficacy 

of 0.54 when combined with the direct protective effect of the vaccine), while the age-

dependent constant infection pressures assumed in the model were maintained.  The 

assumed constant pressure allowed for reliable comparisons of the direct and indirect 

protection potentially granted by the vaccine.   

The increased immunity over time among the population and the effect of herd immunity 

was captured through the number of hospitalized iNTS cases and deaths per 6-month 

intervals after vaccine implementation, compared to a 6-month pre-vaccination baseline 

interval, as illustrated in Figure 2.4.  The primary direct protection bestowed by the 

vaccine was attained in the population ~12 months after vaccine implementation, and a 

secondary herd immunity indirect protective effect continued to decrease the overall 

burden of hospitalized iNTS disease over time until a total reduction of 84% of cases (31 

cases prevented per year) and 71% of deaths (5 deaths averted per year) was achieved 

after three years.   
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Fig 2.4. Number of Severe iNTS Cases and Fatal Cases per 6 Months After 

Implementing a 3-dose Vaccine Exhibiting Indirect Protection 

 

Statistical Software 

Statistical analysis of the laboratory assay results was performed using Statistical 

Analysis Software (SAS) version 9.3.  The infectious disease model development and 

analyses were performed using R version 3.0.1 and utilizing the Markovchain package, 

version 0.5 (101) for the development of the model and the Triangle package, version 0.1 

(102) for vaccine efficacy and vaccine coverage variable distribution analysis.  The code 

developed for the model and the case data used to develop the model parameters are 

available on a public GitHub repository (103). 
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Chapter 3: Modeling the Potential for Vaccination to Diminish the Burden of 

Invasive Non-Typhoidal Salmonella Disease in Young Children in Mali, West Africa1 

 

Abstract 

Background: In sub-Saharan Africa, systematic surveillance of young children with 

suspected invasive bacterial disease (e.g., septicemia, meningitis) has revealed non-

typhoidal Salmonella (NTS) to be a major pathogen exhibiting high case fatality (~20%). 

Where infant vaccination against Haemophilus influenzae type b (Hib) and Streptococcus 

pneumoniae has been introduced to prevent invasive disease caused by these pathogens, 

as in Bamako, Mali, their burden has decreased markedly. In parallel, NTS has become 

the predominant invasive bacterial pathogen in children aged <5 years.  While NTS is 

believed to be acquired orally via contaminated food/water, epidemiologic studies have 

failed to identify the reservoir of infection or vehicles of transmission. This has precluded 

targeting food chain interventions to diminish disease transmission but conversely has 

fostered the development of vaccines to prevent invasive NTS (iNTS) disease.  We 

developed a mathematical model to estimate the potential impact of NTS vaccination 

programs in Bamako.   

Methodology/Principal Findings: A Markov chain transmission model was developed  

----------------------------------------------- 
1 Kristin Bornstein, Laura Hungerford, David Hartley, John D. Sorkin, Milagritos D. 
Tapia, Samba O. Sow, Uma Onwuchekwa, Raphael Simon, Sharon M. Tennant, Myron 
M. Levine.  
As submitted to PLOS: Neglected Tropical Diseases (2017) 
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utilizing age-specific Bamako demographic data and hospital surveillance data for iNTS 

disease in children aged <5 years and assuming vaccine coverage and efficacy similar to 

the existing, successfully implemented, Hib vaccine.  Annual iNTS hospitalizations and 

deaths in children <5 years, with and without a Salmonella Enteritidis/Salmonella 

Typhimurium vaccine, were the model’s outcomes of interest. Per the model, high 

coverage/high efficacy iNTS vaccination programs would drastically diminish iNTS 

disease except among infants age <8 weeks. 

Conclusions/Significance: The public health impact of NTS vaccination shifts as disease 

burden, vaccine coverage, and serovar distribution vary. Our model shows that 

implementing an iNTS vaccine through an analogous strategy to the Hib vaccination 

program in Bamako would markedly reduce cases and deaths due to iNTS among the 

pediatric population. The model can be adjusted for use elsewhere in Africa where NTS 

epidemiologic patterns, serovar prevalence, and immunization schedules differ from 

Bamako.  

 

Author Summary 

A surveillance program at Gabriel Touré Hospital in Mali observed a high burden of 

invasive disease caused by non-typhoidal Salmonella (iNTS).  This surveillance program 

was originally instituted to measure the amount of invasive disease (e.g., septicemia, 

meningitis) caused by two bacteria that invade the respiratory tract: Haemophilus 

influenzae type b (Hib) and Streptococcus pneumoniae (pneumococcus). While 
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documenting the burden of these pathogens, the surveillance program also found that 

serovars of iNTS, mainly Salmonella Typhimurium and Salmonella Enteritidis, were 

common causes of severe invasive disease.  As the number of cases of Hib and 

pneumococcus markedly decreased following the introduction of relevant vaccines, the 

relative threat of iNTS increased.  

Little is known about the reservoir of iNTS, whether it resides in humans, animals, or the 

environment, or how it is spread to susceptible children.  Without this knowledge, it is not 

possible to employ certain disease control methods useful in interrupting the transmission 

of other pathogens. Therefore, vaccination remains the one promising control strategy for 

this disease. Our research modeled the potential effects of introducing an iNTS vaccine.  

The findings are of great importance to Mali and other developing countries where young 

children are at a high risk of developing iNTS disease. 

 

Introduction 

In industrialized countries, non-typhoidal Salmonella (NTS) predominately causes 

gastroenteritis (8,100). However, in sub-Saharan Africa the NTS serovars S. 

Typhimurium and S. Enteritidis have become recognized as important causes of severe 

invasive bacterial disease (e.g., septicemia, meningitis, bacteremia) with high case 

fatality rates (12,13,100).  Infants age 6-11 months and toddlers age 12-23 months exhibit 

the highest incidence of severe invasive NTS (iNTS) disease (14).  Whereas host factors 

such as malnutrition and co-infection with malaria and HIV may contribute to the higher 
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burden of iNTS disease (i.e., high case fatality rate and prevalent cause of bacteremia) in 

this region compared to industrialized countries (11,17), fundamental differences in the 

circulating NTS strains from sub-Saharan Africa are also evident.  Available evidence 

suggests that the vast majority of the S. Typhimurium strains from cases of iNTS disease 

in sub-Saharan Africa are multi-locus sequence type 313 (ST313), a genotype unique to 

Africa that has undergone extensive genomic degradation (18,19).  As the burdens of 

invasive disease due to Haemophilus influenzae type b (Hib) and Streptococcus 

pneumoniae have plummeted in recent years in sub-Saharan Africa following the 

introduction of Hib conjugate and multivalent pneumococcal conjugate vaccines 

(68,104), recognition of the need to address iNTS disease has increased (54).  Lack of 

information on the reservoirs and vehicles of transmission of iNTS in sub-Saharan Africa 

limits opportunities to utilize classic epidemiologic interventions to control iNTS disease. 

However, successful vaccination programs implemented to control other invasive 

diseases prevalent among pediatric populations in Mali and other countries of sub-

Saharan Africa have stimulated interest in the development of vaccines to control iNTS 

disease.   

Several candidate vaccines under development have shown promise in protecting against 

invasive S. Typhimurium and S. Enteritidis disease in animal models (44,105).  These 

include a bivalent conjugate vaccine based on covalently linking the core and O-antigen 

polysaccharides of S. Typhimurium (a Group B [O:4] serovar) and S. Enteritidis (a Group 

D [O:9] serovar) to the respective Phase 1 flagellin subunits (FliC) of each of these 

serovars (49,51,105), a live attenuated oral vaccine (52,53), and a bivalent Generalized 

Modules for Membrane Antigens (GMMA) vaccine consisting of outer membrane protein 
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blebs from S. Typhimurium and S. Enteritidis that include lipopolysaccharide (54,105). 

These vaccines also have the potential to provide cross protection against other NTS 

serovars within Salmonella O Group B (e.g., S. Stanleyville) and O Group D (e.g., S. 

Dublin)(44,51,52).  Our research modeled the decrease in the number of cases and deaths 

attributable to iNTS in children < 5 years of age following the programmatic introduction 

of a NTS vaccine utilizing the same Expanded Program on Immunization (EPI) 

infrastructure that successfully delivered Hib and pneumococcal conjugate vaccines and 

that drastically reduced the number of cases of invasive disease caused by those 

pathogens. 

 

Methods 

Data Sources 

Census data from the National Institute of Statistics (INSTAT) of Mali from 2009 (64) 

provided the pediatric population of different age groups of interest in Bamako as 

denominators for the model.  Crude birth rate and age-specific all-cause mortality data for 

specific pediatric age groups in Bamako came from Demographic and Health Surveys 

(DHS) of 2001, 2006 and 2012 (65–67)(Table 2.2).  The highest and lowest rates reported 

across the years of DHS reports were used to establish a range of probable values with 

the intermediate of the three values used as the initial parameter value.  

The burden of invasive bacterial disease caused by NTS in Mali was first identified 

during systematic surveillance of the incidence of bacterial pathogens begun in 2002 at 
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l’Hôpital Gabriel Touré (HGT), Bamako, Mali.  The surveillance program established by 

the Center for Vaccine Development, Mali (CVD-Mali) and the Center for Vaccine 

Development (CVD), University of Maryland School of Medicine, was designed to 

identify bacterial pathogens associated with invasive disease among consented enrolled 

patients <15 years of age admitted to HGT with fever or clinical signs of invasive 

bacterial disease (14).  This hospital-based surveillance was conducted under a protocol 

approved by the Ethics Committee of the Faculté de Médecine, Pharmacie et 

Odontostomatologie in Bamako, Mali and the University of Maryland Institutional 

Review Board. Consent was documented on a written form. If the participant's parent or 

guardian was illiterate, they listened to an audiotaped version of the consent form in their 

local language and questions were so answered in the presence of a witness.  

We used anonymized data on 515 pediatric patients under five years of age who were 

admitted to HGT with laboratory-confirmed iNTS disease between July 1, 2002 and June 

30, 2014 to develop and validate the model parameters.  Numbers of cases within specific 

age groups, pooled across even years of the HGT surveillance (i.e., 2002, 2004, 2006, 

2008, 2010, 2012), were used with denominators from INSTAT (64) to generate the age 

group-specific hospitalization rates of severe iNTS disease (Table 3.1). Case fatality rates 

for the model were fatal cases divided by total cases per age group (Table 3.2).  The 

model was then validated by comparing the number of cases and deaths due to iNTS per 

year estimated by the model, without accounting for vaccination effects, against the data 

from the odd years of HGT surveillance.  Data were pooled as means across the years of 

surveillance because the number of cases per age-group per year was small (Fig 2.2).  
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Multiple years of data were included to provide more robust estimates for the Malian 

pediatric population and to encapsulate some of the variability over time.   

 

Table 3.1. Hospitalization Rates* from Invasive NTS based on 2002-2012 Serovar 

Distribution from Even Years of HGT Surveillance 

Age Range 
Variable 

(β[a]) 

Parameter Value 

(95% CI) 

0-7 weeks a=1-3 0.41 (0.13, 0.69) 
8-15 weeks a=4-5 0.24 (0.01, 0.47) 
4-8 months a=6 0.17 (0.06, 0.27) 
9 months a=7 1.08 (0.37, 1.71) 
10-11 months a=8 0.80 (0.16, 1.45) 
12-23 months a=9 0.11 (0.08, 0.14) 
24-59 months a=10 0.01 (0.01, 0.10) 

* Per 10,000 individuals of that age-group in the population from National Institute of 
Statistics of Mali (64)  

 

Table 3.2. iNTS Case Fatality Rates from Even Years of HGT Surveillance (η[a]) 

Serovar Distribution 0-7 weeks of age (a=1-3) 

Parameter Value 

(95% CI) 

8+ weeks of age (a=4-10) 

Parameter Value 

(95% CI) 

2002-2012 observed 
serovar distributions 

0.75 (0.41, 0.93) 0.15 (0.09, 0.22) 

S. Typhimurium only 0.0 (0.0, 0.85) 0.13 (0.06, 0.23) 
S. Enteritidis only 0.86 (0.42, 0.99) 0.18, (0.09, 0.31) 

 

The proportion of hospitalizations with S. Typhimurium and S. Enteritidis serovars has 

been seen to change over time. In particular, from 2008 to the present, the incidence of 

invasive S. Typhimurium infections has decreased, while the incidence of invasive S. 

Enteritidis infections has increased (14).  Moreover, these serovars exhibit different case 
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fatality rates. Therefore, serovar-specific case fatality rates for hospitalized children were 

also calculated based on the HGT surveillance data. 

The expected coverage for an iNTS vaccine was estimated based on data from Hib 

vaccine implementation in Bamako.  Vaccination coverage estimates came from an 

immunization coverage survey undertaken in 2015 among a sample of infants 6-8 months 

of age in the population as part of prospective demographic surveillance in the Djikoroni-

para quartier of Bamako.  The demographic surveillance system allowed population-

based estimates to be derived as was done for the Global Enteric Multicenter Study 

(GEMS)(83,84).  Sixty-one mothers or other caretakers of infants 6-8 months of age were 

asked if they had an immunization card and 60 were able to show the card.  The narrow 

infant age range was selected to document not only evidence of receipt of Hib vaccine 

but to provide information on the timeliness of immunization which is important to the 

success of Hib and NTS vaccination as a public health tool.  Among these 61 Djikoroni-

para infants, 60 had received at least one dose of Hib vaccine 60/61 (98.4%) and 55 had 

received all three doses of Hib vaccine (55/61, 90.2% full coverage).  This Hib vaccine 

coverage information from Bamako was used as the starting point for our simulations, 

since it was drawn directly from our modeled population.  Hib coverage data from Kenya 

(85) was utilized to generate wider intervals of coverage values from a larger study 

sample and broader population data. Coverage data for alternative vaccination programs 

and booster vaccinations were based on the measles vaccine program implemented in 

Mali, which targeted children of the same scheduled ages as proposed in the model (86).   



      

45 

 

Assumptions on the expected efficacy of the vaccines under development to prevent 

iNTS disease in Mali were based on assessments of the efficacy of Hib conjugate in a 

randomized clinical trial in The Gambia (84) and from post-licensure impact evaluations 

on Hib disease in Mali (68), Kenya (85) and Uganda (87) and a 9-valent pneumococcal 

conjugate vaccine efficacy trial in The Gambia (36).  Hib conjugate was highly effective 

in diminishing the disease burden when administered routinely through the EPI in Mali 

(68), Kenya (85) and other African countries (87).  Efficacy for booster vaccination doses 

and a catch-up campaign program were based on anticipated results similar to those 

exhibited by the Hib catch up campaign and booster vaccine interventions performed in 

the United Kingdom (88,89).  In certain populations, such as those with a high prevalence 

of HIV cases, immune suppression decreases the amount of protection granted by 

vaccination against Hib (90).  While the pediatric population of Bamako does not exhibit 

high levels of HIV, a scenario with low vaccine efficacy due to immune suppression such 

as seen by Madhi et al. (90), in South Africa (a 20% decrease in each vaccine efficacy 

parameter) was modeled. 

The invasive disease such as meningitis, septicemia, bacteremia and septic arthritis 

caused by invasive non-typhoidal Salmonella is clinically indistinguishable from those 

types of clinical infections caused by Hib. Each of these pathogens traverses a mucosal 

barrier leading to a bacteremia during which the bacterial pathogens are cleared by fixed 

macrophages residing in organs of the reticuloendothelial system. In the case of Hib, it is 

upper respiratory mucosa that is traversed, while for iNTS it is believed to be intestinal 

mucosa. Bacteremic organisms that reach the meninges, synovia and pleura can cause 

meningitis, septic arthritis and empyema, respectively. The NTS conjugate vaccines 
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under development elicit serum antibodies that exhibit both bactericidal and 

opsonophagocytic functional properties (93–95), like the antibodies stimulated by Hib 

conjugate vaccines (90,96–99). Thus, there exist striking pathogenetic, clinical and 

epidemiologic similarities between iNTS and Hib pathogens and similar functional 

activities are exhibited by the antibodies stimulated by the parenteral NTS conjugate 

vaccines (in animals) and by Hib conjugate vaccine in human infants.  Therefore, we 

assumed a similar efficacy and coverage for the NTS vaccine as was observed with Hib 

conjugate vaccine in the infant and toddler population in Bamako (and elsewhere in sub-

Saharan Africa) (Table 3.3). Relying on Hib vaccination efficacy data allowed us to 

validate the iNTS vaccine implementation within the model and allowed for reliable 

comparisons of the protection potentially granted by the iNTS vaccine and various 

immunization schedules.  

 

Table 3.3. NTS Vaccination Characteristics 

Dose 

Coverage (ϑ[a,d]) 

Parameter Values 

(Probable Range) 

Efficacy (ε[d]) 

Parameter Values 

(Probable Range) 

One dose (d=1)* 0.98 (0.89, 0.98) 0.45 (0, 0.82) 
Two doses (d=2)* 0.93 (0.83, 0.96) 0.90 (0.68, 0.97) 
Three doses (d=3)* 0.90 (0.78, 0.90) 0.95 (0.83, 0.98) 
Booster (d=4)** 0.88 0.85 
Catch-up campaign 
(d=5)*** 

- 0.6-0.8 

* Coverage based on Bamako and Kenya Hib conjugate Field Data (68,85); Efficacy 
based on Gambia Hib conjugate trial data (84) 
** Coverage based on Mali MCV1 vaccine coverage, 2004 (86); Efficacy based on an 
anticipated 10% decrease 
*** Anticipated range simulated 
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Model Description 

The incidence and epidemiologic features of iNTS infections among young children 

sufficiently severe to result in hospitalization were captured using an age-structured 

Markov chain infectious disease model including Susceptible, Infected, and Recovered 

status groups.  A diagram of the model (Fig 2.3a) with vaccine administered at 6, 10, and 

14 weeks of life, as was used in the Hib vaccination initiative, was used as the baseline 

for developing a generalized model capturing all modeled vaccination schedules as 

illustrated in Fig 2.3b.  

Each age group (a) included an age-specific number of children susceptible to (S[a], 10 

groups, where a=1-10), hospitalized with (I[a], 4 groups, where a=1-3, 4-8, 9, 10), or 

vaccinated by dose (d) against (V[a,d], where a varied for different scenarios and d=1-5) 

severe iNTS disease. Children who recovered (R) from severe hospitalization were 

considered as a single group.  Age categories were established by examining statistically 

significant variation in incidence and case fatality rates of iNTS (p<0.05) within the HGT 

surveillance data, and ages at which the EPI vaccinations were scheduled.  

Neonates entered the model based on the population birth rate reported for Bamako (ν, 

Table 2.2) and were considered to be hospitalized with iNTS disease at the same 

incidence as other infants < 2 months of age (Table 3.1).  Children at any age were 

subject to the age-specific all-cause mortality rates (μ[a], Table 2.2) reported in the DHS.  

Susceptible children (S[a]) were moved to a hospitalized status (I[a]) at age-specific 

iNTS hospitalization rates (β[a], Table 3.1).  Children hospitalized with iNTS disease 

experienced mortality at age-specific case fatality rates (η[a], Table 3.1) or moved to a 
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recovered status (R). The length of iNTS infection was constrained to a single two-week 

time step corresponding to the observed duration of iNTS clinical disease in hospitalized 

Bamako children. Any susceptible children who did not suffer hospitalized iNTS disease, 

iNTS fatality, or all-cause mortality graduated into the next susceptible age group at a 

rate appropriate to the two-week time step of the model.   All surviving children exited 

the model upon reaching five years of age, when the rate of hospitalizations due to iNTS 

rapidly declines (14). 

Vaccination against iNTS was initially modeled as a program which occurred at ~6, ~10, 

and ~14 (a=2,4,6, respectively) weeks of life to match the same three-dose infant 

immunization schedule as Hib conjugate.  Children potentially received one, two, or three 

(dose d=1-3, respectively) doses of the vaccine with age-specific and dose-specific 

coverage rates (ϑ[a,d]).  For vaccinated children, the rate of hospitalization due to iNTS 

disease was applied only to the proportion of children without an effective vaccination (1-

ε[d]).  Vaccine protection was assumed to persist through early childhood, so successfully 

immunized children remained protected until they aged out of the model. 

Our major outcome measures were the number of cases and deaths due to iNTS disease.  

To generate an overall distribution of potential values describing the natural 

epidemiologic behavior of the disease without implementation of a vaccination program, 

1000 simulations were run with key model variables (i.e., birth rate, incidence of 

hospitalization of iNTS cases, case fatality, and background all-cause mortality rates) 

randomly drawn each time from a uniform distribution based on the limits of the probable 

range around each parameter.  After being used to simulate the ‘average’ dynamics in 
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absence of vaccine use, a second set of 1000 simulations was used to assess the effect of 

different assumptions about vaccine efficacy and coverage in the model.  Key variables 

were sampled as before and values for vaccine efficacy and coverage drawn from 

triangular distributions based on each parameter value and its associated probable range 

under different scenarios.  The influence of each parameter on the number of iNTS cases 

and fatal iNTS cases generated by the model was assessed by sampling each parameter 

individually, while holding all other parameter values constant.  The ranges of iNTS cases 

and fatal iNTS cases generated by these simulations were summarized in tornado plots.  

Next, specific effects of vaccination were examined in a birth cohort of 75,978 children, 

corresponding to the annual births for Bamako.  The expected number of cases and 

number of fatal cases in children < 36 months of age within this cohort was generated 

under unvaccinated conditions, vaccinated conditions with 100% coverage and efficacy 

implemented at 6 weeks of life, and vaccinated conditions with coverage and efficacy 

matching the model parameters described in Table 3.3 at 6, 10, and 14 weeks of life.  

Additionally, the effects of high, mid, and low vaccine efficacy levels on the overall 

number of cases and case fatalities were examined by dose, based on the ranges around 

these parameters. 

To assess the effects of serovar- specific severity, the vaccination program was modeled 

using case fatality rates representing only S. Typhimurium or only S. Enteritidis as causal 

agents (Table 3.2).  Since the overall incidence of iNTS disease has not changed 

significantly with the documented serovar shift, we maintained the same overall 

incidence rates regardless of underlying causal agent.  Another 1000 simulations were 

performed to assess effects of varying the parameter values across the probable ranges for 
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case fatality rates of these two serovars on the number of severe iNTS cases and fatal 

iNTS cases. 

The same approach was used to simulate effects of alternative three-dose EPI vaccination 

regimens.  For example, the first two doses were administered at 6 (a=2) and 10 (a=4) 

weeks or at 10 (a=4) and 14 (a=6) weeks of life (concomitant with two doses of 

pentavalent and pneumococcal conjugate vaccine) and the third NTS vaccine dose was 

administered as a booster (dose d=4) at either age 9 months (a=7) (with measles 

containing vaccine dose 1 [MCV1]) or at 12 or 15 (a=9) months of age concomitant with 

MCV2.  We also modeled a rapid mass immunization catch-up campaign (dose d=5) 

targeting all children of age 6-23 (a=6-9), 9-23 (a=7-9), or 12-23 (a=9) months of age 

concomitant with the onset of adding iNTS vaccination to the routine young infant EPI. 

In each of these schedules, the precise ages at time of vaccination, although ideally 

targeted at specific weeks of life, in fact vary and are often delayed by several weeks in 

Bamako.  To allow for this, the number of children admitted to the HGT who received 

one, two, or three doses of vaccine any time within the relevant month of life was used to 

calculate the sample mean coverage levels among hospital admissions, and not by 

specific week of implementation.  These coverage levels fell within the confidence 

intervals of the Kenyan coverage data reported by Cowgill et al. (85) that were used to 

parameterize the model. 

Model development and analyses were performed using R version 3.0.1 and utilizing the 

Markovchain package, version 0.5 (101) for the development of the model and the 

Triangle package, version 0.1 (102) for vaccine efficacy and vaccine coverage variable 
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distribution analysis.  The code developed for the model and the case data used to 

develop the model parameters are available on a public GitHub repository (103). 

 

Results 

Modeling age-related iNTS disease burden in the absence of vaccination 

Based on the parameter values determined from even years, our model predicted a similar 

number of hospitalized iNTS disease cases for most age groups as was observed during 

the odd years of HGT surveillance data (Fig 2.2), with 37 cases per year, including 7 fatal 

cases, occurring in a non-vaccinated population.  The 1000 model runs generated a range 

of 14-64 cases per year (with interquartiles of 29 and 39) and a range of 2-14 fatal cases 

per year (with interquartiles of 5 and 8), sampling from the probable range of model 

parameters.  Hospital surveillance records did not include neonatal cases who died of 

iNTS infection before leaving the hospital after birth, so our model assumed a similar 

level of incidence among this youngest age group as was observed for other children less 

than one month old.  This assumption generated a simulated overestimation of cases in 

the youngest age group compared to the observed, but attempted to include neonatal 

cases and iNTS related deaths in our outcome measurements.  Varying the parameter 

estimates used for hospitalized infection rate, all-cause mortality rate, and case fatality 

rate across the range of each parameter led to a mean of 34 cases per year (ranging from 

14-64, with interquartiles of 29 and 39) and 7 fatal cases per year (ranging from 2-14, 

with interquartiles of 5 and 8), based on 1000 runs of the model. 
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Modeling the effects of iNTS vaccination 

One thousand model runs with varying parameter estimates for birth rate, incidence of 

hospitalization of iNTS cases, case fatality, background all-cause mortality rates, vaccine 

efficacy and coverage with three doses of vaccine administered at 6, 10, and 14 weeks of 

life generated a mean of 9 cases per year (ranging from 5-16, with interquartiles of 11 and 

6) and 3 fatal cases per year (ranging from 2-12, with interquartiles of 2 and 5).  The 

greatest change in the number of iNTS cases occurred as the incidence rate was sampled 

across its probable range, while the least amount of change was generated by sampling 

across vaccine coverage (Fig 3.1).  The greatest change in the number of fatal iNTS cases 

was driven by the case fatality rate (Fig 3.2).  In observing the total number of cases and 

the number of deaths due to iNTS among a birth cohort, as presented in Fig 3.3, the 

vaccination parameters of the model functioned as expected.  If a NTS vaccine was 

implemented with 100% coverage and 100% efficacy, all cases following an initial dose 

of vaccine were prevented and all fatal cases were averted.  Furthermore, when the model 

was run with parameters based on the Hib vaccination field trials and post-introduction 

impact assessments in Africa, the results were very similar to a vaccine with perfect 

coverage and efficacy.  Almost all cases among the birth cohort were prevented even after 

a single dose, and all cases in the cohort were prevented after two doses. 
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Fig 3.1. Changes in the Number of Hospitalized iNTS Cases across the Probable 

Ranges of Model Parameters 

 

 
Fig 3.2. Changes in the Number of Fatal iNTS Cases across the Probable Ranges of 

Model Parameters 
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Fig 3.3.  Total Cases and Fatal Cases due to iNTS Disease within a Birth Cohort over 

Time  

(a) in unvaccinated conditions, (b) with a vaccine administered at 6 weeks of life with 
100% coverage and 100% efficacy, and (c) with vaccines administered at 6, 10, and 14 
weeks of life with vaccine coverage and efficacy as described in Table 3.3. 

 

Modeling vaccine coverage and efficacy for an iNTS vaccine equivalent to levels 

observed with Hib (with routine young infant immunization only and with no catch-up 
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campaign), the number of hospitalized iNTS cases per year decreased by 73% (from 37 

to 10 cases) and the number of deaths decreased by 43% (from 7 to 4 deaths).  These 

estimates, based on the distribution of S. Enteritidis and S. Typhimurium cases that was 

observed during the 2002-2014 surveillance, reflect the effect of direct protection alone 

(i.e., with no adjustment for indirect protection from “herd immunity”) and without a 

catch-up campaign.   

Effects of varying the parameter values for vaccine efficacy, number of doses, serovar 

distributions, and vaccination schedules are shown in Table 3.4. Even at the lowest ranges 

of vaccine efficacy, our model predicted a range of only 4-23 cases per year, based on 

1000 simulation runs.  This equates to prevention of more than half of the pediatric cases 

each year if the vaccine exhibits similar efficacy as might be seen with the Hib vaccine in 

immunodeficient populations. At higher levels of efficacy, as much as 78% of severe 

iNTS cases (29 cases/year) were averted.  The highest level of protection was granted by 

a 3-dose vaccination schedule targeting infants at 6, 10, and 14 weeks of life, which 

resulted in a 73% decrease in the annual number of severe iNTS cases with moderate 

vaccine efficacy levels.  This varied from 21-29 cases prevented and 2-3 child lives saved 

per year among the pediatric population of Bamako, based on the vaccine efficacy levels 

observed in the Hib conjugate field trial in The Gambia (84) and the post-implementation 

effectiveness assessment in Mali (68).  The increased immunity over time among the 

population was captured through the number of hospitalized iNTS cases and deaths per 6-

month intervals after vaccine implementation, compared to a 6-month pre-vaccination 

baseline interval, as illustrated in Fig 3.4.   
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Table 3.4. Number of Cases Prevented and Deaths Averted per Year+ Depending on 

Vaccine Efficacy, Serovar Distribution, and Vaccination Schedule  

Vaccination scenarios 
Cases 

Prevented (%) 

Deaths 

Averted (%) 

Three-dose* vaccination 27 (73%) 3 (43%) 
Two-dose vaccination with booster at age ~9 
months 

27 (73%) 3 (43%) 

Three-dose* vaccination with low efficacy due 
potential immune suppression 

19 (51%) 2 (29%) 

Low predicted vaccine efficacy 21 (57%) 2 (29%) 
High predicted vaccine efficacy 29 (78%) 3 (43%) 
S. Typhimurium as the only iNTS causal agent** 28 (74%) 4 (80%) 
S. Enteritidis as the only iNTS causal agent** 27 (75%) 4 (44%) 

+ Numbers provided reflect the cases prevented and deaths averted per year once the 
vaccine has been routinely administered and reached a steady state throughout the 
pediatric population 
* Doses administered at ~6, 10, and 14 weeks of life 
** Compared to theoretical unvaccinated populations with single serovar distributions  

 

 
Fig 3.4. Number of Severe iNTS Cases and Deaths per Cumulative 6-Month 

Intervals after Implementing a 3-dose Vaccine Program 
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If a catch-up vaccination campaign was implemented simultaneously along with the 

introduction of a three-dose young infant EPI vaccination strategy, protection occured 

sooner among older age children who remained at risk.  Fig 3.5 illustrates the effects of 

such a catch-up campaign targeting various age groups.  The addition of the catch-up 

campaign prevented at least four and as many as 12 additional cases of severe iNTS 

during the first three years following the catch-up campaign and start of the vaccine 

initiative compared to the three-dose schedule without the catch-up campaign. 

 

 
Fig 3.5.  Number of Severe iNTS Cases and Deaths within the First 36 Months after 

Introduction of Routine NTS Vaccination and Various Catch-up Campaign 

Schedules 

 

Investigating the effects of different serovar distributions that have been observed over 

time, our model predicted that if S. Enteritidis, with its higher case fatality rate, was the 

only iNTS serovar causing disease, 44% of deaths per year would be averted through 
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vaccination, with a range of 5-37 cases per year including 2-18 fatal cases, across 1000 

simulation runs.  If S. Typhimurium returned as the dominant serovar, up to 80% of iNTS 

deaths per year would be averted, with a range of 4-31 cases per year, including 1-8 fatal 

cases. 

 

Discussion 

Implementation of programmatic use of the Hib conjugate vaccine among the pediatric 

population in Bamako, Mali was extremely successful and reduced the burden of invasive 

Hib disease hospitalizations by 83% among infants within three years of vaccine 

introduction (68).  Our results show that if we utilize the same EPI infrastructure to 

deliver a bivalent conjugate vaccine to prevent invasive disease due to S. Enteritidis and 

S. Typhimurium, it is reasonable to expect a comparable level of protection and reduction 

of iNTS cases as was seen with Hib vaccine.  Our iNTS model captured the current 

burden of iNTS in the population and assessed potential effects of various vaccine 

implementation scenarios. Even alternative vaccination schedules with fewer doses of 

iNTS vaccine predicted a notable reduction in the burden of iNTS disease.  Additionally, 

if a one-time catch-up campaign is implemented concomitantly with routine vaccination 

of young infants and if it targets the highest risk age group (children in the second half of 

the first year of life), our model predicted additional cases of severe iNTS disease deaths 

would be averted in the first years after introducing the vaccine.  If field trials confirm the 

efficacy of the NTS vaccines currently under development, their future implementation 

within the EPI could markedly diminish the morbidity and mortality from one of the 
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predominant remaining burdens of invasive bacterial disease among pediatric populations 

in sub-Saharan Africa.  Since neither the reservoir of infection nor the modes of 

transmission of NTS to young children have heretofore been identified, vaccination 

currently represents the most plausible interventional strategy for reducing the burden of 

iNTS disease.  Furthermore, the model we have developed could be applied to estimate 

the effects of implementing an iNTS vaccine in other regions of sub-Saharan Africa, 

providing the same integrity of information on age-specific case and fatality rates. 

Two candidate NTS vaccines are progressing towards clinical trials. One candidate 

developed by the GSK Vaccines Institute of Global Health consists of a bivalent 

parenteral Salmonella Enteritidis/S. Typhimurium vaccine based on Generalized Modules 

for Membrane Antigens (GMMA) technology (52,106,107) The second NTS candidate, 

developed by the Center for Vaccine Development of the University of Maryland School 

of Medicine (CVD) and its industrial partner, Bharat Biotech, International (BBI) of 

Hyderabad, India, contains S. Enteritidis and S. Typhimurium conjugate vaccines 

consisting of the core plus O polysaccharide of those serovars covalently linked to Phase 

1 flagellin subunits of the homologous serovar (44,49,51,95,105).  

As each vaccine moves towards clinical trials, a Target Product Profile (TPP) must be 

created that by necessity incorporates multiple assumptions and predictions that guide the 

development of the project for multiple years before clinical data become available to 

corroborate or refute the TPP assumptions. The TPP, which must be crafted early in the 

development of the candidate vaccine, provides a roadmap as it defines the type of 

vaccine, the route of administration, the target populations and sub-populations to be 
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vaccinated, the number of doses to be administered and the intended immunization 

schedule for the target populations. The TPP also proposes limits for the expected 

reactogenicity (local and systemic), the level of efficacy to be achieved, the duration of 

protection, when a booster dose might be needed, the storage conditions, the vaccine 

formulation(s), the presentation of the vaccine, whether an adjuvant will be included and 

what preservative will be present in multi-dose vials. The design of the preclinical 

toxicology test, the formulations of vaccine to be tested, the design of the Phase 1 and 2 

clinical trials, and of the ultimate pivotal Phase 3 efficacy trial all follow guidance 

provided by the TPP. The mathematical model described herein includes assumptions 

contained within one TPP. Even at early stages in development of the candidate vaccines 

to prevent iNTS disease, a mathematical model of what the vaccine might achieve at the 

future public health level becomes a useful, hopefully predictive, tool. Modifying the 

parameters of the model offers insights on what the vaccine can achieve. 

Our model has been used to assess the impact of introducing a bivalent NTS vaccine on 

decreasing the number of hospitalized iNTS cases and fatalities caused by the two most 

prevalent iNTS serovars currently found in the Malian pediatric population, S. Enteritidis 

and S. Typhimurium. However, other serovars have been identified among a minority of 

hospitalized cases of iNTS that theoretically could also be prevented.  Indeed the bivalent 

vaccines currently in development offer the prospect of cross protection against other 

serovars.  The bivalent conjugate vaccine described by Simon et al. (51), for example, 

may offer such cross protection by targeting shared O-polysaccharides. If the 

effectiveness of the vaccine is reliant on these targeted polysaccharides, which are shared 

among all serovars within the same serogroup, this vaccine would offer cross protection 
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against all Group B and Group D serovars, including the serovars with the next highest 

prevalence among hospitalized cases in Bamako, Mali (S. Stanleyville and S. Dublin, 

respectively) (44,49,51). 

Our findings have some limitations because of the lack of data on segments of the 

pediatric population where iNTS disease may be occurring but not detected with our 

surveillance.  By focusing only on iNTS cases admitted to hospital, we did not model the 

overall burden of NTS in the Bamako pediatric population that would include children in 

the community with iNTS infections who were not ill enough for their caretakers to seek 

health care or who were brought to traditional healers. It also did not include children 

with severe iNTS disease who may not have had easy access to the hospital and thus may 

have died at home. Moreover, blood cultures and cultures of ordinarily sterile body fluids 

are not 100% sensitive in detecting invasive bacterial infections, particularly if antibiotics 

were administered prior to reaching the hospital. Thus, some iNTS cases may have been 

missed by our surveillance techniques, leading to an underestimation of the number of 

cases and the burden of NTS in the study population.  However, cases hospitalized at 

HGT likely capture a substantial proportion of the more severe clinical forms of iNTS 

disease which likely have a higher case fatality than milder forms of iNTS disease. The 

impact of a NTS vaccine in preventing culture-negative severe iNTS cases could be 

estimated by noting the difference between the decrease in hospitalized iNTS cases 

following vaccine implementation and a decrease in all-cause hospitalizations (68).  

Despite some knowledge gaps about the epidemiologic behavior of iNTS disease in the 

community, our model provides an informative view that should adequately assess the 

impact of introducing an effective vaccine.  
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The model presented herein is one of the first attempts to capture mathematically the 

epidemiologic dynamics of endemic pediatric iNTS disease in Africa and to predict the 

effects of future implementation of NTS vaccines currently in development on the disease 

burden.  Several key features of the epidemiology of iNTS disease in Bamako, such as 

the force of infection, reservoirs of infection, and modes of transmission remain unknown 

and the specific effects of other factors known to modulate host risk and clinical disease 

severity such as HIV infection, malaria, and malnutrition (11,17,95) have not been 

formally measured.  By relying on population data to inform the age-specific incidence of 

severe (hospitalized) iNTS disease, we indirectly captured some effects that subclinical 

infection and chronic carrier states may have without directly including them in the 

model, since such states have not yet been described for NTS cases (17). Research efforts 

are underway in other venues to investigate risk factors, transmission modes, 

immunology, and natural reservoirs of iNTS.  

Mali has a lauded EPI and thus immunization coverage in other venues may not be as 

high.  However, the model can be used to predict outcomes with other location-specific 

estimates of NTS coverage.  Our Markov Chain approach was well suited for 

incorporating the surveillance data representing the currently available numbers of 

hospitalized iNTS cases, but made the conservative assumption that infection pressure 

remained constant both in the natural history of the disease and in the face of vaccination. 

In future iterations we plan to amend and refine our model using data from other field 

investigations and use ordinary differential equation (ODE) and partial differential 

equation (PDE) models that include older children and adults to capture transmission 

dynamics and emergent properties of vaccination, such as herd immunity.  As more 
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literature is published on the epidemiology of iNTS disease, a more sophisticated 

computational model can be crafted that incorporates new data, adding further emphasis 

to the importance of implementing such a vaccine to protect young children against this 

invasive disease. 
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Chapter 4:  Temporal shift in invasive non-typhoidal Salmonella serovars in 

Bamako Mali1 

 

Abstract  

Background: Invasive non-typhoidal Salmonella (iNTS) serovars S. Typhimurium and S. 

Enteritidis are major burdens of invasive bacterial disease among the pediatric population 

of sub-Saharan Africa causing 141 deaths per 1000 among children under five in Mali. 

Previous studies of iNTS serovars identified that S. Typhimurium was dominant and S. 

Enteritidis was a secondary pathogen. This study investigated genomic changes 

associated with a shift in the relative proportion of iNTS caused by S. Enteritidis versus 

S. Typhimurium in Bamako, Mali between 2002 and 2012.  

Methodology/Principal Findings: Comparative genomics studies identified homologs 

of tetracycline resistance and arsenic utilization genes were associated with the serovar 

shift. These findings, validated through PCR screening and functional assays, provide 

initial steps towards characterizing the genomic changes in response to unknown 

evolutionary pressures associated with the shift in serovars.  

Conclusions/Significance: This work demonstrates the utility of combining 

epidemiological principles, whole genome sequencing, and functional characterization in  

----------------------------------------------- 
1 Kristin Bornstein, Sharon M. Tennant, Tracy H. Hazen, John Sorkin, Milagritos D. 
Tapia, Samba O. Sow, Uma Onwuchekwa, Myron M. Levine, David A. Rasko. 
In preparation for submission to PLOS: Neglected Tropical Diseases (2017). 
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the laboratory to identify and characterize genomic changes in the isolates that may be 

responsible for the observed shift in iNTS agents. Furthermore, in light of the increased 

case fatality rate exhibited by S. Enteritidis compared to S. Typhimurium, such shifts in 

underlying iNTS pathogens bear great importance to pediatric public health in endemic 

regions of Sub-Saharan Africa. 

 

Author’s Summary 

Much remains unknown about the mode of transmission of iNTS or the reservoirs of 

disease. As such, insight into potential evolutionary pressures on underlying serovars 

bears great importance to public health. Longitudinal studies over the years 2002-2014 

identified a shift in the proportion of invasive non-typhoidal Salmonella (iNTS) caused 

by S. Typhimurium or S. Enteritidis in Bamako, Mali. As S. Enteritidis exhibits a greater 

case fatality rate among the pediatric population than S. Typhimurium, it is important to 

understand what led to the increased proportion of cases from this serovar. Our research 

examined the genetic changes in S. Enteritidis associated with this serovar shift through 

comparative genomics and functional assays. Through these methods, tetracycline 

resistance and arsenic utilizations genes were associated with the shift in serovars. These 

findings represent preliminary steps in investigating this underlying shift and determining 

the long-term repercussions of these changes to the epidemiologic profile of iNTS 

disease.  

 



      

66 

 

Introduction 

Salmonella enterica is a bacterial pathogen including over 2500 serological variants 

(serovars), causing more than 1.3 billion cases worldwide (1). Non-typhoidal Salmonella 

(NTS) serovars such as S. Enteritidis and S. Typhimurium, while mainly limited to 

gastrointestinal illness in industrialized nations (8,9), have been found to cause invasive 

bacterial disease in Sub-Saharan Africa (10–12). Children from 6-12 months old bear the 

greatest burden of disease, exhibiting case fatality rates as high as 28% for S. Enteritidis 

(54). It is possible that these differences in clinical presentation between sub-Saharan 

Africa and industrialized nations may be associated with differences in previous 

exposure, immunosuppression, malnutrition, and/or co-infections including, but not 

limited to malaria (12,15–17). However, there are differences in the pathogenic strains 

themselves in addition to the host and infection related factors (19,27,28,33,70,108). For 

example, ~95% of the invasive S. Typhimurium strains in Africa are multi-locus sequence 

type 313 (ST313), a genotype unique to that continent which has undergone extensive 

genomic degradation associated with host-adaptation (33,108).  

S. Typhimurium has been identified as the leading cause of invasive NTS (iNTS) disease 

throughout sub-Saharan Africa, followed by S. Enteritidis (27). Systematic surveillance 

undertaken by the Center for Vaccine Development (CVD) at the Hôpital Gabriel Touré 

(HGT) in Mali has confirmed the burden of iNTS (14). This surveillance was initiated in 

2002 to detect the number of cases of invasive bacterial disease caused by Haemophilus 

influenzae type b (Hib) and Streptococcus pneumoniae (pneumococcus). The surveillance 

unexpectedly identified NTS serovars Typhimurium and Enteritidis as common causes of 

severe invasive disease, after the Hib and pneumococcal vaccines were successfully 
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implemented (14). With HGT being the leading public hospital in the greater Bamako 

region, the quality and duration of the surveillance data facilitated the identification of a 

shift in iNTS epidemiology around 2008 (19). An increased relative proportion of iNTS 

due to S. Enteritidis was detected along with a concurrent decrease in the prevalence of S. 

Typhimurium after 2008, as reported by Tapia et al (14). From the iNTS isolates included 

in the epidemiologic investigation by Tapia et al., a subset of 42 S. Enteritidis isolates, 

selected as a stratified sample by year of isolation, were included in a phylogenetic 

analysis examining global lineages of S. Enteritidis by Feasey et al.(28). Close 

examination of this phylogeny containing isolates from Mali suggested that the newly 

circulating S. Enteritidis isolates (post 2008) are phylogenomically distinct from the pre-

2008 isolates. While periodic Salmonella serovar shifts have been historically observed in 

areas throughout the world, and well documented in Belgium (29) and Rwanda (20), the 

genotypic characteristics and environmental pressures that lead to such serovar shifts are 

not well understood, or have not been investigated, especially using whole genome 

sequencing. 

There is limited data on the characterization of major genomic elements and evolutionary 

pressures on non-typhoidal Salmonella, and S. Enteritidis specifically; however, studies 

by Nuccio and Baumler (30,31) have identified specific genomic signatures associated 

with increased growth within the host gastrointestinal tract and increased gut 

inflammation. These signatures are identified in NTS strains associated with severe 

gastroenteritis but are not associated with invasive strains which have undergone genomic 

degradation. Feasey et al. (28) examined global lineages of S. Enteritidis, including the 

isolates included in this study, and identified two clades of S. Enteritidis that have 
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become prominent in Africa, and exhibit similar host-adapted genomic degradation as 

seen with S. Typhi, S. Paratyphi, and S. Typhimurium. However, none of these studies 

investigated potential genomic changes in S. Enteritidis within a discrete population, such 

as the pediatric population of Bamako. The aim of our research was to identify and 

functionally characterize genomic markers in S. Enteritidis isolates that are associated 

with that increase in the relative proportion of iNTS cases caused by that serovar in the 

pediatric population observed in Bamako, Mali from 2002-2014. This work demonstrates 

the utility of combining epidemiological principles, whole genome sequencing, and 

functional characterization in the laboratory to identify and characterize genomic changes 

in the isolates that may be responsible for the observed shift in iNTS agents.  

 

Methods 

Sample Acquisitions: The isolates involved in this analysis were collected by local 

hospital staff from the blood and/or spinal fluid of patients during hospital admission at 

the HGT, as reported by Tapia et al. (14). The serovar of these isolates was confirmed 

after isolation through multiplex polymerase chain reaction (PCR) assay and 

agglutination with Salmonella antiserum. The 42 isolates submitted for whole-genome 

sequencing, as described by Feasey et al. (28) and utilized for the in silico analysis of this 

study, had their taxonomy verified by culture on selective Salmonella-Shigella agar, 

positive O (D1) agglutination from cultures grown on Trypticase Soy Agar, and positive 

H agglutination (with antisera against g and m Phase 1 H antigens) from cultures grown 
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on 0.6% agar swarm media. These isolates were selected as a stratified sample to provide 

isolates representative of each year of surveillance. 

 

Establishing a Temporal Breakpoint: A phylogenetic tree was developed based on the 

core genome of the same 42 S. Enteritidis isolates studied by Feasey et al. (28). The 

proportion of misclassified isolates was measured for each year and at each branch of the 

phylogenetic tree, with year of isolation determined by the seasonal trends in weather 

(June-July)(14). Isolates were considered misclassified when they were collected from 

one half of the chronology, but appeared in a branch that consisted mainly of isolates 

from the other half of the chronology. The breakpoint was selected as the year which 

resulted in the lowest proportion of misclassifications across the major branches of the 

tree. This breakpoint was then compared to the epidemiologic data from the HGT as 

reported by Tapia et al. (14) and the global phylogenetic analysis performed by Feasey et 

al. (28). 

 

Bioinformatic Genetic Analysis: The whole genome sequences of the 42 S. Enteritidis 

isolates sequenced by the Sanger Institute were assembled and annotated using the 

CloVR assembly pipeline, release version 1.0-RC5 (72) at the Insitute for Genome 

Sciences (IGS) at the University of Maryland, Baltimore. The sequence of each isolate 

was analyzed for protein encoding genes using a protein-coding gene prediction program, 

Prodigal (Prokaryotic Dynamic Programming Genefinding Algorithm)(73). Once all the 
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putative genes had been identified, BLAST Score Ratios (BSRs) were calculated for each 

putative gene in each examined isolate (109). Each of these genes was compared to one 

another to identify similar sequences clustered by >90% similarity using Large Scale 

BLAST Ratio Analysis (LS-BSR)(74). The BLAST Score Ratios are normalized from 0 

to 1, with a threshold of ≥ 0.8 considered highly conserved (“present”) among these 

isolates, ≤ 0.4 not conserved (“absent”), and anything in between as divergent. All 

putative genes which were completely conserved (BSR≥ 0.8) in all isolates were removed 

from further analysis, as they constituted the conserved core genome, resulting in a list of 

1,220 putative genes with variable presence among the included isolates. To identify 

which genes were associated with the genetic shift in S. Enteritidis, methods similar to 

those described by Sahl et al. (74) were used. Briefly, significant differences in the 

average BSRs before and after the 2008 breakpoint for each gene were determined by t-

test with Welch approximations to account for potential unequal variances (p<0.01). 

Genes found to be significantly associated with either pre- or post-2008 time points were 

then verified by manual BLAST searches in each genome. This verification was 

performed to ensure that any differences in BSR were due to a true association with the 

2008 cut point, and were not an artifact of sequencing errors, gaps in the assembled 

genome, or incomplete regions of the genome. 

The genomes of the isolates in this study were compared by whole-genome 

phylogenomic analysis as previously described (28).  The genomes were aligned using 

Mugsy (75) and homologous blocks were concatenated using the bx-python toolkit (76).  

The columns that contained one or more gaps were removed using Mothur (77).  The 

concatenated regions from each genome were used to construct a maximum-likelihood 
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phylogeny with 100 bootstrap replicates using RAxML v7.2.8 (78) that was visualized 

using FigTree v1.4.2 (79). 

 

Sample Size and Selection:  From surveillance through June 30th, 2012, the isolates 

from 299 individuals identified to have laboratory-confirmed invasive infections caused 

by S. Enteritidis were collected. Of the 103 available isolates obtained before or during 

2008, 23 were sequenced by Illumina. Nine of these 23 (39%) exhibited one of the novel 

putative genes identified as significantly associated with the shift in S. Enteritidis. This 

gene (centroid_210035_1) possessed the weakest level of statistical significance 

(p=0.0009) among the putative genes associated with the serovar shift. Of the 196 

isolates obtained from after 2008, 19 were sequenced, with 16 exhibiting the present 

allele of the same novel gene (84%). By focusing on this least significant associated gene, 

we used these prevalence rates to estimate conservative sample size calculations for 

examining the distribution of this, and more significantly associated genes across other 

available isolates based on a binomial distribution across two samples. Based on a two-

sided test with these parameters, screening 72 additional samples (36 from each group, 

pre- and post-2008) by PCR to assess the statistical significance of the distribution of 

these genetic changes across all available isolates yielded a power of 0.8.  Simple random 

sampling of all isolates collected before and after the breakpoint was used to select the 36 

isolates from each group. 
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Selection of PCR Targets: Nucleotide BLAST searches to align sequences with high 

similarity (megablast) were performed on each significant putative gene against the pre- 

and post-2008 isolates to determine where the genes exist on the chromosome in 

reference to each other. Geneious version 7.0 (80) was used to visualize the location of 

significant putative genes in relationship to each other within each isolate and 

comparatively across other sequenced isolates. Genes that were identified to have 

homologs with biologically relevant function via BLAST searches or were co-located 

with other genes of interest, suggesting these genes may be in a functional unit or operon, 

were selected as PCR targets. Geneious software was then used to confirm that primer 

target regions were identical across the previously sequenced S. Enteritidis isolates 

containing the genes of interest.  

 

PCR Amplification: NORGEN Biotek Corp. bacterial genomic DNA isolation kits were 

used to extract the genomic DNA of the 72 non-sequenced isolates selected by simple 

random sampling and 2 µl of template from each isolate was included in the PCR to 

screen for each of the six putative genes under their optimized conditions. PCR 

conditions for each gene were optimized in regard to magnesium concentration and 

annealing temperature on isolates that had previously been sequenced (28) and verified in 

silico to contain the genes of interest. Primer mix included 2 µl 10x PCR buffer, 0.4 µl of 

10 mM dNTPs, and 0.2 µl of Invitrogen Taq DNA polymerase without Mg, and 1 µl of 

10 mM forward and reverse primer relevant to each targeted centroid (final volume, 18 

µl). Each reaction was optimized in regards to magnesium concentration and annealing 
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temperature. Magnesium concentrations ranging from 1.0 to 2.5 mM and annealing 

temperatures ranging from 55°C to 66°C were tested. PCR was performed in an 

Eppendorf Mastercycler®. The cycling parameters for screening each centroid involved 

denaturation at 94°C for 2 min, followed by 25 cycles of heating to 94°C for 30 sec, the 

relevant optimized anneal temperature for 30 sec, 72°C for extension time of relevant to 

the product length (1 min/kbp), and a final step of 72°C for 5 min. PCR products were 

separated on a 1% agrose gel stained with SYBR Safe and visualized using a UV 

transilluminator. The proportion of isolates in the pre- and post-2008 groups that 

contained the selected PCR target were compared by chi-square analysis (with a p-value 

adjusted for multiple comparisons by Bonferroni correction) to test for significant 

differences in their distribution. 

 

 Phenotypic Analysis: Initial annotation of the putative genes novel to the S. Enteritidis 

isolates collected after 2008 were found to be homologs of tetracycline-family resistance 

genes and arsenic utilization genes. Kirby-Bauer tests with 30 µg tetracycline were 

performed on the isolates which have been screened by whole genome sequencing or 

PCR assay to verify the predicted phenotypic differences between these strains. Colonies 

grown from overnight incubations were resuspended in PBS at a turbidity of 0.5 

MacFarland and plated on Mueller-Hinton agar with discs impregnated with 30 µg 

tetracycline and concentrations of 0.04, 0.16, and 0.64 mg/ml sodium arsenate, as 

previously described (82). Zones of inhibition were measured after 12-18 hours of 

incubation at 37°C. For tetracycline antibiograms, zones with a diameter of ≥19 mm were 
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considered susceptible, and ≤14 mm were resistant per CLSI guidelines (71). Significant 

differences in the proportion of tetracycline resistant isolates from pre- and post-2008 

samples were tested by chi-square analysis and differences in zone diameters of arsenic 

resistance were compared by t-test (p<0.05).  

 

Results 

Selection of Temporal Break Point: While the epidemiologic analysis of iNTS by Tapia 

et al. (14) suggested that the increase in the relative proportion of iNTS caused by S. 

Enteritidis over S. Typhimurium occurred in 2008, the change appeared to occur 

gradually over time July 2006 to June 2010 (Fig. 4.1). Therefore, we performed a 

statistical analysis to determine which specific year should be used as the breakpoint at 

which S. Enteritidis was established as the leading cause of iNTS infection. This 

breakpoint was established based on optimizing the distribution of pre and post groups 

across major branches of the core genome phylogenetic tree (Fig. 4.2). A breakpoint of 

2008 minimized the difference in misclassifications between the pre and post groups 

across several major branches of the phylogenetic tree, and therefore was accepted as the 

year at which the clade was established.  
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Fig 4.1. Relative Proportion of iNTS Cases Caused by S. Enteritidis and S. 

Enteritidis from 2002-2012.  

As observed among pediatric admissions to the HGT by Tapia et al. (14). 

  

 
Fig 4.2. Phylogenetic Tree  

Based on the core phylogeny of 42 S. Enteritidis isolates collected from the HGT from 
July 2002 through June 2012, structured as optimized for the 2008 breakpoint with 
isolates collected before or during 2008 shown in black and isolates collected after 2008 
shown in blue. 
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In silico Identification of Genes: Among the 42 whole genome sequences acquired from 

isolates obtained from the HGT from July 2002 through July 2012, as examined by 

Feasey et al. (28), LS-BSR analysis identified a total of 5,883 putative genes, including 

1,220 putative genes that were not completely conserved in all samples. After BLAST 

score ratios (BSRs) were calculated for each of these putative genes, 12 genes were found 

to be significantly more prevalent in the pre-2008 sequences and 15 significantly more 

prevalent in the post-2008 sequences (p<0.01 by chi-square test) (Table 4.1). After further 

manual BLAST verification, two putative genes associated with pre-2008 were identified 

to also be conserved in the post-2008 isolates, and were therefore removed from future 

analysis. These genes bridged across two contigs of the genetic sequences of post-2008 

sequences and therefore were identified as false-negatives during the preliminary in silico 

analysis. A heatmap visualizing the LS-BSRs of each associated putative gene for each 

isolate is presented in Fig. 4.3.  

 

Table 4.1. Characteristics of Putative Genes Associated with the 2008 Breakpoint  

Centroid ID 
Length 

(bp) 

Temporal 

Breakpoint 

Association 

Annotation Function 

Reference 

Accession 

No. 

centroid_237556_1 333 PRE - acyl carrier protein CP007528.1 

centroid_80969_1 324 PRE - 

S-adenosylmethionine 
tRNA 
ribosyltransferase CP007528.1 

centroid_237558_1 489 PRE - 
MarR transcriptional 
regulator CP007528.1 

centroid_1508_1 1353 PRE pre1 
multidrug tranporter 
(MarR) CP007528.1 

centroid_103871_1 1242 PRE - 

12-TMS multidrug 
efflux protein 
homolog CP007528.1 

centroid_203225_1 1256 PRE pre2 
PhoPQ-regulated 
protein CP007528.1 

centroid_199210_1 1287 PRE - 
putative transport 
protein CP007528.1 
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centroid_215259_1 873 PRE pre3 
L-galactonate 
dehydrogenase CP007528.1 

centroid_238114_1 2613 PRE - fimbrial Protein CP007528.1 

centroid_213802_1 1149 PRE - 
Lactaldehyde 
reductase CP007528.1 

centroid_21646_1 354 POST - Hypothetical protein AP010961.1 

centroid_154302_1 807 POST - Hypothetical protein AP010961.1 

centroid_208155_1 1398 POST - 
putative 
transposase/Not Found AP010961.1 

centroid_98121_1 1209 POST - IS4 transposase AP010961.1 

centroid_47155_1 708 POST - Hypothetical protein AP010961.1 

centroid_228002_1 255 POST - 
tn10 Tetc protein 
transposon AP010961.1 

centroid_137900_1 1153 POST post1 

Class B Tetracycline 
resistance protein 
(TetA) AP010961.1 

centroid_137899_1 602 POST - 

Ars R family 
transcriptional 
regulator AP010961.1 

centroid_214473_1 624 POST post2 

Ars R family 
transcriptional 
regulator AP010961.1 

centroid_34549_1 573 POST - 

transposase, ArsR 
family transcriptional 
regulator AP010961.1 

centroid_78991_1 321 POST - 

transposase, ArsR 
family transcriptional 
regulator AP010961.1 

centroid_210035_1 1039 POST post3 
Sodium-glutamate 
symporter AP010961.1 

centroid_232391_1 105 POST - 

IS4 transposase, 
sodium-glutamate 
symporter AP010961.1 

centroid_74533_1 1269 POST - Hypothetical protein AP010961.1 

centroid_210027_1 276 POST - Hypothetical protein AP010961.1 
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Fig 4.3. Heat Map of Putative Genes Associated with the Pre- and Post-2008 

Breakpoint.   

The 42 fully sequenced S. Enteritidis isolates are listed across the x-axis with putative 
genes significantly associated with the temporal breakpoint listed down the y-axis.  BSR 
scores range from 1 (“present”), indicated in yellow, to 0 (“absent”), indicated in blue, for 
each putative gene in each sequenced isolate 

 

Selection of PCR Screening Targets: Targets for PCR screening were selected based on 

genes with functions that could be phenotypically validated and based on the co-location 

of the genes of interest (Table 2.1). Among the isolates collected before or during 2008, 

S. Enteritidis genes encoding oxidoreductases, a multidrug transcription regulator (marR) 

and efflux proteins, and putative transport and membrane export proteins were identified 

(Table 4.1). As of March 2017, most of the genes associated with the post-2008 time 

period were not found among any previously sequenced S. Enteritidis available in the 

NCBI database. However, homologs of insertional transposases, arsR family arsenic-
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dependent transcriptional regulators, sodium-dependent glutamate permeases, and 

tetracycline resistance/efflux proteins (tetA) were identified (Table 4.1). These homologs 

shared greater than 95% coverage and nucleotide identity with the putative genes of 

interest in the S. Enteritidis isolates (with the exception of centroid_21646_1, for which 

no homolog was identified through BLAST). Of the 25 investigated genes, seven (7/25, 

30%) have no functional homolog and are considered hypothetical proteins.  

Mapping of these genes to the bacterial chromosome of isolates sequenced for this study 

suggested that many of the putative genes of interest appear to be located in close 

proximity on the same genomic contig (Fig. 4.4). This suggests that these isolates may 

have acquired a novel genomic island or other mobile element that allowed expansion 

into this niche. PCR assays were designed and optimized as specified in Table 2.1 and 

targeted each centroid of interest as show in in Fig. 4.4. 

 

 
Fig 4.4.  Chromosomal Map  

(a) Map of the genes associated with the pre-2008 time period (b) Map of the genes 
associated with the post-2008 time period; genes selected for PCR screening are indicated 
in green (pre1, pre2, pre3 and post1, post2, post3), other genes significantly associated 
with the time threshold are shown in blue. 
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PCR Screening: The results of PCR screening the six selected genes across the 72 non-

sequenced isolates exhibited a similar distribution of genes as was identified through the 

bioinformatic analysis, as shown in Table 4.2. Each of the three genes associated with the 

pre-2008 time period were identified in significantly more of the isolates collected during 

or before 2008, compared to those collected after (p=0.0008, 0.0078, and 0.0047, 

respectively). Similarly, each of the three genes associated with the post-2008 time period 

was identified in significantly more of the isolates collected during that time, compared to 

isolates collected in the earlier years (p<0.0001, 0.0008, and <0.0001, respectively).  

 

Table 4.2. PCR Screening Results 

Putative Gene 

No. of positive 

isolates, pre-2008 

(n=36) 

No. of positive 

isolates, post-2008 

(n=36) 

p-value* 

pre1 21 7 0.0008 
pre2 19 8 0.0078 
pre3 26 14 0.0047 
post1 6 25 <0.0001 
post2 15 29 0.0008 
post3 6 27 <0.0001 

* calculated by chi-square test 

 

Phenotypic Results:  To validate the in silico results, phenotypes for tetracycline and 

arsenic resistance were assessed by resistance assays as shown in Table 4.3. No 

statistically significant difference was observed in the arsenic resistance among the 

isolates at any of the three concentrations. Tetracycline resistance was identified to be 

highly associated with the 2008 threshold, with 53% more isolates resistant to 

Tetracycline after 2008 than during or prior to 2008 (p=0.0008). The presence of the 
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tetracycline resistance gene screened by PCR (post1) is strongly associated with 

phenotypic tetracycline resistance as observed by antibiogram assay (p=0.0016).  

 

Table 4.3. Resistance Assay Results 

Arsenic Resistance 
Zone of Inhibition, 

mean diameter (mm)  

Zone of Inhibition, 

mean diameter 

(mm) 

p-value** 

4 µg/µl Concentration 9.03 9.28 0.5571 

16 µg/µl Concentration 11.89 11.78 0.7281 

64 µg/µl Concentration 15.06 14.69 0.3670 

Phenotype 

No. of positive 

isolates, pre-2008 

(n=36) 

No. of positive 

isolates, post-2008 

(n=36) 

p-value* 

Tetracycline Resistance 19 32 0.0008 
* calculated by chi-square test; ** calculated by t-test 

 

Discussion 

Non-typhoidal Salmonella is an under researched cause of invasive bacterial disease 

throughout sub-Saharan Africa (27). As such, studies that further elucidate the nature and 

underlying causes of this disease provide great innovation to the current cannon of 

scientific literature. In the current literature, S. Typhimurium is identified as the leading 

cause of NTS (19,27,108). The current study focuses on S. Enteritidis, which is not only 

identified as an increasing threat of invasive bacterial disease in Bamako, Mali and other 

parts of Africa, but also presents an increasing burden to public health due to a higher 

case fatality rate than S. Typhimurium (19). Our statistical identification of the 2008 

breakpoint based on the analysis of genetic changes across the phylogenetic tree 
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coincides with the epidemiologic data from Tapia et al. (14) and the phylogenetic analysis 

by Feasey et al. (28).  

The current study also greatly contributes to the collection of genome sequences of S. 

Enteritidis from iNTS available in public databases, more than doubling the number of 

genomes available as of March 2017. Furthermore, this research utilizes a novel approach 

to examine these genomes, combining whole genome sequencing and large-scale BLAST 

score ratios (LS-BSRs)(74). The use of the LS-BSR method allows for the investigation 

into major genetic changes across the genome by identifying and comparing putative 

gene content among a collection of genome sequences. In an under researched species 

such a broad sweeping approach was integral to identifying phylogenomic changes over 

time.  

The findings of this study suggest that the recently circulating clone of S. Enteritidis 

exhibits greater levels of tetracycline resistance than previous strains of S. Enteritidis. 

This may have provided the serovar with an evolutionary advantage over S. 

Typhimurium, and may have contributed to the shift in dominant serovar causing iNTS in 

Bamako, as identified by Tapia et al. (14). iNTS has previously been associated with 

Malaria co-infections and both pathogens are most prevalent during the rainy seasons in 

Mali (110). Since tetracycline-family drugs have historically been used to treat malaria 

(111,112), it is possible that this specific drug resistance conveys an evolutionary 

advantage to S. Enteritidis by allowing it to survive the potential malaria treatment, while 

still benefiting from the host-mediated hemolysis caused by malaria which impairs 

resistance against iNTS infections (113,114). Furthermore, expression of the tetA gene 
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has been associated with increased influx and accumulation of toxic heavy metal salts in 

E. coli (115), which may help explain the simultaneous acquisition of this gene with the 

arsR regulator in the post-2008 isolates. 

The arsenic resistance assay performed in this study was selected as a screening method 

to verify the in silico findings, but the inconclusive results do not negate the 

bioinformatic analysis which clearly suggested that the acquisition of an arsR regulator 

gene is associated with the 2008 shift in prevalence of S. Enteritidis over S. 

Typhimurium. It is possible that our measure of arsenic resistance does not adequately 

assess the potential phenotypic and global transcriptomic changes generated by the arsR 

gene product. It is possible that the arsR homolog gene product regulates other 

phenotypes that are not being examined in this study. Future studies should investigate 

alternative metabolism assays, arsenic utilization assays, and genetic knockouts to more 

thoroughly investigate the association the evolutionary advantages granted by the 

acquisition of this gene by S. Enteritidis.  

By identifying putative genes at a 90% nucleotide identity level, major genetic changes 

were identified that appear to be novel to the S. Enteritidis serovar. Future studies should 

further investigate the difference identified by this research to determine the precise 

nature of the genetic acquisitions and search for additional significant changes at the 

single nucleotide level. Additional research involving genetic knock outs will be 

necessary to fully assess the impact of each potential gene on the phenotype of the 

organism and to formally identify which phenotypic and genotypic features should be 

examined through GWAS. Additionally, the shift in NTS serovars was identified to be 
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associated with a specific year, but it is possible that the evolution of infectious disease 

may occur as a more gradual phenomenon that cannot truly be dichotomized to a single 

year. As such, our 2008 cut point to identify the novel phylogenomic clade could be 

subject to misclassification bias. We have attempted to minimize this misclassification by 

minimizing the amount of differential misclassification between pre- and post-2008 

groups, thus biasing our results towards the null. 

The concurrent acquisition of these putative novel genes, and the increase in relative 

importance of the serovar in causing invasive bacterial disease suggests that the genetic 

changes may provide an evolutionary advantage to S. Enteritidis over S. Typhimurium. 

This appears to have resulted in S. Enteritidis losing minor enzymes and a putative 

multidrug transporter in order to gain resistance to tetracycline family antibiotics and an 

arsenic responsive transcriptional regulator. Future research is required to characterize 

these competitive advantages further and to confirm that no other change in S. 

Typhimurium is responsible for the decline of that serovar relative to S. Enteritidis. These 

findings will help illuminate potential far reaching public health effects of these 

evolutionary changes to the serovar and shed more light on the evolutionary pressures on 

S. Enteritidis. Further analyses of the functional effects of this documented change in 

antibiotic resistance and arsenic utilization in the natural environment may be able to help 

generate novel hypotheses of natural reservoirs of NTS and help elucidate how the 

serovar competes with S. Typhimurium within the human host or in an external reservoir.  
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Chapter 5: Conclusion 

Non-typhoidal Salmonella is an under researched cause of invasive bacterial disease 

throughout sub-Saharan Africa (27). As such, studies that further elucidate the nature and 

underlying causes of this disease provide great innovation to the current cannon of 

scientific literature. Historically, S. Typhimurium has been the leading cause of iNTS 

disease that has been researched and investigated. Our study provides innovation by 

focusing on S. Enteritidis, which is not only an increasing threat of invasive bacterial 

disease in Bamako, Mali and other parts of Africa, but is also one of the leading causes of 

foodborne illness throughout industrialized nations. Our study greatly contributes to the 

collection of whole genome sequences of S. Enteritidis available in public databases. 

Furthermore, this research utilizes a novel approach to study these genomes, using large-

scale BLAST score ratios (LS-BSRs)(74). The use of LS-BSRs allows for the 

investigation into major genetic changes across the entire genome by identifying and 

comparing putative genes among a collection of genome sequences. In an under 

researched species, such a broad sweeping approach was integral to identifying 

phylogenomic changes over time. This study presents the first phylogenomic 

investigation to implement this front-line technique in the study of Salmonella species.  

The concurrent acquisition of these novel putative genes and the increase in relative 

importance of the serovar in causing invasive bacterial disease suggests that the genetic 

changes may have conveyed an evolutionary advantage to S. Enteritidis over S. 

Typhimurium. Given the similarity in sequence length and the simultaneous acquisition 

and loss of the significant putative genes, we suspect that these genes may have replaced 
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each other. This resulted in S. Enteritidis losing minor enzymes and a multidrug 

transporter in order to gain resistance to tetracycline family antibiotics and an arsenic 

responsive transcriptional regulator. This loss in broad-function genomic features in favor 

of more explicit pathogenic genes is similar to the genomic degradation exhibited by S. 

Typhimurium ST313 (18,19,108).  Since the ST313 multilocus sequence type is only 

known to exist in Sub-Saharan Africa where NTS most frequently causes invasive 

bacterial disease (27), a similar degradation in the S. Enteritidis genome may indicate 

similar evolutionary pressures on that serovar to become more host-adapted and present 

more invasive disease.   

That resistance to tetracycline family drugs is the specific drug-resistance newly acquired 

by S. Enteritidis may also have important public health implications.  While tetracycline 

is not clinically used to treat S. Enteritidis, it has historically been used in conjunction 

with quinine to treat malaria (110,112), a well-known co-infection with iNTS (14,15,27). 

These two pathogens share the same seasonal infection periods (the rainy season, 

spanning from July to September)(17) and malaria co-infection has been identified  to 

increase host susceptibility to iNTS infection through host-mediated hemolysis (113,114).  

Therefore, this specific drug resistance may help S. Enteritidis survive malarial treatment, 

while still benefiting from the immunological advantages malaria co-infection generates.  

Furthermore, even if tetracycline family drugs are not actively being used to treat either 

malaria or iNTS in a clinical hospital setting, traditional healers are known to rely on 

antibiotics intermixed with their traditional herbal remedies, which has increased overall 

antibiotic resistance among many pathogens in Sub-Saharan Africa and other developing 
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countries (116,117).  It is possible that the tetracycline resistance recently acquired by S. 

Enteritidis is in response to this type of traditional treatment. 

Disease modeling is a relatively new epidemiologic approach that is becoming 

increasingly relied upon as computational power increases and provides another 

trailblazing technique utilized in this research. The model presented in this study is novel 

in simulating the natural progression of disease of a pathogen with an unknown natural 

reservoir and mode of transmission. While these unknown variables limit the conclusions 

that can be drawn from the model, they also allow the study to establish an innovative 

approach to dealing with emerging infectious diseases with similar unknown 

characteristics. Modeling the effects of vaccine implementation on the number of 

hospitalized cases and fatal cases of such a disease also provides unique insight into 

invasive non-typhoidal Salmonella not currently found in the literature.  

In addition to its pivotal role in developing a target product profile (TPP) for a S. 

Enteritidis/S. Typhimurium bivalent conjugate vaccine, the findings of our model have 

other unexpected public health ramifications.  Once a vaccine initiative was implemented 

in a model, it became immediately apparent that children too young to be vaccinated 

remained a notable burden of iNTS disease.  One of the limitations of the model was that 

incidence of iNTS among neonates had to be based on slightly older age groups because 

no surveillance data for that age group is currently recorded at the HGT.  Furthermore, 

very few cases were recorded in the next available age bracket so the parameters of 

incidence and case fatality among that group may not be accurately capturing the 

epidemiology in that demographic.  However, the potential burden that these youngest 
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cases represent underscored the importance of more accurately capturing this 

demographic in future surveillance efforts.  If children under seven weeks of age, too 

young to be vaccinated, do represent a large burden of mortality among the iNTS cases, it 

may be highly advantageous to consider maternal immunization to add further protection 

to children against death from iNTS disease in the future. 

 

Strengths 

The depth and extensiveness of the HGT surveillance program provide a rich source for 

both biological samples and disease data. The breadth of the surveillance across all 

demographic characteristics, clinical diagnoses, discharge dispositions, and Hib 

vaccination history allowed the generation of a detailed predictive model of iNTS. 

Furthermore, HGT is the main hospital in Bamako and the data collection, laboratory 

expertise, and training by CVD Mali is one of the most elite in sub-Saharan Africa. 

Therefore, the data presented in this research provided a unique insight into the burden of 

disease in that region not currently found in the literature. This study was also novel in its 

assessment of iNTS in Bamako from both a molecular and population level. 

With iNTS infections being such an under-researched disease relative to its disease 

burden, and since S. Typhimurium has historically been the leading serovar associated 

with these infections, this research provided novel insights into changes within the S. 

Enteritidis serovar on a genetic level. Limiting our analysis to the presence and absence 

of putative genes, instead of on single nucleotide polymorphisms, also added significance 
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to our findings by limiting the number of comparisons being made. Through this method, 

we were also able to simplify our data and eliminate potential errors and biases that could 

be introduced to genetic studies from different sequencing and assembling 

methodologies. These putative genes were investigated by in silico methods and verified 

through laboratory assays. 

 

Limitations 

While the methodology used to investigate the phylogenetic hypothesis of this research 

provided certain strengths to this investigation, it also limited some of the research we 

could pursue. Since putative genes are identified at a 90% identity level, single nucleotide 

differences were not tested. Nevertheless, through these methods major genetic changes 

were identified that appear to be novel to the S. Enteritidis serovar that could be explored 

in this research. While the shift in iNTS serovars was found to be associated with a 

specific year, the evolution of infectious disease is a gradual phenomenon that cannot 

truly be dichotomized by a single year. As such, our 2008 breakpoint to identify the novel 

phylogenomic clade was subject to misclassification bias. We attempted to minimize this 

misclassification by minimizing the amount of differential misclassification between pre- 

and post-2008 groups (thus biasing our results towards the null) and by accounting for 

this misclassification in the power analysis. 

There are limitations involved in this investigation, which are inherent to many infectious 

disease studies. A wide variety of population, geographic, host, and temporal elements 
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likely play a role in determining the burden of this infectious disease, but it is impossible 

to account for all this complexity in the initial model. iNTS is known to show both 

seasonal trends and variation from year to year. The long duration of the period of 

surveillance in Bamako and the breakdown of bi-weekly hospitalizations for the 

simulation model helped average out the effects of these temporal changes. It is certain 

that some bias remained in the selection of the model parameters, but the provided 

sensitivity analysis was designed to help mitigate that.  

While the HGT experience provides a great resource of surveillance data and samples, by 

only looking at hospital admissions we are missing the true overall burden of iNTS in the 

Bamako population. Although this is the principal public hospital in Bamako, there are 

certainly some children in the community who are infected with iNTS but are not sick 

enough for their caretakers to seek health care, would prefer to seek the help of traditional 

healers, are too sick to reach the hospital alive, or do not have access (easy 

transportation) to the hospital. Although this led to an underestimate of the incidence of 

iNTS in our retrospective data analysis and our model, the evaluation of the potential 

effects of the vaccine may not be affected if the proportions of such individuals with and 

without vaccination remain the same in the population at large. On the other hand, cases 

hospitalized at HGT were likely to capture a substantial portion of the more severe forms 

of iNTS disease, which may have higher case fatality than milder clinical forms of iNTS 

disease.  Furthermore, by relying on a deterministic population-based model, we did not 

capture any stochastic or individual-level effects (61). However, given what is currently 

known about the natural course of iNTS disease, this model still provided an informative 

view into the natural course of the disease and the impact of introducing a novel vaccine.  
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There are several elements of the natural course of disease and immunity associated with 

iNTS infections that are unknown and posed limitations to our model. Blood cultures for 

detecting invasive bacterial infections are not 100% sensitive, particularly if prior 

antibiotics were administered. This means that iNTS cases may have been missed by our 

surveillance techniques, leading to an underestimation of the number of cases and the 

burden of iNTS in the study population. However, by focusing our attention on the 

incidence of the most severe cases of iNTS, those that clinically were deemed to require 

hospitalization, we modeled the aspects of the disease that were most accurately 

diagnosed and which were of greatest concern to health officials (and to the parents of 

affected children). The duration of protection provided by natural or vaccine acquired 

immunity was also unknown, and may have affected the validity of our model.  Many 

Malian infants do not receive their scheduled vaccinations in a timely manner, and receipt 

of the vaccine may be several weeks later than the targeted age.  However, given the 

relatively constant incidence and case fatality rate during the early weeks of life, our 

assumption of an ideal vaccination schedule should not have greatly impacted the results 

of the model. Many of the epidemiologic facets of the disease also remain unknown, such 

as modes of transmission and natural reservoirs of disease. By assuming a constant 

infection pressure and focusing on hospitalization rates, we simplified the model to match 

measurable population variables. The use of data from the study population also limited 

the predictive power of the model. While validating the model with data from other 

sources would have provided a stronger approach, such data did not currently exist for 

iNTS disease. Future research should attempt to use such a validation approach in the 

subsequent models.  
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All infectious disease models are subject to limitations in their interpretations and 

conclusions. The model developed in this research will not capture the complexity of 

iNTS immunodynamics, and therefore will not gauge the effect of the vaccine on the 

levels of immunity within the pediatric population (118). Furthermore, the use of a 

deterministic model can never fully capture the variability and randomness inherent in the 

spread of all infectious diseases (61). With assumptions of a constant infection pressure 

and estimates of vaccine efficacy that haven’t been field tested, the true effect of vaccine 

intervention on the number of hospitalizations and case fatalities caused by iNTS disease 

may not be accurately simulated in our model. However, the model was useful in 

exploring the effects of different estimates of vaccine efficacy, immunization schedules, 

and level of vaccination coverage on the incidence of hospitalizations comparative to 

each other and to the validated natural course of disease in the current, non-vaccinated 

pediatric population. 

Lack of knowledge on the immunological response to iNTS disease and its relation to 

clinical protection thereafter, the mode of transfer and relevant infection pressures of the 

disease, and lack of any vaccine field trials for a bivalent conjugate vaccine targeting S. 

Enteritidis and S. Typhimurium, along with more general issues regarding the spatial, 

social, and economic logistics, which were not included in the current model, limited the 

conclusions that could be drawn (118).  Due to the inherent limitations, this model could 

not be used to calculate the precise number of hospitalizations prevented by a vaccination 

initiative, but was used to compare the overall effects of different efficacy levels and 

vaccination schedules as based on the sensitivity analysis. The main purpose of this 

model was to characterize and describe comparative levels of protection against the most 
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severe cases of iNTS disease (those which lead to hospitalization and death) granted by 

varying potential vaccine efficacy levels and doses. Even though this vaccine and 

relevant field data was not currently available, this model helped assess the elements and 

characteristics necessary for a successful vaccine initiative to be developed in the future 

(57).  

 

Recommendations for Future Studies 

Future studies should further investigate the precise nature of the genetic acquisitions 

identified in this research and search for additional significant changes at the nucleotide 

level. Furthermore, since linkage disequilibrium (LD) is not being evaluated in these 

isolates, the genes significantly associated with the 2008 breakpoint may not have been 

introduced independently of each other and may exhibit a clonal frame that we have not 

characterized here. Therefore, the findings of this research should be used to characterize 

pre- and post-2008 states, and not used to interpret the evolution of these novel genetic 

changes. Chen and Shapiro have reviewed the importance of investigating such potential 

LD through bacterial genome-wide association studies (GWAS) (81), and an increasing 

number of studies are using these methods to investigate the presence/absence and 

phenotypic function of identified genes (119,120).  Such an investigation relies on having 

both phenotypic and genotypic measurements identified for the genetic sequence of 

interest.  Since the genetic sequences investigated in our study appear to be novel among 

NTS isolates, this study presents the first steps in identifying such markers.  Additional 

research involving genetic knock out models will be necessary to fully assess the impact 
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of each potential gene on the phenotype of the organism and to formally identify which 

phenotypic and genotypic features should be examined through GWAS.  Furthermore, 

since it is likely that these genes represent a clonal group and are in very strong linkage 

disequilibrium, it may also be necessary to perform positive selection tests in future 

studies, to combine with GWAS analysis, in order to fully assess the LD involved among 

these genes.   

Future studies should also investigate the potential competitive advantages that these 

genetic changes may have conveyed to S. Enteritidis.  It is possible that these changes 

represent genomic degradation to the serovar which grant an identifiable host-adapted or 

environmental advantage to that serovar, such as been previously studied in S. 

Typhimurium.  However, it is also possible that a change in S. Typhimurium is 

responsible for the decline of that serovar relative to S. Enteritidis, so similar 

phylogenomic research of that serovar is necessary to fully investigate what drove the 

shift in leading serovars and the genetic changes identified in this study. 

The scientific knowledge contributed by our model underscores the importance of 

introducing such a vaccine to this and other pediatric populations at highest risk for 

acquiring iNTS disease. In the future, this model can be adjusted to assess the effects of 

different vaccination schedules, alternate infectivity levels, and the effects of vaccination 

in other countries with varying epidemiologic profiles of iNTS disease. Data from other 

countries can also be used to more thoroughly validate the parameters of the models, as 

discussed in the limitations.  Furthermore, the model can be appended to incorporate a 

cost-effectiveness analysis (CEA). As future studies on iNTS disease are performed, and 
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additional information on the disease is revealed, these new data can also be incorporated 

into the framework of the model to increase its precision and accuracy in predicting 

disease outcomes.  More advances mathematical models can also be developed to better 

capture the dynamics of the disease as those parameters are further investigated, such as 

transmission dynamics and herd immunity. 

With the burdens of Hib, pneumococcal disease, and meningitis being diminished by 

successful vaccine implementations, iNTS is becoming the next most prevalent cause of 

invasive bacterial disease among the pediatric population across Sub-Saharan Africa.  As 

such, more scientific attention is being given to this neglected tropical disease.  This 

study takes initial steps to illuminating the disease on a molecular level as well as on a 

population level.  The findings of the genomic analysis performed in this dissertation may 

suggest where in the environment the iNTS is harbored, such as arsenic laden water 

sources.  Future research examining arsenic sources in the Bamako area may provide us 

with the reservoir of disease, which would allow other public health initiatives to be 

developed which could decrease the incidence of disease.  Until then, the conjugate 

vaccines under development remain the most promising route of protection against iNTS.  

Our model shows that we may see a great reduction of cases with the vaccine using the 

current EPI vaccine schedule and an even faster response with a catch-up campaign.  As 

field testing is performed and additional information on the vaccine is gathered, the 

model can be honed to more accurately simulate alternate vaccine schedules and help 

identify what remaining burden of disease needs to be targeted for future public health 

initiatives.  
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