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ABSTRACT 

 

Title of Dissertation: Absolute Quantitative PCR Detection of Shigella spp./EIEC and 

Association with Moderate to Severe Diarrheal Illness in Children in Developing 

Countries 

 

Brianna R. Lindsay, Doctor of Philosophy, 2014 

 

Dissertation Directed By:  

O. Colin Stine, PhD 

Professor  

Department of Epidemiology and Public Health  

 

Background: Shigella spp. and enteroinvasive Escherichia coli (EIEC) are prominent 

enteric pathogens and estimates of prevalence are limited by suboptimal sensitivity of 

current detection methods. Recent studies have suggested common co-infection and 

frequent asymptomatic pathogen detection.   

Objective: The objective of this research is to examine the association between the 

quantity of Shigella/EIEC identified in stool and moderate-to-severe diarrhea (MSD) and 

how this association is modified by different factors such as age, location, co-infecting 

pathogens and the gut microbiota. 

Methods: The Global Enteric Multicenter Study (GEMS) estimated the etiology and 

population-based burden of MSD in sub-Saharan Africa and South Asia in children under 

the age of five years. Here, we conducted a case-control study sampled from GEMS 

utilizing quantitative polymerase chain reaction (QPCR) for the identification of the 



Shigella/EIEC ipaH gene in stool samples and compared the results of conventional 

culture to those of QPCR. Using multivariate logistic regression modeling we tested for 

effect modification and interaction and examined the effects of co-infecting pathogens 

identified through traditional microbiologic techniques and 16s rRNA sequencing. 

Results: A cut-point of 1.4x10
4
 ipaH gene copies results in an increased burden of MSD 

cases attributable to Shigella/EIEC. Both site and age were identified as significant effect 

modifiers of the relationship between ipaH quantity and MSD, with the greatest 

association seen in children 24-59 months of age (Odds Ratio 8.2; 95% CI 4.3-15.7) and 

from Bangladesh (OR13.2; 95% CI 7.3-23.8). After adjusting for age and site, rotavirus 

exhibited a significant negative association with high ipaH quantities in cases (OR=0.31, 

95% CI 0.17-0.55) and resulted in large combined effects (OR=28.85; 95% CI 3.77-220). 

Five Lactobacillus taxa exhibited significant additive antagonistic effects, decreasing the 

association between Shigella and MSD, consistent with a possible protective role.  

Conclusions: QPCR detection of the ipaH gene substantially increases the fraction of 

MSD attributable to Shigella/EIEC above that attributed by culture and identifies similar 

age and site effects. Our results suggest that Lactobacillus may specifically inhibit the 

pathogenicity of Shigella/EIEC and conclude that future studies should continue to 

consider the effects of significant characteristics such as age and site as well as co-

occurring species. 
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CHAPTER I. INTRODUCTION AND BACKGROUND 

 

The objective of this research is to examine the association between the quantity of 

Shigella spp. and enteroinvasive Escherichia coli (EIEC) identified in stool and 

moderate-to-severe diarrhea (MSD) and how this association is modified by different 

factors such as age, location, nutritional status, co-infecting pathogens and the gut 

microbiota. As new technologies emerge our understanding of disease caused by 

organisms identified through traditional culture techniques demands further scrutiny 

(Barletta, 2011; Operario, 2011; Brogden, 2002;). Such methods may not be the most 

efficient to detect microorganisms and with the application of new technologies, a much 

larger number of pathogens and detrimental bacteria may be detected and previously 

computed rates of pathogenicity may change (Barletta, 2011; Giocoli, 2009). 

 

The Global Enteric Multisite Study (GEMS) is a large case-control study investigating 

the causes of enteric illness in children under five from African and Southeast Asian 

countries. Our study uses a subset of the GEMS samples and corresponding clinical data 

to conduct a case-control study from four selected sites. We initially focus on developing 

a quantitative PCR (QPCR) assay to measure the amount of Shigella and EIEC in stool 

samples; then, estimate the association between Shigella/EIEC and presence of MSD. 

Using molecular techniques to determine how the quantity of Shigella/EIEC interacts 

with the gut microbiota and how different covariates affect the association between the 

quantity of Shigella/EIEC and disease will help advance our understanding of a disease 

associated with significant morbidity and mortality in these populations.  
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AIM 1: Compare Shigella/EIEC QPCR to Shigella culture results in MSD cases and 

controls and measure the association between quantity of Shigella/EIEC by QPCR 

and MSD in children less than five years of age.  

 

Hypothesis: QPCR will identify a higher proportion of Shigella positive cases than 

traditional culture methods and quantity of Shigella excreted in the stool will be 

positively associated with MSD.  

 

Approach: 1) Use QPCR to quantify Shigella or EIEC in 2,611 samples from the GEMS 

study (1,181 with MSD and 1,393 without MSD) that have undergone culture for 

pathogenic microorganisms. 2) Estimate the lower limit of detection of target gene 

copies, describe the distribution of the continuous measurement of target gene copies in 

MSD cases and controls, and establish a criterion value using Receiver Operating 

Characteristic analysis to estimate sensitivity and specificity compared to culture. 3) 

Estimate the association between quantity of Shigella/EIEC and MSD. 

 

Outcome: A measure of the association between quantitative Shigella/EIEC in stool and 

MSD.  

 

AIM 2: Examine the impact of potential confounding or interacting factors such as 

age, site, breastfeeding, malnutrition and composition of the gut microbiota on the 

association between quantity of Shigella/EIEC and MSD.  
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Hypotheses: a) The association between Shigella and MSD may vary across sites and 

age groups and breastfeeding and malnutrition may act as effect modifiers of the 

relationship between Shigella/EIEC and MSD in that the association will be decreased in 

those that are breastfed or not malnourished compared to those that are not breastfed or 

malnourished. b) Co-infections of other pathogenic organisms (Campylobacter jejuni, 

Enteroaggregative E.coli (EAEC), Enteropathogenic E.coli (EPEC), Enterotoxigenic 

E.coli (ETEC), Giardia, Cryptosporidium, Rotavirus, Norovirus GI & GII) may be 

associated with the presence of Shigella/EIEC and this association may differ between 

those with MSD and those without. c) Lactobaccillus and Veillonella species identified 

within the gut microbiota will modify the effect of the amount of Shigella on MSD, and 

community profiles of the rank relative abundance of dominant genera and ecologic 

diversity between MSD cases and controls with high Shigella/EIEC loads compared to 

low Shigella/EIEC loads. 

 

Approach: 1) Estimate the association between quantitative Shigella excretion and MSD 

accounting for potential confounding and interacting factors including site, age, 

breastfeeding, malnutrition, and infection with other pathogenic bacteria associated with 

Shigella infection. 2) Use 16S high-throughput sequencing to characterize the gut 

microbiota and examine the effects of specific potentially protective species on the 

association between Shigella/EIEC abundance and MSD.  
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Outcome:  A precise estimate of the association between Shigella/EIEC and MSD based 

on a quantitative molecular detection technique, adjusted for potential confounders and 

interactions. This research aims to be the most accurate measurement to date of Shigella 

association with disease in children in resource poor settings. 

 

Enteric illnesses contribute substantially to morbidity and mortality in young children in 

developing countries. Shigellosis particularly contributes to a large portion of morbidity 

and mortality due to enteric illness. The annual number of Shigella episodes throughout 

the world has been estimated to be 164.7 million, of which 163.2 million were in 

developing countries (with 1.1 million deaths) and 1.5 million in industrialized countries. 

Sixty-nine percent of all episodes and 61% of all deaths attributable to shigellosis 

involved children less than 5 years of age (Kotloff, 1999; von Seidlein, 2006). Current 

standard methods of detection for Shigella species within stool samples require isolation, 

growth and identification from bacterial culture. It has largely been accepted that growing 

Shigella in culture can be difficult and complicated by bacterial load, proper storage, 

technique and handling of the specimen (Barletta, 2011; Liu, 2012; Theim, 2004). The 

specificity of culture may be high but the ability to reliably detect Shigella when it is 

truly present, its sensitivity, may be low (Theim, 2004). Nonetheless, culture has been 

accepted as the gold standard for detection of microorganisms. The designation of a gold 

standard suggests an error free test, however microbiologists will agree that culture based 

detection of Shigella is not error free and thus should more appropriately be labeled “the 

reference standard.”(Giocolli, 2009).
 
This work will attempt to evaluate the diagnostic 
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capability of a quantitative molecular test for shigellosis compared to traditional culture 

and investigate the association between Shigella identified by this test and MSD. 

 

If a test for the presence of Shigella in stools is able to detect a larger proportion of 

infections than traditional microbiological techniques we must assess whether these 

additional infections are associated with disease. Prior research suggests that infections 

detected by molecular methods can demonstrate actual transmissible infections (Gaudio, 

1997). If we find a larger number of asymptomatic carriers of Shigella, they may also 

serve as a reservoir for infecting other more vulnerable individuals.  Enteric disease is 

complicated by the fact that individuals with the disease may have more than one 

microbial agent isolated from their stool and it may be difficult to determine which agent 

contributed to disease (Brogden, 2003 & 2005; Operario, 2011) The use of new 

technologies will require new analyses to study the role of these asymptomatic carriers 

and individuals with multiple pathogens identified in their stool. We measured the 

associations between clinical symptoms and quantitative measures of Shigella or EIEC 

while accounting for the effects of other pathogens and examining the characteristics of 

asymptomatic carriers. 

 

This research is important because it may provide crucial information regarding the true 

prevalence of diarrhea associated with Shigella infection in children under the age of five 

in developing countries. After an exhaustive literature review, we found that while 

multiple studies have been conducted to evaluate PCR detection of Shigella or EIEC 

infection, no study has attempted to quantify the amount of Shigella in the stool using 
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absolute quantitative PCR and examine its relationship to MSD, making this study 

unique. Pathogen detection using the most sensitive and specific methods is crucial to an 

unbiased measurement of the true association between the exposure and disease and this 

study utilizes the advantages of new molecular methods to acquire such a measurement. 

A quantitative measurement may help us to determine disease etiology more effectively 

and if we can better identify the etiologic agent or agents causing diarrhea, we can treat 

with more appropriate antibiotics and target prevention methods towards agents found 

most prevalently. The depth of our data allows us to account for potential confounding or 

modifying factors such as malnutrition, age, and weaning status. We will also investigate 

how pathogens may interact to effect clinical outcomes. This may continue to shift the 

paradigm of diarrheal disease research from a one-pathogen, one-disease model to a 

much more complex disruption of the gut ecosystem (Brogden, 2005; Operario, 2011). 

This study is the largest of its kind and to our knowledge the only examining specific 

interactions between Shigella and the microbiota incorporating 16S rRNA sequencing 

identification techniques. Shigella and EIEC are prominent enteric pathogens, 

particularly among children in developing countries; new approaches and sound 

molecular epidemiological evidence may help to inform treatment rationale and 

management policy that may benefit children in the future. 

 

A. Shigella spp. and Enteroinvasive E.coli Microbiology & Pathogenesis 

Shigella is a genus of gram negative, non-motile, rod-shaped bacteria that are grouped 

into four species classified on the basis of biochemical and serological differences; 

Shigella sonnei, Shigella flexneri, Shigella dysenteriae, and Shigella boydii. Shigella is 
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generally considered to be a sub-type of E. coli and enteroinvasive E.coli (EIEC) is 

phenotypically similar to Shigella spp. Some EIEC are also serologically related to 

Shigella. Shigella is endemic in many parts of the developing world, with S. flexneri 

being the most commonly isolated (median 60%), S. sonnei the next most common 

(median 15%), and relatively low incidence of S. boydii and S. dysenteriae (median 6% 

each). However, S. dysenteriae type I (Sd1) has been associated with multiple pandemics 

since the 1960s. Infections from Sd1 have high case-fatality rates, and it is the only strain 

of Shigella which produces Shiga toxin. Shiga toxin results in more severe disease 

manifestations relative to other serotypes. (Kotloff, 1999; Kweon, 2008) 

 

Shigella spp. and EIEC typically invade human hosts through the M-cells in the 

epithelium of the large intestine, though some researchers hypothesize less clinically 

prevalent colonization in the small bowel. Disease is associated with acute inflammatory 

enteritis, traditionally clinically manifested by bloody stools (Keush, 2009). An 

interesting mechanism of Shigella spp. is that they do not have flagella and they are 

therefore immobile; however they take advantage of the hosts’ own cell cytoskeleton to 

travel within host cells to reach the plasma membrane to infect neighboring cells. They 

use a plasmid-encoded protein called IcsA to accomplish this, initiating host actin 

polymerization and providing a forward propulsive force. Upon reaching the cell 

membrane they move from cell-to-cell by creating long protrusions into an adjacent cell. 

Shigella spp. ability to invade the epithelial mucosa to establish infection is unique to a 

few bacterial enteric pathogens; Campylobacter species and Salmonella are also invasive. 

Shigella invasion has been described in four stages; entry into the host cell, vesicle lysis 
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and bacterial growth, intra- and intercellular spread and finally death of the host cell. 

Studies suggest the same mechanisms are involved with Shigella and EIEC. Shigella and 

EIEC utilize their invasion plasmid antigen (ipa) proteins to enter the host cell. IPA genes 

are encoded by a plasmid that is common to all invasive and virulent Shigella and EIEC. 

Ipa proteins are located on the surface of the microbe that lead to complex changes in the 

cytoskeleton of the host cell upon contact and make entry into the cell possible. They 

enter the neighboring cell within a vesicle that then lyses and the bacterium is free again 

within the host cell cytoplasm.  The precise mechanisms of how Shigella initiates cell 

death are uncertain. Evidence suggests invasion results in cell death through apoptosis. 

This causes a release of cytokines, inflammatory proteins, more infective bacteria and 

other mediators that provoke the inflammatory response (Kopecko, 2001; Keusch, 2009).  

 

Both Shigella and EIEC can cause diarrheal disease cause by invasion and destruction of 

the epithelial cells of the colonic mucosa. E. coli and Shigella are very genotypically 

similar. In order to differentiate between the two, isolates that are suspected to be either 

EIEC or Shigella should be subjected to a number of biochemical tests and ultimately 

differentiated through agglutination with EIEC or Shigella associated antisera. Because 

the genetic relations of Shigella and EIEC are so similar, this is the currently 

recommended method of differentiation (van den Beld, 2012). If live culture isolates are 

not available for screening, whole genome sequencing would have to be completed on 

isolated DNA in order to differentiate between Shigella and EIEC. 
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Clinically, shigellosis is characterized by watery diarrhea, fever, cramps, and 

occasionally dysentery (blood or mucus in the stool). Potential complications of 

shigellosis include bacteremia, convulsions, reactive arthritis, malnutrition, dehydration, 

intestinal perforation, and haemolytic-uraemic syndrome (Niyogi, 2005; Keusch, 2009). 

While dysentery is considered the hallmark symptom of invasive enteric disease, 

particularly shigellosis, it is not often seen in Shigella sonnei (Ozmert, 2010).  Watery 

diarrhea will typically precede dysentery and more serious cases will go on to develop 

bloody stools. A study of Peruvian children reported that the majority of shigellosis cases 

(~80%) were not dysenteric (Kosek, 2008). Of 126 children having bloody diarrhea 

reported by a study in India, Shigella or EIEC was identified in 46, 37% (Dutta, 2001).  

 

B. Shigella/EIEC Detection Methods 

Culture Detection: Traditional culture Shigella spp. detection depends on reliable 

collection and isolation from either a whole stool sample or rectal swab. Shigella are 

extremely fastidious and detection requires careful technique; plating should occur 

directly at the bedside for optimal results however this is often impractical. Culture 

detection of EIEC uses a similar procedure and growth medium however differentiation 

from other E. coli is difficult because EIEC biochemical reactions are variable. Lactose 

fermentation, motility, lysinse decarboxylase and indol tests can be positive or negative 

so agglutination of suggested colonies with an EIEC associated antisera is suggested for 

detection. EIEC associated antisera however can be hard to obtain; radiolabeled DNA 

probes have enabled investigators to determine the prevalence of EIEC (Echeverria, 

1991). 
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Molecular Methods: A study by Iijima, published in 2007 evaluated the use of culture to 

identify diarrheagenic E. coli from stool specimens and found that conventional methods 

might not detect most diarrheagenic E. coli infections. They compared the results of 

culture to real-time PCR with novel primers and probes for each type of diarrheagenic E. 

coli in stool specimens from patients with gastroenteritis. They identified low 

concentrations of diarrheagenic E. coli in most stool specimens and found the probability 

of detecting <10% concentrations of diarrheagenic E. coli by culture based examination 

is very low (Iijima, 2007).  

 

Polymerase Chain Reaction (PCR) has also been used to identify Shigella and EIEC in 

stool. Studies have been performed in Thailand, Vietnam, Laos (Phantouamath, 2005) 

and India (Dutta, 2001). In 2007, Samorornuk, et. al. describe a method of using real time 

polymerase chain reaction (RT-PCR) to detect Shigella associated DNA in a group of 

320 patients seeking care for diarrhea in Thailand. To evaluate the performance of RT-

PCR they compared qualitative RT-PCR results to Shigella culture positive patients as 

well as Shigella culture negative patients. The assay was considered positive when the 

number of cycles for detection was 38 or less. They used the invasion plasmid antigen H 

(ipaH) gene as their target for amplification. While ipaH is present both in Shigella and 

EIEC, the authors state that, “because EIEC are extremely rare in Southeast Asia, it is 

thought that most organisms detected by PCR in this region are Shigella spp.” ipaH was 

detected in 19 of the 20 Shigella culture positive specimens and also in 48 of 300 culture 

negative specimens. In dysentery cases, the detection rate for PCR was higher with 100% 
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sensitivity in dysentery cases and also resulted in a lower mean number of cycles to 

detect.  

 

A study performed in Vietnam produced similar results. In this study they used randomly 

selected rectal swab specimens from 60 Shigella culture-positive patients and 500 

Shigella culture-negative patients seeking care for diarrhea. They also used ipaH as the 

target real-time PCR sequence. IpaH was detected in 55 of 60 (93%) of culture-positive 

specimens, whereas it was detected in 87 of 245 (36%) of culture-negative patients 

without dysentery. The mean number of cycles to detection was highest for culture-

negative, non-bloody diarrheal specimens and lowest for children with culture-positive, 

bloody diarrhea (Vu Dinh, 2004). Like the previous study, their data suggest a higher 

prevalence of Shigella than indicated by culture and the observation of differing numbers 

of cycles to reach detection suggests a possible quantitative component to shigellosis 

diagnosis. 

 

Culture is assumed to have near perfect positive predictive value, meaning that if Shigella 

has been identified through growth in culture and biochemical testing then we are nearly 

100% confident that sample truly contains Shigella. This would mean that there are 

almost never any false positives. Alternatively, because Shigella culture can be dependent 

on environmental conditions, growth on appropriate media, selection of appropriate 

colonies by the technician and the successful performance and interpretation of multiple 

biochemical tests, we can expect that culture may be limited by a large number of false 

negatives. Conversely, we hypothesize that QPCR has a very low limit of detection, 
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therefore it is likely to be very sensitive (a high proportion of true positives compared to 

reference positives) but perhaps have a higher number of false positives due to 

quantitative noise. 

 

C. Evaluation of Diagnostic Tests 

Shigella infection has traditionally been diagnosed by the presence of blood in the stool; 

however with advances in pathogen detection, it has been shown that bloody stools only 

occur in a proportion of Shigella cases (Ozmert, 2010). Detection of Shigella spp. 

through growth and isolation from selective media and identification through biochemical 

assays are frequently unable to detect Shigella. There is no true gold standard for the 

detection of Shigella spp, leaving us with the issue of an imperfect reference standard to 

compare our QPCR results. Suggested methodologies to overcome this limitation include 

using results of multiple tests to construct a reference standard or using statistical 

modeling when a single reference standard is inappropriate. Bayesian latent class 

modeling attempts to estimate parameters for evaluating diagnostic tests (e.g. sensitivity 

and specificity) in the absence of a gold standard. In our analysis Shigellosis, or diarrhea 

due to Shigella colonization, cannot be directly observed in the study. Preliminary data 

has shown that there are varying degrees of Shigella excretion from the stool and given 

these results, the assumptions required for the use of latent class modeling cannot be met; 

therefore, we will instead assess how QPCR is related to MSD, our clinical event of 

interest, and will not use a classical accuracy paradigm and report statistics beyond 

traditional accuracy measures (ie. sensitivity, specificity) (Rutjes, 2007; Bossuyt, 2003; 

Giocoli, 2009). While we can estimate sensitivity and specificity of QPCR in comparison 
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to culture, we can only report results with the caveat that culture is simply a reference 

standard and not a true gold standard. 

 

D. Shigella/EIEC Epidemiology 

Prevalence: Humans are the only known natural hosts of Shigella and the species in this 

genus are among the most common and severe causes of diarrhea worldwide, 

disproportionately affecting children less than 5 years of age living in developing 

countries. In 1999, Kotloff et al. estimated the annual number of cases younger than 5 

years in developing countries to be in excess of 113 million, with 600,000 deaths. A 

review of English-language literature from 1984-2005 yielded incidence estimates in all 

age groups as high as 107 episodes per 1000 person-years (Ram, 2007) but noted large 

gaps in data for low human development index countries, specifically sub-Saharan 

Africa. Diarrheal disease as a whole is thought to be the second leading cause of infant 

mortality worldwide with an annual death toll greater than AIDS, malaria and measles 

combined (Alkizim, 2011).  

 

A multicenter study of Shigella diarrhea in six Asian countries studied a population of 

fifty thousand children under five between 2000 and 2004. In this time period there were 

approximately thirty thousand cases of diarrhea and Shigella spp. was isolated by culture 

in 1,553 cases (5%).They reported an incidence rate of shigellosis, defined as a diarrhea 

episode during which a fecal specimen was obtained from which any Shigella species 

was isolated, to be 13.2 per 1,000 per year in children under five compared to an 

incidence rate of 2.1 per 1,000 per year in all age groups. This study also estimated the 
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proportion of culture-negative diarrheal specimens that were ipaH positive by PCR in all 

age groups as 33%; ranging from 52% in China to 14% in Thailand. Approximately 7% 

of children under five with shigellosis episodes were hospitalized. This study concluded 

that Shigella appeared to be more prominent in Asian impoverished populations than 

previously thought, supporting the development of a vaccine protective against 

shigellosis (von Seidlein, 2006). 

 

A more recent study in Kenya collected stool samples from 651 outpatient children less 

than five years of age with diarrhea, with the goal of examining the prevalence of 

antimicrobial resistance in isolated pathogens. A cause of diarrhea was only identified in 

17.7% and of these 2% were Shigella positive (Sang, 2012). Another study in Burkina 

Faso enrolled 309 children less than five years of age with diarrhea between May 2009 

and March 2010 in an attempt to estimate the burden of diarrheal pathogens. Shigella spp. 

were found in 5.8% of stools (Nitiema, 2011). A hospital based surveillance of diarrhea 

among children less than 5 in Kenya, reported results from a multivariable analysis in 

which children who died were more likely to have Shigella (adjusted OR= 5.5, 95%CI 

2.2-14.0) identified by culture than those who survived (O’Reilly, 2012). While Shigella 

is acknowledged to be a prominent enteric pathogen, accounting for a substantial 

mortality and morbidity in children in developing countries, gaps in prevalence and 

incidence data do exist particularly in African countries. 

 

Transmission: Shigellosis has been characterized as requiring only a low infectious dose 

in order to result in clinical symptoms. Adults challenged with as few as 100-200 viable 
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Shigella established infections. Transmission usually occurs via contaminated food and 

water or through person-to person contact. The small infectious dose makes it easier for 

person-to-person spread without a need for enrichment growth in food or water. Flies are 

a common source of transmission by landing on a contaminated object and spreading the 

microbe to the next destination. The incubation period is 1 to 4 days but may be as long 

as 8 days.  

 

Prevention: Basic sanitation and hand washing are generally considered to be the most 

effective preventive strategy against Shigella infection. Strategies focus on preventing the 

spread of the microbe from person-to-person; besides hand washing recommendations 

include ensuring the availability of safe drinking water, safely disposing of human waste, 

safe handling and processing of food and control of flies.  

 

There is currently no licensed vaccine against Shigella/EIEC however recent progress in 

vaccine development seems promising. Current clinical trials tend to focus on either a 

live attenuated or conjugate vaccine type. According to the United States National 

Institutes of Health clinical trials database, there are currently four active clinical trials 

evaluating the safety and efficacy of a Shigella vaccine. Two of these studies are focused 

on a vaccine targeting S. flexneri 2a and two are targeting S. sonnei (Clinical Trails, 

2012). Challenges to development continue to be increased reactogenicity among live 

attenuated strains or a weak immune response in multiple age-groups and populations. 

Shigella has over 50 serotypes, making it difficult to design a vaccine that targets enough 

serotypes to evoke protection accounting for a large proportion of shigellosis cases. 
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Developing a multivalent vaccine seems warranted but this is technically difficult and 

expensive (Kosek, 2010). Acceptance seems promising should an effective candidate be 

licensed; the scientific community is optimistic but further research is necessary. 

 

Treatment: According to guidelines published by the World Health Organization (WHO) 

in 2005, oral rehydration therapy is generally not sufficient treatment for shigellosis and 

all cases of bloody diarrhea should be treated with antimicrobials. Resistance to 

antimicrobial agents is a growing problem in developing countries. Because antimicrobial 

resistance has developed to a number of strains, the WHO recommends selection based 

on a review of recent susceptibility strains in the area. If the patient presents with a severe 

case or is at a higher risk of death, due to malnutrition, young age or comorbid 

conditions, it is recommended that the patient is hospitalized. For mild cases, the patient 

is given antimicrobials and then re-evaluated after 48 hours; if their condition has not 

improved they suggest hospitalization. After the appropriate antimicrobial treatment has 

been given the individual should see improvement, marked by fewer stools, less blood in 

stools, less fever and improved appetite within 48 hours. 

 

Risk Factors: People living in areas with inadequate sanitation, overcrowding, and with 

poor hygiene are at greatest risk for Shigella/EIEC transmission (Kotloff, 1999). One 

study found that children from households in Peru that used the river as the source of 

their drinking water had incidence rates of Shigella greater than two times that of piped 

water sources and almost twice that of households who obtained water from wells. The 

storage of water in containers with properly sealing lids was highly protective.  Lower-
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monthly per-capita income was associated with shigellosis and children living in houses 

with wood or bark floors (IR=0.40) had almost twice the rate of shigellosis as children 

living on cement floors (IR 0.23) (Kosek, 2008). 

 

Shigellosis is seen primarily in children and there is limited epidemiologic evidence that 

suggests immunity to Shigella infection is acquired following exposure to the pathogen. 

However this protection is likely to be serotype-specific demonstrated by rechallenge of 

volunteers who previously had dysentery with the same serotype and the inability of 

vaccines to confer protection against strains not included in the vaccine (Kweon, 2008). 

For the purposes of our study we have no way of measuring whether or not the infection 

is the primary disease associated colonization with Shigella or EIEC. Based on 

epidemiology younger children are more likely to have a primary infection than older 

children and we can investigate the prevalence of non-disease associated exposures in all 

age-groups.  

 

Age: No age group is completely immune to shigellosis but certain ages are at increased 

risk. In developing countries shigellosis is endemic to children while newly introduced 

strains may cause an epidemic affecting all age groups. Shigellosis in breastfeeding 

infants has been reported with mixed prevalence. A multicenter study of Shigella diarrhea 

in six Asian countries reported an incidence rate of diarrhea of 25.4 cases per 100 per 

year in children under five compared to an incidence rate of diarrhea of 4.0 cases per 100 

per year in all age groups. The incidence rate of shigellosis, defined as a diarrhea episode 

during which a fecal specimen was obtained from which any Shigella species was 



18 
 

isolated, was reported to be 13.2 per 1,000 per year in children under five compared to an 

incidence rate of 2.1 per 1,000 per year in all age groups. Age may also be associated 

with severe complications due to enteric disease. Children less than one year of age are 

more likely to die from shigellosis (Bennish, 1990). 

 

A cohort study of Guinean children up to two years of age attempted to determine the age 

of primary infection with enteropathogens and quantify any protection induced by natural 

infection. The pathogenicity -measured by the odds ratio for diarrhea adjusted for age, 

sex and coinfections with other enteropathogens- of Shigella spp. or EIEC was higher for 

the primary infection, OR=2.95 95%CI 1.31-6.62, than for all infections, OR=1.87, 

95%CI 0.85-4.16. They found that there was no significant protection against 

recolonization however no symptomatic reinfection occurred with Shigella spp. or EIEC. 

They also reported that infections during the first 300 days of life were rare but increased 

steadily thereafter (Valentiner-Branth, 2003). 

 

Breastfeeding: Breastfeeding has been shown to be protective against diarrhea during the 

first few years of life. In countries with a high endemicity of disease, shigellosis rates 

increase dramatically in the three months following the cessation of breastfeeding 

(Keusch, 2009). Exclusive breastfeeding for the first 4-6 months protects infants from 

diarrhea through suspected mechanisms such as transfer of maternal antibodies and 

promotion of healthy gut bacteria. Mondal, 1999 studied the breast milk and solid foods 

feeding pattern in a cohort of 148 infants in West Bengal to determine the association 

between breast feeding and diarrhea. They defined diarrhea using the standard WHO 
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guidelines as equal to or greater than three loose stools per day and classified children as 

being exclusively, predominantly, complementary breastfed or receiving no breast milk. 

They followed enrolled subjects to one year of age. Only 25% of children remained 

exclusively breastfed at 4 months. While they found no significant association between 

diarrhea and weaning when they adjusted for birth order, birth spacing, sex, maternal age, 

literacy, family size and family income, they did find a significant association between 

early weaning and diarrhea. They categorized children to be ‘weaned early’ if they were 

weaned at three months or earlier and late if they were weaned after three months and 

found that early weaned children had 3.02 times the risk of diarrhea (Mondal, 1999).  

 

Another study of a large urban diarrheal treatment center in Bangladesh found that if 

children had stopped breastfeeding during the neonatal period-within one month of age- 

that they were more likely to develop encephalopathy, a serious neurologic complication 

that can result from shigellosis (Christi, 2010). A study reporting specifically on 

shigellosis cases found that for children who entered their study under 9 months, 

breastfeeding status was associated with a 54.3% decrease in shigellosis incidence in 

exclusively breastfed children relative to that of weaned children but this was not 

considered statistically significant (Kosek, 2008). 

 

Malnutrition: Malnutrition has been identified as a risk factor for shigellosis however the 

relationship is complicated because of the bidirectional relationship between chronic 

diarrheal episodes and growth. Stunting can be a surrogate measurement of chronic 

malnutrition. It can be the result of inadequate nutrition or as the result of repeated 
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infections. A study published by the Indian Journal of Pediatrics in 2011 showed that, 

“malnutrition was identified as the main independent risk factor for developing” a 

bacterial enteric infection (Jarousha, 2011). Not only are malnourished individuals more 

susceptible to infection, they are more likely to experience more severe cases and death. 

Death as a result of diarrhea is significantly associated with severe malnutrition, severe 

wasting and severe stunting.  

 

Early diagnosis of Shigella in severely malnourished children is likely to reduce Shigella-

related mortality (van den Broek, 2005). One study by Chisti, et al. found that children 

who were severely stunted were significantly more likely to develop encephalopathy. 

Another found that weight-for-height and weight-for-age z-scores were negatively 

correlated with the incidence of shigellosis with children in the lowest WAZ quartile 

having a 77% increase in shigellosis incidence relative to children in the highest WAZ 

quartile, and children in the lowest WHZ quartile had a 61% increase in incidence 

relative to children in the highest WHZ quartile (Kosek, 2008). This study increases 

knowledge of the relationship between shigellosis and malnutrition by examining how 

the quantity of ipaH in the stool is associated with acute or chronic malnutrition. 

Understanding these covariates may help us to understand the clinical progression from 

Shigella exposure to disease. 

 

E. Shigella/EIEC and the Presence of Additional Pathogens 

The clinical effects of co-infection are still being investigated. Proposed mechanisms for 

polymicrobial interactions within the host may include alterations of the mucosa by one 
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organism that may favor or deplete the colonization of others, physical or metabolic 

abnormalities that may predispose the host to polymicrobial disease, or a synergistic 

triggering of pro-inflammatory cytokines may increase the severity of disease or favor the 

colonization of one micro-organism over another (Brogden, 2003; Brogden 2005)
  
Using 

traditional culture and immunoassay techniques, a hospital based surveillance in Kolkata 

found multiple pathogenic organisms in approximately one third of patients (Lindsay, 

2011). As molecular methods may detect microbes in a higher frequency incidence of 

recognized polymicrobial infections may increase. 

 

As the surface of the gut mucosa is colonized with a number of microbes they may 

compete for a niche in this ecosystem. Prior research suggests nonrandom associations 

between multiple pathogenic microorganisms (Lindsay, 2012; Brogden, 2005)
 
Shigella 

spp. appear to have a negative association with Rotavirus and Vibrio cholerae compared 

to the frequency of either of these pathogens when isolated alone.
28

 A review published 

by Grimprel et al. found that in general, but not exclusively, co-infections with rotavirus 

and other enteropathogenic bacteria, viral or protozoa (astrovirus, norovirus, adenovirus, 

picornavirus, sapovirus, any Campylobacter, any Salmonella, any E. coli, any Giardia, 

and Shigella flexneri) result in a poorer prognosis.
2
 Because rotavirus is a predominant 

enteropathogen, coinfection has been identified with other viruses, bacteria and protozoa 

with varying frequency. In a study in Brazil, children with a mixed (rotavirus and 

bacterial) infection had the highest incidence of severe vomiting and dehydration among 

a cohort of 154 children.  
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An interaction between certain pathogens that inhibits the development of infection might 

be explained by their mechanism of colonization.  For example, Shigella spp. and 

rotavirus both infect the epithelial cells of the small intestine; if rotavirus infects the 

intestine first and causes fluid secretion by the epithelial cells of the small intestine, it 

may be more difficult for Shigella to colonize in the large intestine. Campylobacter jejuni 

has a similar invasion mechanism as Shigella spp. and it is frequently reported in mixed 

infections with other enteropathogens. A study by Bukholm, published in 1987, found 

that some Shigella strains facilitated invasion by C. jejuni (Bukholm, 1987) suggesting 

that perhaps clinical symptoms might be more severe in individuals coinfected with C. 

jejuni.  

 

F. Shigella and the Gut Microbiota 

At birth, the gastrointestinal system is sterile, but shortly thereafter a complex microflora 

is developed (Morowitz, 2011). 
 
Research has suggested that different species of the 

microbiota may interact to predispose or prevent disease and some, including some 

species of Lactobacilus and Veillonella, may be considered essential for a ‘healthy’ 

intestinal system. The commensal microbiota has also been found to regulate the 

production of intestinal mucins, which inhibits the adherence of numerous pathogenic 

bacteria to intestinal epithelial cells. Additionally studies have demonstrated how innate 

immune responses may mediate competitive interactions between species and dictate the 

composition of the colonizing flora
 
(Higgins, 2011; Mauer, 2000; Sekirov, 2009).  We 

will focus specifically on examining the association between potentially protective 

bacteria, Lactobacilus spp. and Veillonella spp. (Rerksuppaphol, 2010). 
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Peptidoglycan is a component of the Shigella cell wall that activates 

monocytes/macrophages to produce inflammatory cytokines. Studies have sought to 

investigate how other microbes can disrupt this process. One study examined the effect of 

Lactobaccilus plantarum on this process. They found that it is a potent inhibitor of the 

pro-inflammatory response induced by peptidoglycan; giving insight into the molecular 

mechanisms of excessive inflammatory response induced by Shigella and perhaps future 

development of effective therapies for patients presenting with inflammatory bowel 

disease (Kim, 2011). Other data has shown that some pathogenic E. coli strains exhibit 

increased expression of the global virulence activator in the presence of Enterococcus or 

Clostridium spp. but reduced expression of this virulence activator gene in the presence 

of Lactobacillus and Veillonella (Ruiz-Perez, 2004). 

 

Probiotics or substances that support the growth of bacteria within the gut, that are 

thought to have beneficial properties have become increasingly more common. Probiotic 

activity has been associated with Lactobacillus, Bifidobacteria, Veillonella 

Streptococcus, Enterococcus, nonpathogenic E. coli, and Saccharomyces bourlardii 

(Srikanth, 2008). Under healthy conditions, lactic acid bacteria (lactobacilli, 

bifidobacteria and streptococci) are thought to be part of the normal microbiota. 

Randomized clinical trials have investigated the role of probiotics in treating infectious 

diarrhea and have identified a statistically significant benefit of Lactobacillus GG and 

possibly Lactobacillus acidophilus in the treatment of acute infectious watery diarrhea in 

infants and young children in developing countries (Guandalini, 2008). 
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CHAPTER II. STUDY DESIGN AND METHODS 

A. The Global Enterics Multi-center Study 

GEMS is a large multi-site case control study carried out by researchers from the 

University of Maryland Center for Vaccine Development in collaboration with multiple 

sites in Africa and Southeast Asia. Study sites were selected from developing countries of 

Asia and sub-Saharan Africa, with emphasis on sub-Saharan African sites with high 

young child mortality; the sites, both urban and rural, exemplify a spectrum of child 

health indicators. Sites included were Manhica, Mozambique; Kisumu, Kenya; Basse, 

The Gambia; Bamako, Mali; Kolkata, India; Mirzapur, Bangladesh; and Karachi, 

Pakistan. Each site performed a baseline census, maintained throughout the duration of 

the study, including demographic surveillance, consisting of a visit to every household 

once every four months to record births, deaths and migrations. Each site also conducted 

two healthcare utilization studies in its censused population to ascertain where severe 

cases of diarrhea at that site typically receive treatment. Following identification of 

healthcare facilities, the GEMS study assigned a field worker who was present at the 

healthcare facility to participate in a passive screening of individuals for diarrheal 

disease. Each child less than 5 years of age that came in to the clinic for a sick visit would 

be asked if they had three or more abnormally loose or watery stools in the previous 24 

hour period. Well child visits were excluded from the survey. If they answered yes to this 

question the individuals represented by their caretakers would be subject to an eligibility 

screening at the same visit. During this visit cases would be enrolled for the GEMS study 

if eligible and consenting. The GEMS case and control eligibility criteria follow: 
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Inclusion criteria for cases: 

1. 0-59 months of age. 

2. Resides in the local demographic surveillance system catchment area  

3. Seeking care at a sentinel health center belonging to the Demographic 

Surveillance System. 

4. Diarrhea, defined as 3 or more abnormally loose stools during the 

previous 24 hours. 

5. The onset of the diarrheal episode is within seven days of enrollment 

into the study and it represents a new episode, meaning that more than 

seven days to have passed since the last occurrence of diarrhea.  

6.  The diarrhea must be “moderate-to-severe”, meaning that the child 

must meet at least one of the following criteria: 

a. Sunken eyes, more than normal 

b. Loss of skin turgor 

c. Intravenous rehydration administered or prescribed 

d. Dysentery (diarrhea with visible blood in stool) 

e. Hospitalized with diarrhea or dysentery 

Inclusion criteria for controls: 

  1. 0-59 months of age. 

  2. Resides in the local demographic surveillance system catchment area 

  3. No diarrhea within 7 days of enrollment 

  4. Provides an adequate stool ample for analysis 
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Cases were enrolled upon visitation to a health center. Following the enrollment of a 

case, four controls were randomly selected from the demographic surveillance system 

database and approached for enrollment. The first prospective control approached who 

agreed to enrollment was included.
 
The GEMS study includes over 20,000 subjects and 

methodological details of the study are published in a December 2012 supplement of 

Clinical Infectious Disease (CID, 2012; Suppl 4; Kotloff, 2012).  

 

B. Study Design 

This study utilized a subset of approximately 2,611 participants from the GEMS study, 

including participants from The Gambia, Kenya, Mali and Bangladesh. The proposed 

study is a case control study, sampled from this original data. Inclusion criteria for our 

study will match the inclusion criteria for the parent study except only four sites were 

chosen to be representative of different geographic regions of Africa as well as Southeast 

Asia and included based on a good working relationship with site principal investigators. 

Approximately 3,600 samples were available to us from the parent GEMS study for 

additional testing based on an excess volume of stool (greater than or equal to 6 grams). 

We chose to include 2,611 of these samples based on volume of stool, an adequate 

concentration of isolated DNA from the stool and an appropriate matched case control 

pair available for analysis.  

 

C. Study Population 

The GEMS selected locations in developing countries in Asia and Africa with the 

principal goal of elucidating the etiology and epidemiology of diarrhea in regions with 
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high childhood mortality rates. Sites must have had a pre-existing infrastructure including 

laboratory capabilities and expertise in enteric microbiology and epidemiology. 

Additionally, sites were selected where the population was sufficiently large to provide 

the required number of moderate-to-severe diarrhea (MSD) cases in each age stratum the 

study was interested in. For our study four of the seven total GEMS sites were included.  

 

Basse, The Gambia: The study site in The Gambia was based in the Upper River Division 

with a total 0-59 month surveillance population of approximately 27,000 individuals. 

This is a rural area with a relatively low HIV+ prevalence in 15-49 year olds of 1.2%. 

The national malaria incidence reported by the WHO is approximately 70 cases per 1,000 

people. The under 5 mortality is approximately 123 per 1,000 live births. A typical diet 

for children in the Gambia between 6 to 24 months is fermented pap (from cereal, wheat, 

corn flour) sometimes enriched with groundnut paste or flour. Caregivers will often give 

water in addition to breast milk for children being breastfed. After weaning off the breast 

they will eat the pap first but some also eat rice (personal communication, Martin 

Antonio). 

 

Bamako, Mali: The study site in Bamako was based in the Djikoroni (western Bamako) 

and Banconi (northern Bamako) areas with a total 0-59 month surveillance population of 

approximately 31,000 individuals. This is an urban area with HIV+ prevalence in 15-49 

year olds of 1.9%. Their national malaria incidence is approximately 66 per 1,000 

persons. The under 5 mortality is 220 per 1,000 live births. Children in Mali will be 

breastfed from birth with some individuals supplementing with powdered milk and most 
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eat traditional corn prepared by millet powder added in hot water up to two years of age. 

Some children will eat food as the rest of the family, rice, traditional cake and other corn 

(personal communication, Boubou Tamboura). 

 

Kisumu, Kenya: The study site in Kisumu was comprised of 217 villages along the 

northern shores of Lake Victoria in the Nyanza Province, which is 40 km from Kisumu 

city. The total 0-59 month surveillance population is approximately 22,000 individuals. 

This is a rural area with HIV+ prevalence in 15-49 year olds of 6.7%. Their national 

malaria incidence is approximately 3.7 per 1,000 persons. The under 5 mortality is 123 

per 1,000 live births. In Kenya, children will be breastfed until approximately six months 

of age when they are introduced to porridge of corn flour or millet mixed with cassava 

flour. At one year and above they eat a normal family diet of cornbread with a side dish 

of vegetables and/or meat/fish/potatoes with porridge in between meals. The morning 

meal would generally consist of porridge or tea with sweet potatoes or cornbread 

(personal communication, Joe Oundo). 

 

Mirzapur, Bangladesh: The study site in Mirzapur was located in the Tangail subdistrict, 

1.5 hours northwest of Dhaka. The total 0-59 month surveillance population is 

approximately 48,000 individuals. This is a rural area with HIV+ prevalence in 15-49 

year olds of <0.2%. Their national malaria incidence is approximately 0.4 per 1,000 

persons. The under 5 mortality is 69 per 1,000 live births. Children in Mirzapur will be 

breastfed but mothers will supplement with plain water and some cow’s milk. Upon 
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introduction of solid foods they will eat mainly rice, gradually adding family foods with 

fewer spices (personal communication, A.S.G. Faruque). 

 

D. Data Collection and Measurement 

During the data collection period for the parent study, GEMS investigators collected a 

single, fresh, whole stool specimen from cases and controls at enrollment. This specimen 

was processed and transported in a standardized fashion to optimize recovery of 

enteropathogens. Stool specimens were collected in sterile containers and examined 

within 24 hours. At each site the stools were tested for 15 potential pathogens and their 

subtypes by standard microbiological methods and DNA was isolated. Extracted DNA 

was precipitated with 3M sodium acetate and ethanol and the DNA shipped to the USA. 

DNA was resuspended upon receipt at the University of Maryland according to the 

approved clinical protocol.
 
Clinical measures and culture methods were all completed by 

GEMS investigators while additional molecular methodologies were conducted in Dr. 

Stine’s lab.  

 

Measurement of Primary Exposure and Outcome Variables 

The presence of Shigella or EIEC was our primary exposure of interest.  This was 

measured in two ways for our analyses: bacterial culture and quantitative PCR of the 

ipaH gene. The outcome of interest is moderate-to-severe diarrhea. 

AIM 1 & 2.  

Shigella spp. Culture: Shigella was identified in the GEMS study by traditional selective 

and enrichment bacterial culture completed on site by trained microbiologists using 
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shared, detailed protocols for the isolation and identification of Shigella. Following 

transit to the laboratory, each fresh stool specimen was aliquotted into multiple tubes. A 

portion of each fresh stool was stored in Cary-Blair medium and in buffered glycerol 

saline. For each sample two MacConkey (MAC) agar and two Xylose Lactose 

Desoxycholate (XLD) plates were used. A swab from the Carey-Blair medium and one 

from the buffered glycerol saline were applied to one MAC and one XLD plate 

respectively. The plates were then streaked and incubated aerobically at 35-37 degrees C 

for 24-48 hours; suggestive colonies from each plate were then inoculated into Triple 

Sugar Iron agar, Motility Indole Ornithine medium, Lysine Decarboxylase agar, citrate 

and urea media and incubated again overnight. If Shigella spp. was biochemically 

suggested colonies were typed with the appropriate anti-sera. If colonies suggestive of 

Shigella spp. were not seen by 48 hours after incubation, the specimen was considered 

negative for Shigella spp. EIEC was not identified by culture for the GEMS study 

therefore we cannot include a culture identification as a measurement for our study.
 

Shigella culture identification in our study will be a dichotomous presence/absence 

variable; indicated as present if biochemical and serotyping tests indicated the presence 

of a Shigella species and negative if no suggestive colonies were grown or biochemical 

tests were negative. Culture results were provided to us from the GEMS coordinating 

center laboratory technician in an Excel file a variable indicating the Shigella culture 

result for each specimen. 

 

ipaH Quantitative Real-Time PCR: Quantitative RT-PCR (QPCR) has been conducted on 

all 2,611 samples included in our study. Absolute QPCR analysis enables us to quantify 
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the amount of Shigella and EIEC DNA within the sample by comparing the threshold 

cycle value and DNA concentration of the sample to a standard curve generated with a 

known number of copies of ipaH. QPCR works by measuring the fluorescence of a 

reporter dye indicating a specific amplification. The change in fluorescence from baseline 

is the measure of amplification. A certain level in the change of amplification from 

baseline will indicate the threshold and the cycle threshold value is reported when a 

sample reaches that threshold (ABI). The amount of DNA product is inversely related to 

cycle threshold. For example, a sample that has fewer copies of ipaH will take more 

cycles to reach the threshold than a sample that has a larger number of copies. 

 

Each stool was tested for Shigella/EIEC using QPCR using the Applied Biosystems 

7500/700 Fast Real-Time PCR System using 7500 software V2.0.5 and SYBR Green-

Based fluorescent dye based detection. Primers for the ipaH gene were reverse-5’-

CGGAATCCGGAGGTATTGC-3’ and forward 5’-CCTTTTCCGCGTTCCTTGA-3’ 

(Theim et al. 2004).  A single assay consisted of 0.1 to 2,488 nanograms of DNA 

(depending on the concentration of DNA in the sample), 8.5 uL of water, 1.5 uL each of 

5uM forward and reverse primers, and 12.5 uL of SYBR Green PCR Master Mix 

(Applied Biosystems) which includes SYBR Green 1 dye, AmpliTaq Gold® DNA 

polymerase, dNTPs with dUTP, and optimized buffer components.  The PCR was carried 

out for 40 cycles of 95° C for 10 seconds, 95° C for 15 seconds and 60° C for 1 minute.  

Gene copies in samples were determined by absolute quantification using standard curve 

fitted for each 96 well plate. The standard curve was constructed from Shigella strain 

Shigella flexneri 2b (ATCC#12022) using 1.0 to 0.00032 nanograms per microliter in 
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five-fold dilutions. R
2
 values of a linear model fit to the standard curves of cycle 

threshold versus log dilution of DNA in the standard ranged from 1.00 to 0.977. To 

convert the quantity given by the QPCR output to number of target gene copies we 

computed the molecular weight of the Shigella and EIEC chromosome to be 

approximately 3x10
9
 Daltons. One nanogram of DNA is approximately equal to 2x10

5
 

gene copies of Shigella/EIEC ipaH. We used the original concentration of DNA, 

determined spectrophotometrically using a NanoDrop Spectrophotometer (Thermo 

Scientific), in the sample and the quantitative QPCR measurement to estimate the number 

of target ipaH gene copies based on 100 ng of total stool DNA. ipaH copy number is a 

continuous variable; we will investigate the distribution of this variable to determine if 

transformation is warranted for further statistical modeling. The Applied Biosystems RT-

PCR instrument is designed to run one 96-well plate at a time. We constructed a standard 

curve with 5-fold dilutions and two negative controls, leaving 88 wells for sample 

analysis. To run all 2,611 samples we needed to use at least 30 plates. If a sample had a 

high concentration of DNA and reported no reaction from the QPCR, we determined that 

inhibition of the reaction could have occurred due to a high starting concentration of 

DNA and we reran the sample at 1:10 & 1:100 dilutions. 

 

Moderate-to-Severe Diarrhea: MSD is our primary outcome measure. MSD was 

determined by the GEMS investigators using the criteria outlined in the inclusion criteria. 

Diarrhea was first qualified by the standard World Health Organization definition of 

diarrhea as 3 or more abnormally loose stools during the previous 24 hours. The diarrhea 

must have then been indicated as moderate-to-severe by the criteria listed above. 
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Observations were identified by the variable ‘Type’ within the locked GEMS database 

with a ‘Case’ or a ‘Control’ designation, this is a binary categorical variable.  

 

Additional Potential Outcomes of Interest 

Dysentery: Shigella invade and colonize the intestinal epithelium resulting in an intense 

inflammatory response associated with colitis and ulceration of the intestinal mucosa, 

presenting clinically by diarrhea and bloody, mucoid stools.  The GEMS study used a 

definition for the surveillance of bloody diarrhea or dysentery as “diarrhea with visible 

blood in the stool.” This is identical to the WHO definition of dysentery. Information 

regarding blood in the stool was collected by multiple variables by the GEMS study and 

collapsed into a single binary presence/absence variable for this study. On the eligibility 

intake form for cases, the data collector responded to the question: “Does the child have 

ANY ONE of the following indicating moderate/severe diarrhea?...d. Dysentery (diarrhea 

with visible blood in stool observed or reported)” with options of No, Yes and Do not 

know.  Upon enrollment of the case the caretaker was asked, “Did [Child’s Name] have 

any of the following since this illness began?” with possible responses as No, Yes, and 

Do not know. At the stool collection of both cases and controls, the laboratory technician 

was asked to characterize the whole stool sample as having blood (Yes) or not (No). If 

blood was indicated on any one of these three variables then our composite variable 

would indicate a dysenteric stool. 
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Covariate Measurement 

Gut Microbiota: In order to identify species of bacteria present in the gut microbiota we 

extracted DNA from whole stools and amplified using ‘universal’ primers for the 16S 

rRNA gene.  The 16s rRNA gene is present in all bacterial species but contains a number 

of highly conserved as well as hypervariable regions. We are able to amplify these 

hypervariable regions which when sequenced, can map to a distinct taxonomic lineage. 

For the PCR reaction, a single reverse primer and 96 forward primers were used; the 

forward primers each contain sequence for initiating a sequencing reaction and unique 

barcode. The presence of amplified products was confirmed on agarose gels and aliquots 

from each of 96 samples were added in approximately a 1:1 proportion to a final mix.  

The mix was sequenced using the Titanium sequencing kit and 454 Titanium sequencing 

platform. The individual reads will be filtered for quality using scripts developed by the 

University of Maryland, Center for Bioinformatics and Computational Biology. To obtain 

taxonomic identification, a representative sequence from each OTU will be aligned to 

Ribosomal Database (rdp.cme.msu.edu, release 10.4) using blastn with long word length 

(-W 100) in order to only detect nearly-identical sequences.  Sequences without a nearly-

identical match to RDP will be marked as ‘unassigned’. Species in the gut microbiota 

will be measured using a dichotomous presence/absence variable.  

 

Malnutrition: The WHO has published anthropometric standards for growth calculations 

based on z-scores. These calculations are based on height/length, weight and age. Age 

calculations will be detailed below. The height of children from birth to 23 months of age 

or for those children too ill to stand was measured by the GEMS study using a board with 
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a fixed head and sliding foot piece to the nearest 0.1 cm. For children 24 months and 

older, a standing height was measured to the nearest 0.1cm. Weight was measured to the 

nearest 0.1 kg using a scale that was calibrated daily. Measurements were taken three 

times and the mean of the three measurements will be used for the derivation of the z-

scores.  

 

Age: Age will be measured as both a categorical and a continuous variable in one month 

increments. Depending on the distribution, normality and model fit, each model may use 

age as a continuous or categorical variable. 

 

Site: The variable, site will be limited to a broad categorical variable indicating whether 

the child lived in Bangladesh, Mali, Kenya, or The Gambia. 

 

Weaning Status: Weaning status is measured as a categorical variable.  It is the caretakers 

response to the question, “Is the child currently breastfed?” Responses are categorized as 

either, “No”, “Partial” or “Exclusive”. We will exclude children that are greater than 

three years of age for this analysis. Based on our preliminary data, a very small 

proportion of children are breastfed past 36 months therefore we will choose to use this 

as our cut-point and only analyze the effect of breastfeeding on those children that are 

less than or equal to 36 months of age. 

 

Presence of additional pathogenic organisms: Microbiologic methods including cell 

culture, viral immunoassay and RT-PCR were utilized to ascertain the presence of a 
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number of additional viral, bacterial and eukaryotic organisms by GEMS. We included 

additional organisms identified in our analysis if they are present in at least four percent 

of samples; these include: C. jejuni, Enteroaggregative E. coli (EAEC), Enteropathogenic 

E. coli (EPEC), Enterotoxigenic E. coli (ETEC), Giardia, Cryptosporidium, Rotavirus, 

Norovirus GI & GII.  

 

E. Data Management and Analysis 

Data management for the GEMS was coordinated at the Cooperative Studies Program 

Coordinating Center (CSPCC), at the Perry Point Veterans Administration in Maryland. 

DataFax software was used for data capture, entry, and manipulation, as well as quality 

control. A separate database for our study has been established at the University of 

Maryland, Center for Bioinformatics and Computational Biology. This database includes 

clinical data from GEMS, data related to any additional molecular assays conducted 

including sequencing analysis and QPCR results. 16s rRNA sequencing data is retrieved 

from the database using a secure file transfer protocol program, WinSCP and the database  

can be quickly queried using a secure shell server (SSH) and SQL scripts. Local copies of 

the clinical database are maintained on my personal computer using flat text files and 

SAS data files. Data will be analyzed using SAS version 9.2 and we will utilize 

additional graphing techniques in Microsoft Excel. 

 

Analysis AIM 1.  

In order to evaluate the diagnostic ability and association of clinical symptoms with 

QPCR we compared the results of our index test (QPCR) with the currently accepted 
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reference standard, culture based qualitative detection, and with the occurrence of clinical 

outcomes, i.e. moderate-to-severe diarrhea. Since an error-free standard does not exist for 

the detection of Shigella organisms in stool a use of a single reference standard is 

inappropriate, we determined a threshold value by comparing the results of QPCR to 

clinical outcomes and then computing the sensitivity and specificity of our QPCR 

compared to traditional culture. Our primary result of interest for aim 1 was to examine 

the relationship between levels or quantity of ipaH identified by QPCR and MSD. 

Analytic methods were divided into three main parts for Aim 1: computing the lower 

limit of detection for the QPCR assay, estimating the sensitivity and specificity of QPCR 

compared to culture and measuring the association between ipaH gene copies and MSD. 

 

Lower Limit of Detection: Determining the technical or analytical accuracy of the QPCR 

method is the first step in estimating the true association of Shigella with disease. 

Analytical accuracy estimates the degree to which the quantity estimates given by our 

QPCR results are true approximations of the quantity of Shigella/EIEC in the stool 

sample. To confirm no amplification in negative stool controls, Shigella/EIEC negative 

stools collected from healthy patients in Charlottesville, VA were tested. There was no 

amplification in these stools. The lower limit of detection reports the smallest quantity of 

an organism or analyte that may be detected in a specimen.  We determined this using our 

standard curve analyses. For our standard curve, we used a pure culture of Shigella spp., 

extracted the DNA, measured the amount of Shigella spp. DNA using spectrophotometric 

methods and then determined the number of ipaH gene copies at 5-fold dilutions. To 

determine the lower limit of detection we compared the standard curve linear model to 
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the maximum cycle threshold value that is possible using QPCR. Because each plate has 

a separate standard curve, we completed this for each plate. For example, the equation for 

our linear model was as follows:  

(Log Concentration of DNA (ng/ml) = y-intercept + Slope*Cycle Threshold) 

The PCR reaction is run for 40 cycles, using a maximum detectable cycle threshold of 39, 

and a y-intercept based on the standard curve and slope for the standard curve we can 

solve for the minimum number of gene copies that can be detected by the assay. The 

conversion of the quantity output from the QPCR reaction is explained in the measure of 

primary exposure and outcome variables section of this document. 

 

Estimating Sensitivity and Specificity compared to Culture: We evaluated the QPCR 

results first as a continuous variable, examining its distribution and correlation with 

covariates to determine if transformation is necessary. A benefit of a continuous 

measurement is that it enables us to conduct a receiver operating characteristic (ROC) 

analysis, evaluating the sensitivity and specificity at each incremental increase in the 

continuous predictor. An ROC curve is constructed by plotting the sensitivity on the y-

axis and 1-specificity on the x-axis. Sensitivity is calculated by dividing the number of 

samples identified as true positive and dividing that by the number of overall reference 

positive samples. To compare the index test, QPCR, to the reference test, culture, a true 

positive sample is one that is indicated to be positive by both the index and the reference, 

or QPCR and culture. False negative samples are those that are positive by culture but 

negative by QPCR.  Specificity is calculated by dividing the number of samples 

identified as true negatives by the number of overall reference negative samples. To 
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compare an index test, QPCR, to the reference test, culture, a true negative would be one 

that is indicated to be negative by both the index and the reference, or both QPCR and 

culture negative. False positive samples would be those that are indicated as positive by 

the index test but negative by the reference test. The SAS command proc logistic with the 

‘outroc’ statement creates a dataset with an estimate of the number of true positives, true 

negatives, false positives, false negatives, sensitivity and 1-specificity. We then sort 

unique ipaH copy number values in descending order and export this to merge with the 

estimated ROC data. 

 

Accuracy can be calculated by adding the number of true positives and true negatives and 

dividing it by the total number of samples tested. Using only accuracy to compare 

diagnostic tests however is not recommended because estimates of sensitivity and 

specificity give more detail about the ability of a test to correctly identify patients who do 

or do not have the disease. 

 

ROC analysis allowed us to compare the results from culture and from QPCR by multiple 

methods. First, when an ROC curve is generated we can calculate the area under the 

curve (AUC). This is the most commonly used global index of test accuracy when a 

continuous quantitative measurement is available. A test that has no discriminatory power 

compared to the reference would be equally likely to produce a false positive or a true 

positive, which would be represented by a diagonal line from (0,0) to (1,1) on an ROC 

graph. A perfect test would have an AUC of 1. AUC can be described as 

Probability(X>Y) where X and Y are diagnostic marker measurements for culture 
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positive and culture negative respectively. This can be interpreted as the probability that a 

culture positive individual would have a higher measurement than a culture negative 

individual. In SAS the AUC is equal to the c-statistic which estimates the goodness-of-fit 

of the logistic model used to predict the probabilities associated with each outcome. To 

test the hypothesis that the AUC is greater than 0.5, or that using QPCR to predict culture 

status is better than chance alone, we could have also used the Wilcoxon-Rank Sum test. 

This is the non-parametric alternative to an independent samples t-test which would test 

whether there is a statistically significant difference between the underlying distributions 

of the culture negative and the culture positive QPCR results. 

 

Association between QPCR and MSD: The primary result of Aim 1 is to examine the 

relationship between the number of copies of ipaH indicated by QPCR and MSD. First 

we examined the distribution of the number of ipaH gene copies overall using 

histograms, boxplots and other univariate metrics; then saw how this distribution differed 

in individuals that are MSD positive compared to those that are MSD negative. We 

hypothesized that as the number of ipaH copies increase, the proportion of MSD positive 

cases also increases. The null hypothesis was that there is no difference in the underlying 

distribution of the number of ipaH gene copies in MSD cases compared to controls. We 

use an alpha of 0.05; establishing a criteria that a p-value less than 0.05 indicates a 

statistically significant difference in the distribution in cases compared to controls. 

 

To demonstrate the relationship between ipaH copies and MSD graphically, we have 

presented the results in a bar plot with the quantity of ipaH, divided into groups 
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(depending on the distribution), on the x-axis; with the proportion of MSD positive along 

the y-axis. Under our hypothesis, we expected to see an increase in the proportion of 

MSD positive as we move right along the x-axis. We can more closely examine the 

relationship demonstrated by the bar plot by fitting a smooth curve to the data. To do this 

we can utilized the Loess procedure to perform a local regression where MSD is the 

response variable and ipaH quantity is the predictor. Using this bar plot procedure we 

also examined the association between ipaH quantity and MSD in different subgroups.  

 

We also measured the association between ipaH gene copies and MSD using a 

conditional logistic regression estimating the exposure odds ratio comparing the quantity 

of Shigella shed from cases to the quantity of Shigella shed from the matched controls 

which is equal to the disease odds ratio. Here, MSD is again our response or outcome 

variable and the number of ipaH gene copies is our predictor variable.  

 

Depending on the findings of our initial analysis we found that the distribution of our 

data is such that it naturally dichotomizes into two clinically relevant groups. To 

determine the threshold cut-point of the QPCR continuous measurement which optimizes 

the predictive probability of moderate-to-severe diarrhea, we calculated the Youden 

Index, J. At each increment in the continuous variable we calculate J by taking the sum of 

the proportion of called Shigella positive MSD cases out of the total number of MSD 

cases and the proportion of called Shigella negative controls out of the total number of 

controls and subtracting 1. The maximum Youden Index indicates a threshold 

maximizing sensitivity and specificity for a prevalence-independent measure of 
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predicting diarrhea and gives equal weight to the proportion of called Shigella positive 

MSD cases out of the total number of MSD cases and the proportion of called Shigella 

negative controls out of the total number of controls. Creating a cut-point in our 

continuous measurement is a disadvantage in that it does not allow us to investigate the 

relationship between the continuous amount of Shigella present within a sample to 

clinical outcomes and other covariates; however it allows us to make a direct comparison 

to culture diagnosis to report sensitivity and specificity and provides a recommendation 

for determining what constitutes a clinically relevant colonization.  

 

Analysis AIM 2.  

Once we established an unadjusted raw estimate of the association between Shigella and 

moderate-to-severe diarrhea then examined the impact of additional potential 

confounders or effect modifiers on this association. First we examined bivariate 

associations between our exposure (ipaH quantity) and other covariates and then used 

logistic regression modeling and likelihood ratio tests to examine the presence of effect 

modification on the relationship between ipaH and MSD. 

 

We examined the proportion of subjects positive for each pathogen where the pathogen is 

measured by presence or absence by GEMS. Then we examined the association of each 

bacterial, viral or eukaryotic pathogen, with the ipaH indicator to determine if the 

quantity of ipaH isolated from the stool differed in those with an additional co-pathogen 

present compared to when it is found alone. For example, when examining the co-

occurrence of rotavirus, the null hypothesis is that proportion of high ipaH stools will be 
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similar in those that are rotavirus positive compared to those that are rotavirus negative. 

We repeated this analysis for all other pathogens and then examined the effect of 

stratifying by MSD status.  

 

The presence of additional co-occurring bacteria within the gut microbiota was measured 

using 16S rRNA sequencing and taxonomic classification. Based on this identification 

mechanism we were specifically interested in Lactobaccillus and Veillonella species that 

we hypothesized may decrease the odds of disease when they are present. Here, we tested 

for effect modification using interaction terms in our logistic models and additive 

interaction using dually coded indicator variables (Rothman, 2012).
 

 

Because of the abundance of features generated by the 16s rRNA sequencing data, we 

have analyzed our data using a comparison of the relative abundance of species of 

bacteria found in four distinct classes in our sample, ipaH high cases, ipaH low cases, 

ipaH high controls and ipaH low negative controls. We have presented these results using 

bar graphs representing the proportion of distinct genera within each class. We have then 

attempted to identify the genera with the greatest difference in the proportions in each 

class. This work will be largely exploratory in nature to identify specific genera that may 

be present in differing proportions based on their Shigella and MSD status.
 

 

Attributable Fraction: While risk cannot traditionally be estimated from a case control 

study we were able to estimate an attributable fraction of MSD due to shigellosis. This is 

an approximation of the fraction of MSD that would not have occurred in the absence of 



44 
 

Shigella. The formula for this is as follows: p(1-1/OR) where p is the proportion of 

diseased cases with Shigella present and OR is the odds ratio for MSD and Shigella 

(Bruzzi, 1984). 

 

F. Precision, Sample Size & Power Estimates  

AIM 1. We have calculated 95% confidence intervals for sensitivity and specificity as a 

measure of precision. Because these are proportions the confidence intervals can be 

calculated by using standard methods for proportions. We will use the exact confidence 

interval which is constructed by using binomial distribution to reach an exact estimate. 

We planned a study with 2,611 individuals; 1,181 cases with moderate to severe diarrhea 

and 1,393 matched controls. In our first aim we have established an absolute QPCR 

method to accurately measure the quantity of Shigella/EIEC within stools. Using our 

threshold cut-point determined by Aim1 we compared the proportion of Shigella/EIEC 

positive cases to the proportion of Shigella/EIEC positive controls. Using conditional 

logistic regression to test the null hypothesis that the proportions of Shigella positives in 

cases is equal to the proportion of Shigella positives in controls, if the true proportion of 

Shigella positives in cases is approximately four percent and the proportion of Shigella 

positives in controls is approximately one percent, at an alpha or Type I error probability 

of 0.05, our power will be 0.998. If we use an alpha of 0.01 our power will be 0.990. 

These are our lowest estimates of Shigella prevalence with narrow case control 

differences and power is still quite high. 
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Aim 2. We have tested the relationship of many covariates in our study, as an example, to 

test the hypothesis that certain species within the gut microbiota were identified as effect 

modifiers we compared the differences in the effect size in stratified groups, for example, 

Lactobacilus positive and Lactobacilus negative samples. We calculated power given a 

hypothesized effect size difference and variance based on preliminary data analyses. In 

this preliminary sample we compared an odds ratio association of Shigella with disease in 

the Lactobacilus positive strata (N~400) of about 2 to an odds ratio in the Lactobacilus 

negative strata (N~2,100) of approximately 6. This corresponds to a log odds ratio 

difference of about -1.14 with a variance of 0.19, which affords us a power of 

approximately 0.75. This means we had a 0.75 probability of rejecting the null if in fact 

there is a difference between the Lactobacilus positive and Lactobacilus negative strata. 

 

G. Preliminary studies 

The initial conception of this research project was inspired by the observation that 

agreement between culture and molecular methods was lower than anticipated. Analyses 

have been conducted to compare the detection rates of traditional microbiologic methods 

to molecular techniques without using a latent class approach. We found that the 

proportion of bacterial pathogens Aeromonas, C. jejuni and Salmonella enterica found in 

samples was much higher than traditional microbiology when using 16S, Ibis and 

Illumina technologies (Lindsay, 2013). Ibis and Illumina had the greatest measure of 

agreement between methods used for Shigella detection; however we have not be able to 

determine which methods may be the most sensitive or specific using this these 

preliminary analyses alone.  
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We participated in a study of the causes of enteric disease in surveillance conducted by 

the National Institute of Enteric Disease in Kolkata, India This study screened patients 

with diarrhea for the presence of 27 microbial pathogens. All of the subjects enrolled in 

this study had symptomatic, diarrheal infection (Lindsay, 2011). We ran an analysis to 

test the hypothesis that certain pairs of pathogens may be positively or negatively 

correlated with one another.  We found that one-third of the patients had polymicrobial 

infections. Vibrio cholerae was significantly positively associated with Giardia lamblia 

and C. jejuni, while it was negatively associated with Rotavirus and Shigella. Rotavirus 

was significantly positively associated with Adenovirus and significantly negatively 

associated with Shigella (Lindsay, 2011). That V. cholerae and rotavirus both had 

negative associations with Shigella was of interest; however, because this sample had no 

controls with which to compare the cases, we are unable to know how the associations 

between pathogens may be related to diarrheal illness. The current study provides an 

opportunity to investigate the impact of both co-occurring pathogenic organisms as well 

as commensal organisms identified through the 16S sequencing. 
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CHAPTER III. RESULTS 

The following three manuscripts report the results of the research outlined in this 

dissertation. Manuscript 1 presents the results of Aim 1: the association between 

Shigella/EIEC measured by QPCR and moderate-to-severe diarrhea in children less than 

five years of age. Manuscript 2 presents the results of Aim 2a: the effects of potential 

confounders or interacting factors such as age, location, breastfeeding & malnutrition. 

Manuscript 3 presents the results of aim 2b & c: the effect of co-infections of other b) 

pathogenic organisms and c) Lactobaccillus and Veillonella species identified within the 

gut microbiota on the association between Shigella/EIEC and MSD, and an examination 

of the community profiles of the rank relative abundance of dominant genera and 

ecologic diversity between MSD cases and controls with high Shigella/EIEC loads 

compared to low Shigella/EIEC loads. 
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CHAPTER IV. RESULTS: Quantitative Polymerase Chain Reaction for Detection 

of Shigella Improves Ascertainment of Shigella Burden in Children with Moderate 

to Severe Diarrhea in Low Income Countries
1
 

ABSTRACT 

Estimates of Shigella prevalence are limited by suboptimal sensitivity of current methods.  

We used a quantitative (Q)PCR assay to detect Shigella in stools of 3,533 children aged 

less than 59 -months from The Gambia, Mali, Kenya and Bangladesh, with or without 

moderate to severe diarrhea (MSD). We compared the results of conventional culture to 

those of QPCR for the Shigella ipaH gene. Using MSD as the reference standard, we 

determined the cut point to be 2.9x10
4
 ipaH gene copies per 100 ng of stool DNA for Set 

1 (N=877). One-hundred and fifty-eight (18%) samples specimens yielded greater than 

2.9x10
4
 ipaH gene copies. Ninety (10%) specimens were positive by traditional culture 

for Shigella. Individuals with a value of >2.9x10
4
 have 5.6 times higher odds of having 

diarrhea compared to those with values <2.9x10
4
 (95% CI 3.7-8.5; p<0.0001). Nearly 

identical results were found using an independent set of samples. QPCR detected 155 

additional MSD cases with high copy numbers of ipaH, a 90% increase from the 172 

cases detected by culture within both samples. Among a subset (N=2,874) comprising 

MSD cases, and age-, gender- and location-matched controls, the fraction of MSD cases 

attributable to Shigella infection increased from 9.6% (N=129) for culture to 17.6% 

(N=262) for QPCR employing our cut-point. We suggest that QPCR with a cut-point of 

                                                             
1 Brianna Lindsay M.P.H., Ben Ochieng Ph.D., Usman Ikumapayi Ph.D., Toure Aliou Ph.D., Dilruba 
Ahmed Ph.D., Shan Li, Sandra Panchalingam Ph.D., Myron M. Levine M.D., Karen Kotloff M.D., David 

A. Rasko Ph.D., Carolyn R. Morris, Jane Juma Ph.D., Barry S. Fields Ph.D., Michel Dione Ph.D., Dramane 

Malle Ph.D., Stephen M. Becker Ph.D., Eric R. Houpt Ph.D., James P. Nataro M.D., Halvor Sommerfelt 

Ph.D., Mihai Pop Ph.D., Joe Oundo Ph.D., Martin Antonio Ph.D., Anowar Hossain M.D., Boubou 

Tamboura M.D., O. Colin Stine Ph.D. As submitted to Journal of Clinical Microbiology, June 2013. 
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approximately 1.4x10
4
 become the new reference standard for the detection and diagnosis 

of shigellosis in children in low-income countries. Acceptance of a new standard would 

substantially increase the fraction of MSD attributable to Shigella. 

 

INTRODUCTION 

Shigella spp are among the most common causes of moderate-to-severe diarrhea (MSD) 

worldwide, disproportionately affecting children under 5 years of age living in 

developing countries (von Seidlein, 2006). Estimates of Shigella incidence are limited by 

inconsistent diagnostic accuracy and inaccurate surveillance methods. The current gold 

standard for detection of Shigella species in fecal samples specimens requires isolation, 

growth, and identification from culture. Though the methods were developed in the first 

half of the 20
th

 century, they require considerable operator training and expertise, which 

are often unavailable at sites of greatest disease burden. Moreover, even in experienced 

hands the cultivation of Shigella spp. is impeded by inconsistent bacterial load, loss of 

bacterial viability during specimen transport and storage, and requirements for specific 

reagents that are themselves labile, and sometimes unavailable (Taniuchi, 2012). 

Nevertheless, cultivation offers the advantages of validation and verification of the 

bacterium’s identity, and its availability for downstream characterization. 

 

Some studies have shown that detection of Shigella using DNA amplification techniques 

may suggest an increased prevalence compared with conventional methods (von Seidlein, 

2006; Vu, 2004; Samosornsuk, 2007; Phantouamath, 2005). Vu et al. suggested that as 

many as 46% of culture negative diarrheal stools were positive for Shigella by 
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quantitative polymerase chain reaction (QPCR) (Vu, 2004). When QPCR is used where 

Shigella is most prevalent, it, like culture, requires mechanical and technical expertise to 

produce accurate estimates.  In this study we aim to compare the diagnostic accuracy for 

the detection of Shigella by traditional culture based techniques versus QPCR.   

 

Quantitative culture methods demonstrated that volunteers with diarrhea tend to have 

higher quantities of bacteria isolated from their stool than those without diarrhea (Kotloff 

1995; Tacket, 1997; Taylor, 1997).  Similarly, other studies have used QPCR to 

investigate the causes of intestinal diseases associated with norovirus and Escherichia 

coli (Phillips, 2009; Barletta, 2011).  In determining the cause of diarrheal illness, QPCR 

may prove to be a useful tool where pathogen load may be strongly associated with the 

ability to cause disease. If a new test is able to detect the presence of Shigella in stools in 

a greater proportion than traditional microbiological techniques, we must assess whether 

the test is able to distinguish those with and without illness, giving clinical relevance to 

the new diagnostic test. We must also assess whether a higher sensitivity comes at the 

cost of a substantial decrease in specificity (Giocoli, 2009; Hadgu, 2005). Finally, if we 

find that a larger number of asymptomatic carriers of Shigella exist than previously 

thought; this may provide vital clues about the natural history of and risk factors 

associated for Shigellosis, and generate information crucial for limiting the spread of the 

disease. 
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MATERIALS AND METHODS   

Study Design and Participants 

Stool specimens were collected from a case-control study of moderate-to-severe diarrhea 

(MSD) in children less than five years of age: the Global Enteric Multisite Study 

(GEMS). Details of the GEMS study are presented elsewhere (Kotloff, 2012). We studied 

a subset of samples for which 6 g of stool were available following collection.  Cases 

with MSD were enrolled upon presentation to a health clinic. MSD eligibility criteria 

included dehydration (sunken eyes, loss of normal skin turgor, or a decision to initiate 

intravenous hydration), the presence of blood in the stool (dysentery) or a decision to 

hospitalize the child. Cases with blood in the stool were identified using a broad 

definition of positive that includes blood in the stool reported by either the primary 

caretaker or technician in the laboratory. Controls were sought following case enrollment; 

sampled from a demographic surveillance database of the area and included if they 

reported no diarrhea within the previous 7 days. Individuals were excluded if they were 

unable to produce 6 g of stool or they were unable or unwilling to consent to involvement 

in the study. All specimens were collected between March 2008 and June 2009. One 

specimen was collected for each child at the time of enrollment. The Institutional Review 

Boards at all participating institutions reviewed and approved the protocol. 

 

Microbiology Methods 

Stool specimens were handled following the GEMS protocol (Panchalingam, 2012).  The 

specimens were collected in sterile containers, kept at 2-8°C while in transit, and 

examined within 24 hours (<6hrs between evacuation and placement into transport 
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media, made weekly, and <18 hrs before transport swab inoculates the culture plates). 

Shorter testing times are associated with case specimens, since they are collected from 

the child in the clinic, while control specimens were collected from the child’s home by a 

messenger. Each fresh stool specimen was aliquoted into multiple tubes, some of which 

were frozen at -80°C. An aliquot was placed in Cary-Blair medium and another in 

buffered glycerol saline. A swab from the Cary-Blair medium and one from the buffered 

glycerol saline were applied separately to MacConkey and Xylose Lactose 

Desoxycholate plates. The four plates (2 MacConkey and 2 Xylose Lactose 

Desoxycholate) were incubated aerobically at 35-37° C for 24-48 hours. Following 

incubation, no more than ten isolated non-lactose fermenting colonies and at least one 

representative colony of each suspicious morphotype from each plate were then 

inoculated into Triple Sugar Iron agar, Motility Indole Ornithine medium, Lysine 

Decarboxylase agar, citrate and urea media and incubated overnight. If biochemical tests 

suggested Shigella spp., colonies would be typed by using pure colonies by direct slide 

agglutination with the appropriate antisera (Denka Seiken or Reagensia). Positive 

cultures were sent to CDC in Atlanta for serotype confirmation. If colonies were not 

suggestive of Shigella spp. at 48 hours, the specimen was considered culture negative.   

 

To verify the true detection limits of the assay, two hundred mg Shigella-negative stool 

(collected in North America) were mixed with either 10
7
 or 10

5
 CFU, prior to DNA 

isolation.  These two DNA samples were diluted serially 1:5 five times and quantified by 

QPCR. 
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DNA was isolated from frozen stools by using a bead beater with 3 mm diameter solid-

glass beads (Sigma-Aldrich), and subsequently 0.1 mm zicornium beads (BIO-SPEC 

Inc.) to disrupt cells. The cell slurry was then centrifuged at 16,000 g for 1 minute, the 

supernatant processed using the Qiagen QIAamp® DNA stool extraction kit. Extracted 

DNA was ethanol precipitated and shipped to the US.  

 

Quantitative Polymerase Chain Reaction 

QPCR was conducted on three sets of specimens, the first contained 877 DNAs, the 

second, 2656, and the third a North American stool with known quantities of Shigella, by 

a single lab technician who was blinded to the case, control and culture status of the 

stools. Each DNA was tested by QPCR using the Applied Biosystems 7500/700 Fast 

Real-Time PCR System with software V2.0.5 and SYBR Green-Based fluorescent dye. 

Primers for ipaH initiated the assay containing 10 to 1,717 nanograms of DNA, 8.5 uL of 

water, 1.5 uL each of 5 uM forward and reverse primers, and 12.5 uL of SYBR Green 

PCR Master Mix (Applied Biosystems) (Vu, 2004). The PCR was carried out for 40 

cycles of 95° C for 10 seconds, 95° C for 15 seconds and 60° C for 1 minute (Taniuichi, 

2012; Vu, 2004).  Gene copies in specimens were determined by absolute quantification 

using standard curve fitted for each 96 well plate. The standard curve was constructed 

with total genomic DNA isolated by Qiagen columns following manufacturer’s 

instructions from Shigella flexneri 2b strain ATCC#12022. The standard curves for the 

first 11 plate are plotted in Figure 1.1a. R
2
 values of a linear model fit to the standard 

curves of cycle threshold (Ct) versus log dilution of DNA in the standard ranged from 

1.00 to 0.984 across all 42 plates. To convert the quantity given by the QPCR output to 
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an estimate of number of target gene copies, we computed that one ng of genomic DNA 

isolated from broth grown Shigella flexneri 2b strain ATCC#12022 is approximately 

equal to 2x10E5 gene copies of ipaH assuming a single copy of ipaH per genome. We 

used the concentration of DNA, determined spectrophotometrically (Nanodrop ND-1000 

Spectrophotometer, Thermo Scientific), in the sample and the quantitative QPCR 

measurement to estimate the number of gene copies based on 100 ng of total stool DNA. 

 

Genome sequencing 

Genome sequencing was performed on selected Shigella isolates using methods and 

analyzed using software as previously described (Rasko, 2011). For genomic sequencing, 

DNA was extracted with standard methods reported previously (Sahl, 2011). 

Identification of specific genes was completed with comparison with BLAST to the 

assembled contigs. 

 

Statistical Analysis 

All statistical analysis was performed using SAS Version 9.2 (SAS Institute, Cary, NC).  

We calculated sensitivity and specificity of i) QPCR to MSD status, ii) QPCR to culture 

status, and iii) culture to MSD status. Sensitivity and specificity were calculated by 

comparing the results of the reference (culture or MSD diagnosis) to QPCR or culture. 

Sensitivity was calculated as the number of true positives (positive by both measures) 

divided by the number of reference positives. Specificity was calculated as the number of 

true negatives (negative by both measures) divided by the number of reference negatives. 

We constructed receiver operating characteristic (ROC) curves from the continuous 
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measurement of the number of gene copies per sample by plotting the estimated 

sensitivity by 1-specificity (Akobeng, 2007). For ROC analysis we included gene copies 

as the independent variable and either case status or Shigella culture positive as the 

outcome and dependent variable in the model. 

 

RESULTS 

We selected 877 specimens from four GEMS study sites: The Gambia, Mali, Kenya and 

Bangladesh. Four hundred fourteen were from patients with MSD, 463 from children 

without diarrhea (i.e., controls, all of whom were reported not to have had diarrhea in the 

past 7 days); 90 (74 from MSD patients, 16 from controls) were positive by standard 

culture procedure for Shigella spp. QPCR was conducted on all 877 samples and Ct 

values ranged from 4.06 to 39.20 with a mean of 25.92.  Comparing results against those 

generated from standard curve with known quantities of Shigella genomic DNA, 

calculated target abundance ranged from 0 to 1x10
10

 gene copies of ipaH per 100 ng of 

stool DNA. Seven-hundred and ninety-nine samples had a target abundance calculated by 

QPCR greater than 1.0. Of these, 89 were positive by standard culture. Target abundance 

was converted into output deciles, with 87 or 88 samples per decile. The range for each is 

listed in Table 1.1. 

 

We assessed the performance characteristics of our QPCR assay in detecting Shigella as a 

cause of MSD.  We compared the proportion of MSD cases, the proportion of specimens 

positive for Shigella spp. by culture and the proportion of specimens reporting dysentery 

within each decile (Fig. 1.1b). The proportion of specimens in the first decile derived 
Figure 2. Decile Graph N=905 
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from MSD cases was 38%.  This proportion remained at or below 55% in each until the 

ninth decile, where it increased to 70%. The highest proportion of cases, 78%, was found 

in the tenth decile. As quantities of ipaH increased the proportion of dysenteric stools 

also increased: forty-eight percent, or 42 specimens, of those in the highest decile were 

positive for visible blood in the stool. The proportion of positive cases, the proportion of  

Table 1.1 Sample Characteristics (N=3,533): A description of demographic and clinical 

characteristics of children less than 5 years of age from two sets of samples included in the study. 

  

SET 1 

(N=877) SET 2 (N=2,656) Total (N=3533) 

  N (%) N (%) N (%) 

MSD 414 (47.2) 1047 (39.7) 1461 (42%) 

Age, mo. Mean,SD 17.6 (11.5) 17.8 (12.4) 17.8 (12.2) 

Age Group 

         0-<12 mo. 337 (38.4) 1032 (39.1) 1369 (38.9) 

    12-<24 mo. 326 (37.2) 880 (33.4) 1206 (34.3) 

    24-59 mo. 214 (24.4) 725 (27.5) 939 (26.7) 

Male 506 (57.7) 1460 (55.4) 1966 (55.9) 

Site 

         The Gambia 348 (39.7) 563 (21.4) 911 (25.9) 

    Mali 130 (14.8) 112 (4.2) 242 (6.9) 

    Kenya 170 (19.4) 1385 (52.5) 1555 (44.3) 

    Bangladesh 229 (26.1) 577 (21.9) 806 (22.9) 

Antibiotic Use 12 (1.4) 28 (1.1)** 40 (1.1)** 

Shigella Positive by 

Culture 90 (10.2) 134 (5.1) 224 (6.4) 

Shigella Quantity 

     <1.0 78 (9.0) 483 (18.2) 561 (15.8) 

Deciles 

     0-<1.30 87 0 483 0 561 

1.30-<4.96 88 1.0-<3.60 48 1.0-<2.15 145 

4.96-<12.76 88 3.60-<6.75 266 2.15-<8.18 354 

12.76-<32.23 88 6.75-<22.71 265 8.18-<25.06 353 

32.23-<71.49 87 22.71-<54.42 266 25.06-<59.19 353 

71.49-<176 88 54.42-<128 266 59.19-<136 354 

176-<593 88 128-<334 265 136-<381 353 

593-<10,935 88 334-<1503 266 381-<1,953 354 

10,935-<525,416 88 1503-<22049 266 1,953-<55,261 353 

>525,416 87 >22,049 265 >55,261 353 

Maximum Copy Number 1x10E10 7.6x10E10 7.6x10E10 

Abbr. MSD = Moderate to Severe Diarrhea 

*Some missing data accounts for discrepancies in data totals. **19 missing values 
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culture positive and the proportion of dysentery positive stools by each decile had a 

significant (p<0.0001) Cochran-Armitage test for trend.  

 

ROC Curve Analysis 

ROC curves were constructed from the sensitivity and 1-specificity of the number of 

gene copies determined by QPCR and either case status (Fig. 1.2a) or Shigella culture 

positivity (Fig. 1.2b) as the test reference group. The area under the curve (AUC) was 

higher for predicting Shigella culture positivity (0.9357) than for predicting case status 

(0.5901).  The cut-point determined by the maximum Youden Index, 

J=(Sensitivity+Specificity-1), for predicting both case status and Shigella culture 

detection was approximately 2.9x10
4
 ipaH gene copies per 100 ng of stool DNA,  

 

A B 

Figure 1.1 Standard Curves and Decile Graph for Set 1 (A) Standard Curves for  

Set 1 (N=877) For each plate a standard curve was constructed by plotting the Cycle 

Threshold (Ct) values on the y-axis and the known log-dilution of DNA of 1.0 to 0.00032 

nanograms per microliter in five-fold dilutions on the x-axis. (B) Decile Graph for Set 1 

(N=877) The quantities of ipaH gene copies were split into deciles with N = 88 or 87. The 

proportion of cases, samples positive for Shigella by culture and samples positive for blood 

were plotted for each decile 
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Figure 1.2 ROC Curves A) ROC Curves for Model Case/Control Status vs. QPCR 

ipaH gene quantities from Set 1 (N=877) B) ROC Cuve for Model Shigella Culture 

Status vs. QPCR ipaH gene quantities from Set 1 (N=877) Curves were plotted by 

calculating the sensitivity and 1-specificity of QPCR compared to Case/Control status 

(A) or Shigella Culture status (B) at each unit increment in QPCR ipa-H gene quantity. 

Red boxes indicate point on curve cut-point at approximately 29,000 ipaH copies. 

 
 

correctly predicting 125 true positive cases of MSD and 428 true negative controls. One 

hundred-fifty eight samples (18%) were positive by this cut-off. One hundred twenty-five  

 (79%) of 158 samples with 2.9x10
4
 or more ipaH gene copies were cases of MSD. 

Within the 33 control samples, all four sites and a wide distribution of ages were 

represented. Importantly, 13 of the 33 control samples with QPCR values greater than 

2.9x10
4
 were positive for Shigella using culture based detection.  Whole genome 

sequencing of these 13 Shigella isolates revealed them to be typical isolates (4 S. flexneri, 

3 S. boydii & 6 S. sonnei). Additional characteristics are presented in Table 1.2. 

 

We compared the sensitivity and specificity of Shigella QPCR and culture detection 

using MSD or no MSD as the reference standard (Table 1.3).  Culture yielded a 

sensitivity of 17.9%, a specificity of 96.5%, and an odds ratio association with disease of  

B A 
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6.4 (95%CI 3.6-11.5; p-value <0.0001). QPCR>2.9x10
4
 provided a sensitivity of 30.2%, 

and a specificity of 92.8%. Children in our case-control sample population with 

QPCR2.9x10
4
 had a 5.6 times higher odds of having diarrhea compared to those 

QPCR<2.9x10
4
 (95%CI 3.7-8.5, p-value <0.0001). While the odds ratios for culture and 

QPCR>2.9x10
4
 are statistically indistinguishable, there were a total of only 90 stools  

positive for Shigella by culture, while there were 158 positive for Shigella using 

QPCR>2.9x10
4
.  

 

Validation of assay using spiked stools 

In order to test the efficiency of our QPCR test, 200 mg of stool was mixed with 10
7
 and 

another 200 mg with 10
5 

CFU of Shigella.  Each DNA sample was diluted serially 1:5 

five times.  The results are shown in Figure 1.3.  The linear dilution reveals a constant 

number of copies of ipaH.  Averaged over the five measurements, the 200 mg of stool 

with 10
5
 Shigella CFU measured by QPCR yielded 3,740 ipaH copies, while the sample  

Table 1.2. Characteristics of Control Samples with High Shigella Quantities 

  

SET 1 (N=33) 

Controls 

>2.9x10
4
 

SET 2 (N=100) 

Controls 

>1.4x10
4
 

Total (N=143) 

Controls 

>1.4x10
4
 

 

N (%) N (%) N (%) 

Site 

      The Gambia 17 (51) 24 (24) 46 (32) 

   Mali 2 (6) 5 (5) 12 (8) 

   Kenya 5 (15) 34 (34) 39 (27) 

   Bangladesh 9 (27) 37 (37) 46 (32) 

Age (mean, SD) 18.8 (12.7) 19.24 (12.9) 19.25 (12.46) 

Age Group 

       0-<12 mo. 10 (30) 37 (37) 49 (34) 

    12-<24 mo. 14 (42) 32 (32) 53 (37) 

    24-59 mo. 9 (28) 31 (31) 41 (29) 
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Figure 1.3 QPCR results from spiked experiment.  Two stool samples of 200 mg were 

spiked with 10E7 or 10E5 CFU of Shigella flexneri.  After DNA isolation, the samples 

were diluted and amplified using the primers for ipaH. 

 

 

with 10
7 
CFU yielded 19,600 ipaH copies. Based on these values, one copy of ipaH by 

our QPCR measurement represents approximately 4 to 188 CFU per 200 mg of stool. 

 

Validation using a second epidemiologic sample  

We performed QPCR on another group of specimens from the GEMS study, generated 

using identical clinical and microbiological protocols but collected at later time points 

than the first set. This analysis included a total of 2,656 samples; 1047 (40%) MSD cases, 

and 1,609 (60%) controls without diarrhea in the previous 7 days and with a similar age  

and site distribution as in the initial analysis (Table 1.1). Results of the second QPCR set 

revealed that 82% of the samples were positive for Shigella with a range of ipaH gene 

copies from 1 to 7.6x10
10

. Analysis of ROC curves constructed from this dataset 

indicated a quantitative cut point of approximately 1.4x10
4
 gene copies maximizing 

sensitivity and specificity for detection of MSD caused by Shigella. The odds ratio 
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between Shigella status and MSD at this cut point was 3.58 (95% CI 2.78-4.62) and using 

MSD status as our reference test, a sensitivity of 19% and specificity of 95% in this 

second set (Table 1.3) was calculated. The odds ratio for culture positivity and MSD in 

this second sample was 4.59 (95% CI 3.09-6.81). One hundred control samples had high 

levels of ipaH, 21 of which were culture-positive. Among the 134 culture-positive 

samples, 42 (31%) produced QPCR values below, while 92 (69%) were above the cut 

point. 

 

Conventional bacteriologic culture detected Shigella in 6.3% (224 of 3533) of stool 

samples in our GEMS MSD subset.  In contrast, QPCR detects Shigella at a level of 1 or 

more copies per 100 ng of stool DNA in 84.2% (2972 of 3533) of all samples.  Among 

children with MSD, 89% (1307 of 1461) of the children have detectable ipaH genes.  

Thus, applying the cut point of QPCR ipaH>1.4x10
4
 is critical for the diagnosis of MSD 

attributed to Shigella. Using this cut point, 327 cases and 142 controls yielded high levels 

of ipaH target. Among the 172 Shigella culture-positive samples, 48 (28%) were below 

and 124 (72%) were above the cut point. The asymptomatic carriage rate of Shigella 

QPCR ipaH>1.4x10
4
, of 6.9% (142 of 2072), is similar to the asymptomatic carriage rate 

2.4% (N=52) detected by culture. Among the 3,533 children, culture revealed that 12% of 

MSD could be attributed to Shigella; in contrast, QPCR>1.4x10
4
 yielded a distinctly 

larger proportion: 22% of MSD cases could be attributed to Shigella infection (Fig 1.4).  

 

Within the larger GEMS sample, 2,874 samples were derived from cases and controls 

that were matched at time of enrollment for age, site and time of enrollment; these  
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Figure 1.4 Decile Graph for Full Set (N=3,533) The quantities of ipa-H gene copies 

were split into deciles with approximately N = 350. The proportion of cases, samples 

positive for Shigella by culture and samples positive for blood were plotted for each 

decile. 

 

include 1,206 cases and 1,668 controls. A conditional logistic regression of the matched 

2,874 individuals with Shigella culture status in cases to controls resulted in an odds ratio 

of 5.41 (3.61-8.10), while using a cut-point of 1.4x10
4
 ipaH gene copies resulted in an 

odds ratio of 4.72 (95% CI 3.57-6.23). The attributable fraction can be calculated by 

culture to be 0.0962 (116 Shigella cases), or by QPCR>1.4x10
4
 to be 0.1768 (213 

Shigella cases). 

 

DISCUSSION 

Our study evaluates the use of Shigella QPCR as a diagnostic method. We found that of 

1,461 stools from children with MSD and 2072 stool samples from control children, 84% 
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of samples were positive for 1 or more Shigella ipaH target per 100ng of DNA isolated 

from stool.  ROC analysis revealed that approximately 1.4x10
4
 gene copies per 100ng of 

stool DNA was the cutoff value producing the best performance in terms of sensitivity 

and specificity. This cutoff identified 469 stools as having high levels of Shigella, of 

which 327 (70%) were stools from children with MSD. We retained the original GEMS 

study matching 1,206 cases and 1,668 controls on age, site, gender, residence, and time. 

A conditional logistic regression of these matched samples with a cut-point of 1.4x10
4
 

ipaH gene copies resulted in an odds ratio comparing Shigella in cases to controls of 4.72 

(95% CI 3.57-6.23). A conditional logistic regression comparing Shigella culture status in 

these cases and controls resulted in an odds ratio of 5.41 (3.61-8.10). While the odds 

ratios are statistically indistinguishable, culture clearly identified fewer cases of MSD as 

having Shigella compared to QPCR.  The attributable fraction of MSD due to Shigella 

based on culture was therefore only 54% of that estimated by the QPCR method, 

suggesting that in this population Shigella may be twice as commonly associated with 

MSD than previously appreciated (Bruzzi, 1985).
 

 

Among children who were culture positive and had a QPCR result ≥1.4x10
4
, some had 

diarrhea and some did not. Possible explanations for this observation include: genetic 

differences among isolates of Shigella, protective polymorphic alleles in some children, 

differences in the gut microbiota that enhance or protect the child’s probability of disease, 

or an immune response based on prior exposure of either the mother (via breast milk or 

transplacentally-acquired antibody) or child (Levine, 2012).  
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We propose that a quantitative test of Shigella genomes within a stool sample may be a 

more suitable method of diagnosis than culture-based identification. QPCR identified 

nearly twice as many Shigella-positive children with MSD compared to culture. 

Compared to the presence or absence of MSD, QPCR had a greater number of Shigella-

positive MSD cases, or true positives, and fewer false negatives, or Shigella-negative 

MSD cases. Culture had fewer Shigella-positive controls and a greater number of 

Shigella-negative controls. Assuming that individuals who are without disease will not 

present to medical attention, the number of false positives is clinically less relevant than 

the number of true positives. Previous research has shown that PCR-diagnosed infections 

are clinically similar to culture-proven shigellosis and a test that accurately predicts when 

the presence of Shigella is associated with disease will be beneficial (Gaudio, 1997). 

Shigella counts greater than 1.4x10
4
 were significantly associated with MSD without a 

considerable decrease in specificity; on the other hand, culture methods sacrifice the limit 

of detection for specificity.   

 

This study has several limitations. First, we have used the ipaH gene as a surrogate 

marker for Shigella detection. Our gene target, ipaH, is also found in enteroinvasive E. 

coli and the methods of this study do not distinguish between these similar pathogens.  

Nevertheless, it is generally thought that Shigella is much more prevalent and thus likely 

to represent most of the ipaH associated organisms that were detected. In addition, the 

ipaH gene is often found in multiple copies in the genome. Although our PCR primers 

are designed to detect only one ipaH gene, unless the organism is isolated, it is difficult at 

best to identify how many ipaH genes are present in a particular genome which could 
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impact our interpretation of one ipaH gene copy to one Shigella bacterium in our 

conversion of quantity given by the QPCR output to the estimated number of target gene 

copies.  Our quantification of Shigella compares the amplification of a standard dilution 

of Shigella DNA in water compared to test DNAs isolated from stool that may have 

inhibitors present that will reduce the efficiency of the PCR.  Our spike experiments 

revealed that 1 copy of ipaH by QPCR represents 4 to 188 CFU per 200 mg of stool. 

While the spiked stool certainly accounts for some variation in DNA isolation and the 

role of inhibitors, there are likely varying amounts of inhibitors and DNA concentrations 

present across our samples, therefore amounts should be interpreted as estimates rather 

than fully accurate and precise measurements. Finally, the time between the time the 

stool was passed and culture was slightly shorter in case samples than controls, however 

further analysis revealed that time between stool evacuation and testing was not 

negatively correlated with culture positivity, therefore this time difference did not bias 

culture methods to detect Shigella in cases. 

 

Strengths of our study include testing a quantitative method to assess the amount of 

Shigella DNA present in a stool sample. As opposed to the binary, presence/absence 

nature of Shigella culture, QPCR gives us an approximation of the pathogen load within a 

sample and also gives us the ability to create a clinically relevant cut point from our data. 

When we see stools with the presence of the Shigella, indicated by either QPCR or 

culture techniques, quantification becomes an important tool to assess the association of 

the pathogen with clinical symptoms. Our sample did not select for MSD cases that were 

likely to be caused by Shigella. This can explain why the area under the ROC curve and 
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the sensitivity for Shigella quantity compared to disease status is relatively low. We did 

not exclude cases of disease that had other pathogens present in the sample and thus 

could have been caused these rather than by Shigella.  

 

In addition to informing quantitative detection techniques, the natural history and risk 

factors associated with diarrheal disease caused by Shigella are shifted by our QPCR 

data.   Assuming that the Shigella DNA in stools from persons without diarrhea represent 

viable, infectious organisms (consistent with our whole genome sequencing data), our 

data suggest that the prevalence of asymptomatic excretors of Shigella is higher than 

previously appreciated. Further studies are required to examine the epidemiological 

importance of such individuals.  The attributable fraction of MSD caused by Shigella 

estimated by culture is substantially less than the attributable fraction estimated 

QPCR>1.4x10
4
, consistent with a suggestion that Shigella may more common than 

previously thought.  We suggest that future studies of Shigella epidemiology employ 

real-time PCR to most accurately ascertain the burden of infection. 
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CHAPTER V. RESULTS: Association between Shigella Infection and Diarrhea 

varies based on Location and Age of Children
2
 

 

ABSTRACT 

Shigellosis is a significant contributor to enteric disease mortality and morbidity in low-

income areas. Molecular identification of the ipaH gene has been established as a useful 

detection mechanism for Shigella spp. in stool, and may improve sensitivity of detection. 

The Global Enteric Multicenter Study (GEMS) identified the etiology and population-

based burden of moderate-to-severe diarrhea (MSD) in sub-Saharan Africa and South 

Asia using traditional culture techniques. Here, we utilized quantitative polymerase chain 

reaction (QPCR) for the identification of Shigella spp. within 2,611 stool samples from 

children under the age of five years in The Gambia, Mali, Kenya and Bangladesh. Both 

site and age were identified as significant effect modifiers of the relationship between 

Shigella quantity and MSD, with the greatest association seen in children 24-35 months 

of age (Odds Ratio 8.2; 95% CI 4.3-15.7) and from Bangladesh (OR13.2; 95% CI 7.3-

23.8). We also found that exclusive breastfeeding was associated with protection from 

MSD (OR 0.47 95% CI 0.28-0.81). This study underscores the high burden of shigellosis 

at the Mirzapur, Bangladesh GEMS site, and suggests a decreased association with 

disease in children less than one year of age.  Although QPCR identifies more cases of 

shigellosis than standard culture, the two detection methods exhibited similar age and site 
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effects and the characteristics of cases detected by QPCR but missed by culture do not 

differ significantly than those detected by culture. 

 

INTRODUCTION 

 

Despite its high contribution to the burden of childhood diarrhea in developing countries, 

detailed understanding of Shigella epidemiology is just emerging.  Of particular value in 

this effort is the recent application of molecular diagnostic methods, particularly those 

which employ quantitation of Shigella spp. in fecal samples. The recent Global Enterics 

Multicenter Study (GEMS) reported significant positive associations of Shigella with 

moderate to severe diarrhea (MSD) and a high adjusted attributable fraction at all seven 

sites in Africa and South Asia.  Mirzapur, Bangladesh proved to be highly endemic for 

Shigella, with attributable fractions that increased with age, reaching 67.6% in the oldest 

children.  Excluding Bangladesh, Shigella attributable fraction ranged from 2% to 7.6% 

in children aged 0-11 months, 2% to 12.8% in 12-23 months and 2% to 14.9% in 24-59 

months (Kotloff, 2013).  

 

Multiple studies have evaluated molecular detection methods to estimate the prevalence 

of Shigella-positive stools, but many of these studies examined only diarrheal cases 

and/or were not community-based (Barletta, 2013; Sire, 2013; Taniuichi, 2012; Wang, 

2011; vonSeidlen, 2006; Vu, 2004). Molecular methods range from qualitative 

polymerase chain reaction (PCR), to multiplex PCR to an absolute quantitative measure 

using quantitative (Q)PCR; most utilize the invasion plasmid antigen-H (ipaH) gene as a 

molecular marker. These studies consistently report an increased prevalence of Shigella-
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positive stools and a lower limit of detection compared to conventional culture 

techniques. Vu, et al. (2004) suggested that as many as 46% of culture-negative diarrheal 

stools were positive for Shigella by QPCR. We have previously developed a QPCR assay 

to measure ipaH in stools from The Gambia, Mali, Kenya and Bangladesh and found at 

least one copy of ipaH in 84% of stool samples (Lindsay, 2013).  Multiple molecular 

methods increased the rate of detection in diarrheal stools as well as in children reporting 

no diarrheal disease, presumably because these methods consistently detect smaller 

quantities of Shigella (Lindsay, 2013). To overcome this limitation and in order to 

identify individuals that indicate a probable “true positive” for Shigella colonization with 

expansion to the point of likely disease association, we selected a threshold of 

approximately 14,000 gene copies of ipaH to indicate positivity (Lindsay, 2013). 

Emerging evidence also suggests that in low-income countries, carriage of multiple 

pathogens is common (Nair 2010, Tanuichi, 2013, Lindsay, 2011). The ability to 

quantitatively evaluate the presence of a pathogen may be useful in assigning or 

prioritizing specific etiologies of disease. 

 

While recent studies have shown a greater prevalence of Shigella when employing 

molecular detection methods, none have utilized these methods to gain insight into the 

risk factors and potential protective effects of covariates related to disease. Measuring 

Shigella using quantitative molecular methods allows us to further examine the 

relationship between abundance and disease related to age. Additionally, many prior 

studies have focused on one geographic area; comparing a number of geographic areas 

with presumably differing levels of disease prevalence is of importance. 
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The purpose of this study was to perform an in-depth molecular analysis of shigellosis in 

four of the seven GEMS sites by measuring the abundance of Shigella target found in 

stools across age groups using QPCR and to compare QPCR to traditional culture. We 

characterized the association between quantity of Shigella in the stool and MSD by age 

and site, and examined potentially important covariates such as breastfeeding and 

malnutrition. As we learn more about how risk factors are associated with the quantity of 

Shigella that is shed in the stool we can apply this knowledge to examine how these 

factors, such as breastfeeding and malnutrition, might affect the relationship between 

Shigella and MSD. An examination of a range of ages and site-specific Shigella 

quantification using new molecular techniques may help gain insight into disease patterns 

that could be a key to designing specific interventions that reduce mortality and 

morbidity due to shigellosis. 

 

METHODS 

 

Study Design and Participants 

We examined stool specimens collected from GEMS, a prospective matched case-control 

study with the objective of determining the burden, etiology, and adverse outcomes of 

MSD in infants and young children 0-59 months of age residing in a censused population 

at seven sites in sub-Saharan Africa and south Asia (Kotloff, 2012). Cases with MSD 

were enrolled upon presentation to one or more health clinics or hospitals serving the 

catchment population at each site. MSD eligibility criteria included one of the signs of 

dehydration (sunken eyes, loss of normal skin turgor), or a decision to initiate intravenous 
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hydration, presence of blood in the stool (dysentery), or decision to hospitalize the child. 

Controls were enrolled from the same catchment area within 14 days following case 

enrollment and included if they reported no diarrhea within the previous 7 days. Controls 

were matched to cases on gender, age and location. For this molecular sub-study, we 

selected a subset of matched cases and controls from four sites: The Gambia, Mali, 

Kenya and Bangladesh.   

 

Nutritional status of children was assessed, including measurements of weight and 

length/height of each case and control at enrollment. Length/height was measured 3 times 

and the median of the three measurements were calculated and expressed as a Z-score 

according to WHO standard curves (Kotloff, 2012).  Breastfeeding status of the children 

was ascertained at the time of enrollment and one specimen was collected for each child 

at this time. All specimens for this study were collected between December 2007 and 

December 2009. The Institutional Review Boards at all participating institutions 

reviewed and approved the protocol. 

 

Specimen Collection, Culture & Quantitative Polymerase Chain Reaction 

 Stool specimens were handled according to the GEMS protocol (Panchalingam, 

2011).
 
The specimens were collected in sterile containers, kept at 2-8°C while in transit, 

and examined within 24 hours (<6hrs between evacuation and placement into transport 

media, made weekly, and <18 hrs before transport swab inoculates to the culture plates). 

Each fresh stool specimen was aliquoted into multiple tubes, some of which were frozen 

at -80°C. Identification of Shigella spp. was conducted at each site by traditional culture 
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methods (Panchalingam, 2011). DNA was isolated from frozen stools by using a Bead 

Beater apparatus with 3 mm diameter solid-glass beads (Sigma-Aldrich), and 

subsequently 0.1 mm zirconium beads (BIO-SPEC Inc.) to disrupt cells. The cell slurry 

was then centrifuged at 16,000 g for 1 minute, the supernatant processed using the 

Qiagen QIAamp® DNA stool extraction kit. Extracted DNA was ethanol precipitated and 

shipped to the authors' laboratory in Baltimore where quantitative QPCR was conducted.  

 

Fecal DNA was tested by QPCR using the Applied Biosystems 7500/700 Fast Real-Time 

PCR System with software V2.0.5 and SYBR Green-Based fluorescent dye (Lindsay, 

2013).  Reactions included 10 to 1,717 nanograms of fecal DNA, 8.5 uL of water, 1.5 uL 

each of 5 uM forward and reverse ipaH primers, and 12.5 uL of SYBR Green PCR 

Master Mix (Applied Biosystems) (Vu, 2004). Two negative controls per 96 well plate 

did not contain DNA and were uniformly negative for amplification post PCR. The PCR 

was carried out for 40 cycles of 95° C for 15 seconds and 60° C for 1 minute (Taniuchi, 

2012; Vu, 2004; Lindsay et al 2013).  Gene copies in specimens were determined by 

absolute quantification using a standard curve fitted for each plate as described 

previously (Lindsay, 2013). We utilized a threshold of 14,000 ipaH gene copies to 

categorize individuals as either shedding low-levels of Shigella or high levels of Shigella 

within their stool. The method for establishing this threshold is also outlined in Lindsay, 

et al. (2013). Briefly, we utilized receiver operating characteristic curves to determine the 

sensitivity and specificity of incremental increases of ipaH quantity compared to disease 

status and set the threshold based on the point which maximized both sensitivity and 

specificity. 
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Statistical Analysis 

All statistical analysis was performed using SAS Version 9.2 (SAS Institute, Cary, NC). 

Odds ratios and 95% confidence intervals for estimates stratified by sample 

characteristics were estimated with logistic regression. Differences between categorical 

variables were assessed using chi-square tests.  Log-likelihood ratio tests were used to 

test for statistical interaction comparing statistical models with and without interaction 

terms including site or age. 

 

RESULTS 

A total of 2,611 stool samples were included in our analysis, comprised of 1,181 matched 

sets including at least one case and one or more matched controls. QPCR targeting the 

ipaH gene of Shigella was carried out on all of these samples. Details regarding the 

distribution of sample characteristics are detailed in Table 2.1. Approximately 56% of the 

participants were male, and the majority from Kenya (50%). In succession, The Gambia, 

Bangladesh and Mali sites followed with decreasing numbers of participants. The 

majority of children (62%) fell within the two age strata between the ages of 6 to 23 

months. While breastfeeding information was recorded in children older than 36 months, 

based on the low prevalence of any breastfeeding, we limited breastfeeding analyses to 

only those less than 36 months.  

 

The proportion of samples with Shigella ipaH counts greater than 14,000 was compared 

between cases and controls in different strata of demographics, breast feeding and  
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Table 2.1 Overall Sample Nutritional, Breastfeeding, Shigella Status & 

Demographics (N=2,611). 

 

Total 

Sex N (%) 

    Male 1477 (56) 

Age (mean, SD) 18.19 (12.5) 

Age Group 

     0-5 months 271 (10) 

    6-11 months 727 (28) 

    12-23 months 883 (34) 

    24-35 months 442 (17) 

    36-59 months 288 (11) 

Site 

     Gambia 668 (25) 

    Mali 200 (8) 

    Kenya 1305 (50) 

    Bangladesh 438 (17) 

Breastfeeding Status <36 Months 

    None 602 (23) 

    Partial 1625 (62) 

    Exclusive 96 (4) 

    >36 months 288 (11) 

Height-for-Age Z-score 

    >-2 1903 (73) 

    <-2->-3 489 (19) 

    <-3 218 (8) 

Weight-for-Height Z-score 

    >-2 2218 (85) 

    <-2->-3 265 (10) 

    <-3 123 (5) 

ipaH Copies >14,000 343 (13) 

Culture Shigella spp. 

Positive 163 (6) 

Bloody Stools 283 (11) 
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Table 2.2 Number and Proportion with ipaH counts >14,000 by case status and 

association with MSD stratified by subject characteristics (Total N=2611) 

  

Cases 

(N=1,181)  

ipaH >14,000  

N (%) 

Controls 

(N=1,430) 

ipaH >14,000  

N (%) 

Odds Ratio (95% 

CI) Association 

between ipaH 

>14,000 & MSD 

p-value 

Sex 

   

  

    Male 154 (23) 46 (6) 4.98 (3.52-7.06) <0.0001 

    Female 103 (20) 40 (6) 3.63 (2.46-5.34) <0.0001 

Age Group 

   

  

    0-5 months 6 (5) 4 (3) 1.65 (0.46-6.01) 0.4378 

    6-11 months 53 (15) 20 (5) 3.13 (1.82-5.35) <0.0001 

    12-23 months 113 (28) 37 (8) 4.82 (3.24-7.20) <0.0001 

    24-35 months 51 (28) 13 (5) 7.40 (3.88-14.09) <0.0001 

    36-59 months 34 (29) 12 (7) 5.23 (2.57-10.63) <0.0001 

Site 

   

  

    Gambia 75 (25) 28 (8) 4.14 (2.59-6.59) <0.0001 

    Mali 13 (13) 9 (9) 1.51 (0.61-3.71) 0.366 

    Kenya 87 (15) 33 (5) 3.45 (2.27-5.24) <0.0001 

    Bangladesh 82 (44) 16 (6) 11.95 (6.67-21.44) <0.0001 

Breastfeeding Status <36mo. 

  

  

    None 64 (24) 23 (7) 4.42 (2.66-7.35) <0.0001 

    Partial 157 (20) 48 (6) 4.34 (3.09-6.10) <0.0001 

    Exclusive 2 (6) 3 (5) 1.35 (0.21-8.55) 1 

    >36 months 34 (29) 12 (7) 5.23 (2.57-10.63) <0.0001 

Height-for-Age Z-Score 

  

  

    >-2 171 (20) 61 (6) 4.18 (3.07-5.68) <0.0001 

    <-2->-3 63 (27) 16 (6) 5.34 (2.98-9.56) <0.0001 

    <-3 23 (23) 9 (8) 3.53 (1.55-8.06) 0.0017 

Weight-for-Height Z-Score 

  

  

    >-2 196 (21) 75 (6) 4.36 (3.29-5.78) <0.0001 

    <-2->-3 41 (26) 9 (8) 3.81 (1.76-8.24) 0.0003 

    <-3 20 (21) 1 (4) 6.84 (0.87-53.52) 0.0423 
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nutritional status (Table 2.1). The proportion of cases with high ipaH counts was 

relatively uniform between gender and nutritional status categories. This stratified 

analysis suggested there was some heterogeneity in the association between Shigella 

quantity and MSD by age and by site. To test this further, logistic regression models with 

the interaction terms for site and age were compared via log-likelihood ratio tests. Both 

age category and site were discovered to be statistically significant effect modifiers of the 

relationship between Shigella quantity and MSD (log-likelihood ratio p=0.003 & 

p=0.0002 respectively), meaning that the relationship varied across strata of age and site. 

Given this observation, we created separate logistic regression models to investigate the 

relationship between ipaH greater than 14,000 and MSD; adjusting for breastfeeding 

status. Figure 2.1A presents results of the model including an interaction term for age and 

Figure 2.1B presents results including an interaction term for site. The odds ratio (OR) of 

ipaH counts >14,000 in cases compared to controls was not statistically associated with 

MSD in children less than 6 months of age, however it is significantly associated with 

disease at 6-11 months and increases thereafter at each age increment until 36 months, 

when it decreases slightly. The proportion of cases with ipaH counts >14,000 is highest 

in Bangladesh (44%), is lower in Gambia (25%), Kenya (14%) and Mali (13%); a high 

association with diarrhea is seen in Bangladesh (adjusted model, OR=13.21 95% CI 7.34-

10.56) compared to the African sites. In models using culture (instead of QPCR results) 

as an indicator of Shigella status showed similar patterns across ages and sites, generally 

with wider confidence intervals (Figure 2.1A & B.)  
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Eighty-six children had levels of ipaH >14,000 but did not report clinical symptoms of 

diarrhea in the previous 7 days. To investigate potential protective factors, we compared 

these controls to cases that also had high levels of Shigella with regards to age 

distribution, site, and breastfeeding status (Table 2.2).  No characteristic was significantly 

different between ipaH >14,000 controls and cases; the distribution nearly differed by 

site (p=0.056), with only 19% of high level Shigella controls being from Bangladesh 

compared to 32% of high level Shigella cases.   

 

Breastfeeding status varied significantly by age (p<0.0001) and the proportion of 

exclusively breastfed children fell to virtually zero (~1%) by one year of age. 

Breastfeeding practices also varied significantly by site (p<0.0001). Practices in 

Bangladesh differed significantly (p<0.0001) on the whole from the African countries; 

exclusive breastfeeding past the age of six months was reported only in African countries 

(Table 2.3). In Bangladesh, 78% of children aged 24-35 months were partially 

breastfeeding at enrollment, while partial breastfeeding only accounted for 3% to 15% in 

this age group in African sites. In regression models adjusting for ipaH quantity, age and 

site, children who were exclusively breastfed had significantly lower odds of MSD 

compared to children who were not breastfed, (OR 0.47, 95% CI 0.28-0.81). 

 

Children who reported no disease and had low levels of ipaH quantified by QPCR were 

exclusively breastfed at a higher proportion and exhibited the lowest degree of 

malnutrition (Figure 2.2). 4.5% of control children with low ipaH levels were exclusively 

breastfed compared to less than one percent of case children with high ipaH counts  
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Table 2.3 Distribution of breastfeeding status by age and site in children less than 36 

months of age (N=2,323) 
 

  Age Groups   

  

0-5 

months 

(N=271) 

6-11 

months 

(N=727) 

12-23 

months 

(N=883) 

23-35 

months 

(N=442) 

Total 

(N=2323) 

All Sites N (%) N (%) N (%) N (%) N (%) 

None 3 (1) 20 (3) 243 (27) 336 (76) 602 (26) 

Partial 217 (80) 674 (93) 629 (71) 105 (23) 1625 (70) 

Exclusive 51 (19) 33 (4) 11 (1) 1 (1) 96 (4) 

Gambia 

    

  

None 0 0 117 (40) 115 (96) 232 (37) 

Partial 25 (69) 158 (89) 170 (57) 4 (3) 357 (57) 

Exclusive 11 (31) 19 (11) 9 (3) 1 (1) 40 (6) 

Mali 

    

  

None 1 (6) 0 13 (24) 21 (91) 35 (19) 

Partial 4 (23) 84 (89) 40 (75) 2 (9) 130 (69) 

Exclusive 12 (71) 10 (11) 0 0 22 (12) 

Kenya 

    

  

None 2 (1) 13 (4) 104 (26) 181 (85) 300 (27) 

Partial 157 (87) 307 (95) 287 (73) 33 (15) 784 (71) 

Exclusive 22 (12) 4 (1) 1 (1) 0 27 (2) 

Bangladesh 

    

  

None 0 7 (5) 9 (6) 19 (22) 35 (9) 

Partial 31 (84) 125 (95) 132 (93) 66 (78) 354 (89) 

Exclusive 6 (16) 0 1 (1) 0 7 (2) 
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Table 2.4 Comparison of ipaH>14,000/Shigella Culture Negative MSD Stools to 

Shigella Culture Positive MSD Stools 

 

Subject Characteristics 

ipaH 

>14K/Culture 

Negative MSD 

Culture Positive 

MSD p-value 

 

N=157 N=126 
 Male 96 (61) 73 (58) 0.5843 

Age Mean, SD 20 (12.3) 23 (12.3) 0.0396 

Age Group 

       0-5 months 6 (4) 1 (1) 0.1052 

    6-11 months 36 (23) 22 (17) 

     12-23 months 71 (45) 51 (40) 
     24-35 months 26 (16) 32 (25) 

     36-59 months 18 (11) 20 (16) 
 Site 

       Gambia 56 (36) 25 (20) <0.0001 

    Mali 10 (6) 3 (2) 

     Kenya 65 (41) 32 (25) 
     Bangladesh 26 (16) 66 (52) 

 Breastfeeding Status <36 Months 
      None 39 (25) 30 (24) 0.4407 

    Partial 98 (62) 76 (60) 
     Exclusive 2 (1) 0 (0) 

     >36 months 18 (11) 20 (16) 
 Height-for-Age Z-score 

       >-2 101 (64) 91 (72) 0.3446 

    <-2->-3 42 (14) 25 (20) 

     <-3 14 (9) 10 (8) 
 Weight-for-Height Z-score 

       >-2 121 (77) 98 (78) 0.2720 

    <-2->-3 27 (17) 16 (13) 

     <-3 9 (6) 12 (9) 
 Bloody Stools 61 (39) 83 (66) <0.0001 
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 (Figure 2.2A). Of note, of the 96 children that were exclusively breastfed, 91(95%), had 

ipaH counts less than 14,000. The control group with the lowest levels of ipaH also 

exhibited the highest proportion of z-scores without moderate to severe stunting or 

wasting (>-2 SD) (Figure 2B & C). 

 

Finally, to test whether the >14,000 ipaH MSD cases identified by QPCR but not by 

culture differed significantly from the group identified by culture we compared these 

groups with regards to gender, age, site, breastfeeding and nutritional status (Table 2.4). 

Here we see that although ipaH >14,000 cases appeared to be slightly younger (p=0.03) 

and greater proportions from The Gambia, Mali & Kenya (83% vs. 47%, p<0.0001); 

breastfeeding and nutritional characteristics were similar. 

 

DISCUSSION 

 

This study found a significant association between ipaH levels and MSD among children 

>6 months of age in varying age ranges and sites. Similar trends were observed using 

culture detection, which identified a much smaller proportion of Shigella positive cases 

(11% vs. 22%). Not surprisingly, a small proportion (5%) of cases less than 6 months of 

age at all sites shed >14,000 copies of ipaH compared to 15-29% of older children with 

MSD.  Moreover, those infants <6 months of age with high copy numbers were not 

significantly more likely to have MSD than those with <14,000 copies.  This trend is 

similar to the pattern observed with culture results in the GEMS study: the lowest 

attributable fraction of disease due to Shigella was lowest in the 0-11 month age group. 

One likely explanation is that exclusive breast feeding, which was present in 19% of 
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infants <6 months of age, neutralized the infectious inoculum and prevented disease, as 

has been shown by others (Clemens, 1986).  The association between those with >14,000 

copies and MSD strengthened as children aged, reaching a peak at 24-35 months of age, 

consistent with the peak age group for shigellosis reported by others through culture 

identification and has been attributed to a decreased exposure to breast milk and an 

increased exposure to sources Shigella infection on the hands of contacts and in the 

environment as children become more ambulatory (Clemens, Ahmed). In addition, as 

children wean, they are exposed to an increased array of food and water that could serve 

as sources of Shigella infection.  vonSeidlein, et al. suggest a link between quantitation 

and age in their 2006 population-based surveillance of shigellosis (vonSeidlein, 2006). 

They report that ipaH detection was lowest in children less than six months and bacterial 

load peaked in the second year of life; however, this was with a limited sample size and 

did not consider disease free controls. 

 

Another interesting observation is the relationship we observed between copy number 

and the presence of moderate and severe stunting or wasting in both cases and controls.  

One can hypothesize that the immunological impairment that accompanies malnutrition 

renders them less able to control the replication of Shigella in their intestine, leading to an 

increased risk of MSD. 

 

Following the identification of individuals with high levels of Shigella using molecular 

methods, we are now able to re-examine the distribution of disease in different ages and 

sites. According to our breastfeeding results it appears that exclusive breastfeeding could 
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be a contributing factor in protection from shigellosis in early life. As children are 

weaned and introduced to solid foods they may not only lose the protection conferred by 

maternal antibodies but also be introduced to a greater number of food-borne pathogens 

leading to the increase in association after six months. Results of the standard 

microbiological analysis of the GEMS study with larger age strata found that the 

attributable fraction for Shigella consistently increased from 0-11 months to 12-23 

months and the highest attributable fraction was seen in 12-23 months for The Gambia & 

Mali and in 24-59 months in Kenya and Bangladesh (Kotloff, 2013). Our analysis 

supports these observations, however, with a narrower age strata, we see a decrease in the 

association in children age 36-59 months compared to age 24-35 months for QPCR 

identified Shigella. We do not see this decrease in culture identified Shigella though with 

wide confidence intervals perhaps due to limited power. An exploratory analysis of the 

full GEMS data suggests this decrease may occur with a larger sample; further analysis 

may be warranted. The decrease in association in the oldest age group could be a signal 

of established immunity from previous infection or a more robust immune system.  In a 

comparison of the MSD cases with ipaH copies >14,000 but not detected by Shigella 

culture with those detected by culture; sample characteristics were largely 

indistinguishable between these groups; with the exception of site, possibly attributed to 

differing conditions or culture expertise. 

 

The study is limited by the absence of quantitation of potential other pathogens within the 

stool sample and a multiplex approach might be better suited for establishing specific 

etiology and estimating adjusted attributable risk. While our sample was large, the study 
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was not designed to evaluate the differences between cases and controls with ipaH values 

> 14,000 and not powered to detect differences between these groups. Further 

comparisons could perhaps uncover a protective feature found more frequently in 

controls. Finally, the protective association we found between exclusive breastfeeding 

and MSD is statistically significant; however, we did not conduct the analysis stratified 

by age group and measures were collected by self-report, subject to unmeasured cultural 

and reporting biases that could possibly make these estimates unreliable.   

Strengths of this study are exhibited by the significant results of age and site. The 

sensitivity of the molecular test and the ample sample size provided critical power to 

detect differences among the groups. While many studies have established the use of 

ipaH as a marker for shigellosis, few studies have investigated the quantifiable amounts 

shed among different sites and age groups in children, making this study of unique 

importance. As more studies identify more than one pathogen in stools of children with 

diarrhea in low-income settings, it will be important to use molecular methods that are 

efficient, quick and quantitative, providing a better picture of the etiology of a particular 

episode. Given that shigellosis can be a severe invasive bacterial infection, proper 

antibiotic therapy is recommended, highlighting the importance of accurate diagnosis. 

Molecular methods can identify high quantities of ipaH in a matter of hours, compared to 

at least 24 hours required for growth in culture, giving a unique opportunity to initiate the 

appropriate course of treatment. Statistical modeling suggests that new diagnostics could 

have a dramatic effect on health outcomes related to acute malnourishment due to enteric 

pathogens (Ricci, 2006). 
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This study shows a remarkable variability in the association between Shigella and 

moderate-to-severe diarrhea across multiple low-income sites and age groups, exhibited 

by both QPCR and culture detection. While many studies have established the increased 

rate of detection attributable to new diagnostics, it is appropriate that we evaluate the 

impact of these measurements in community-based settings with a multivariable 

approach. Consistent trends identified using established culture techniques support the 

validity of our quantitative approach. This study has demonstrated the added efficiency 

and insight that can be gained from molecular diagnostics.   
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CHAPTER VI. RESULTS: Factors that affect the risk of Shigella associated 

Diarrhea; Co-occurring Enteropathogens, Lactobacillus and the Microbiota
3
 

 

ABSTRACT 

Pathogens in the gastrointestinal tract exist within a vast population of microbes. We 

examined associations between pathogens and the composition of the gut microbiota as 

they relate to Shigella/Enteroinvasive Escherichia coli (EIEC) infection. We analyzed 

3,050 specimens (1,735 non-diarrheal, 1,300 moderate-to-severe diarrheal) from the 

Global Enteric Multicenter Study (GEMS) for nine enteropathogens: Shigella/EIEC, 

measured by quantitative (Q)PCR of ipaH; rotavirus, norovirus, Giardia, 

Cryptosporidium, enteroaggregative E. coli, typical enteropathogenic E. coli and 

enterotoxigenic E. coli identified using traditional techniques; and Campylobacter jejuni 

using 16S rRNA gene sequencing. Diarrheal samples had a significantly higher number 

of enteropathogens (diarrheal mean=1.4, non-diarrheal mean=0.95 (p<0.0001). After 

adjusting for age and site, rotavirus exhibited strong negative association with ipaH 

quantity >14,000 gene copies in cases (OR=0.31, 95% CI 0.17-0.55) and resulted in large 

combined effect of both exposures on moderate-to-severe diarrhea (OR=28.9; 95% CI 

3.8-220). Other coinfections tested showed no significant departure from multiplicativity 

or additivity, suggesting an absence of biological interaction.  Five taxa identified 

through 16S rRNA gene sequencing significantly modified the association on a 
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multiplicative scale between Shigella and diarrhea and of these, Lactobacillus ruminis, L. 

DJF-RP24, L. KLDS-1.0718 and L. TSK-G32.2 exhibited significant negative departure 

from additivity. These Lactobacillus taxa decreased the association between pathogen 

and disease, consistent with the possibility they are protective against Shigella-induced 

diarrhea. Finally, we found that community composition of the gut microbiota was not 

associated with high quantity of Shigella/ipaH but rather with MSD status.   

 

INTRODUCTION 

Diarrheal illness contributes substantially to mortality and morbidity in children in low-

income countries (Lozano, 2012; Walker, 2012). Recent investigations of enteric illness 

have shown a substantive number of cases with more than one pathogen identified (Nair, 

2010; Tanuichi, 2013; Lindsay, 2011; Platt-Mills, 2014; Mason, 2013). The paradigm of 

one-pathogen one-disease has been questioned with the advent of microbiological and 

molecular detection methods with lower limits of detection. Children in developing 

countries in particular seem to be surrounded by a number of pathogenic organisms. 

Studies of the gut microbiota have also implicated a more holistic approach to diarrheal 

illness, showing that children exhibiting signs of severe illness tend to have a less diverse 

microbiota and a predominance of specific genera of organisms (Pop, 2014). These 

studies call for a more holistic approach to understanding diarrheal disease, as influenced 

by the presence or absence of pathogenic organisms, their abundance, the contributions of 

polymicrobial infections and the potential interplay of non-pathogenic commensal 

organisms in diarrheal illness.  
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Molecular-based approaches to pathogen detection enhance the ability to quantify the 

abundance of pathogen being shed in the stool. Two recent studies of children in low-

income countries have highlighted the importance of pathogen quantitation. Lindsay et 

al. (2013), using the Global Enterics Multi-Center Study (GEMS) specimen collection, 

found that 80% of controls and 89% of cases had detectable levels of Shigella. A 

threshold was identified, based on the number of Shigella present, that had a similar 

strength of association with disease as traditional culture, but which detected twice as 

many cases. Platts-Mills et al. (2014), in a study of populations with a high prevalence of 

malnutrition and enteric infections in Tanzania, compared samples taken before and 

during diarrheal episodes.  They did not find an association between the presence of any 

pathogen and diarrhea for fifteen pathogens studied (rotavirus, adenovirus, astrovirus, 

norovirus, sapovirus, Cryptosporidium, Giardia lamblia, Campylobacter jejuni, 

Clostridium difficile, Salmonella, Shiga-toxigenic Escherichia coli [STEC], 

Shigella/enteroinvasive E. coli [EIEC], enterotoxigenic E. coli [ETEC], enteropathogenic 

E. coli [EPEC], and enteroaggregative E. coli [EAEC]).  However, when they considered 

quantity of pathogen on a continuous scale, three organisms (rotavirus, astrovirus and 

Shigella) exhibited significant associations with diarrhea.  

 

In endemic settings, detection of multiple enteropathogens in both asymptomatic and 

symptomatic children is common (Kotloff, 2013; Taniuichi). Previously, multiple 

pathogens in a single stool specimen were detected in patients with a primary diagnosis 

of diarrhea admitted to hospital in Kolkata, India. Samples from about one-third of the 

patients contained more than one pathogen (Nair, 2010). Significant non-random negative 
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associations were demonstrated between Shigella and rotavirus and Shigella and Vibrio 

cholerae (Lindsay, 2011).  A limitation of this study, however, was that it was conducted 

only in diarrhea cases, so it was not possible to make differential comparisons between 

pathogen associations in diarrheal and non-diarrheal samples. A recent report by 

Taniuchi, et al. (2013) followed Bangladeshi children through their first year of life and 

reported the etiology of diarrheal episodes using molecular methods. They found that 

multiple enteropathogens were present i) by the first month of life (mean 2.5 known 

pathogens) ii) in surveillance stools (mean 3.2 known pathogens) and iii) in diarrheal 

stools (mean 4.5 known pathogens). 

 

If multiple pathogens are present, they may interact biologically to increase or decrease 

the probability of symptomatic infection. Bhavnani, et al. (2012) discovered synergistic 

effects in rotavirus-Giardia and rotavirus-E. coli infections, where the presence of these 

co-occurring organisms significantly increased the probability of disease beyond what 

would be expected on the additive scale.  

 

In addition to interactions between pathogenic micro-organisms, the gut microbiota 

comprises thousands of species that may play a role in the etiology of diarrhea. Some 

Lactobacillus and Veillonella species have been identified as potentially protective 

against diarrhea or as markers of a healthy gut microbiota. (Srikanth, 2008; Guandalini, 

2008; Yun, 2005). Probiotic activity has been associated with some Lactobacillus spp., 

bifidobacteria, Veillonella spp., Streptococcus spp., Enterococcus spp., non-pathogenic E. 

coli, and Saccharomyces boulardii (Srikanth, 2008). Randomized clinical trials have 
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investigated the role of some Lactobacillus in treating infectious diarrhea and identified a 

statistically significant benefit in the treatment of acute infectious watery diarrhea in 

infants and young children (Guandalini, 2008). Additionally, L. ruminis has shown 

antimicrobial activity against Vancomycin Intermediate Resistant Staphylococcus aureus 

and Vancomycin-Resistant Enterococci in vitro (Yun, 2005). Using 16S rRNA marker-

gene surveys on stool specimen from a large, international study of diarrhea in children 

under five years of age, we examined relationships between Shigella, the microbiota, and 

diarrhea. 

 

METHODS 

Study Design and Participants 

We utilized stool specimens collected from children less than five years of age, who 

participated in a matched case-control study of moderate-to-severe diarrhea (MSD) by 

the GEMS consortium (for details of this see Kotloff, 2012). Briefly, GEMS was a 

prospective case-control study with the objective of determining the etiology and burden 

of MSD in infants and young children from seven sites in sub-Saharan Africa and south 

Asia. Cases with MSD were enrolled upon presentation to a health clinic. MSD eligibility 

criteria included dehydration (sunken eyes, loss of normal skin turgor, or a decision to 

initiate intravenous hydration), the presence of blood in the stool (dysentery) or a 

decision to hospitalize the child. Matching controls (on gender, age and location) were 

sampled from a demographic surveillance database of the area and included if they 

reported no diarrhea within the previous 7 days. Controls were matched to cases on 

gender, age and location. Case-control sets ranged from a 1:1 to 1:3 ratio. For this study, 



104 
 

we selected a subset of cases and controls from four sites, The Gambia, Mali, Kenya and 

Bangladesh. When samples were allocated, it was not required that their matched 

specimen be included resulting in a disruption of the matches. We, therefore, included 

age and site as covariates in our analysis but did not treat samples as matched sets. 

 

All specimens for this study were collected between December 2007 and December 

2009. One specimen was collected for each child at the time of enrollment. The 

Institutional Review Boards at all participating institutions reviewed and approved the 

protocol. 

 

Specimen Collection 

Stool specimens were handled according to the GEMS protocol (Panchalingham, 2012).  

They were collected in sterile containers, kept at 2-8°C while in transit, and examined 

within 24 hours (<6 hrs between evacuation and placement into transport media, made 

weekly, and <18 hrs before transport swab inoculates the culture plates). Each fresh stool 

specimen was aliquoted into multiple tubes, some of which were frozen at -80°C. DNA 

was isolated from frozen stools by using a bead beater with 3 mm diameter solid-glass 

beads (Sigma-Aldrich), and subsequently 0.1 mm zirconium beads (BIO-SPEC Inc.) to 

disrupt cells. The cell slurry was then centrifuged at 16,000 g for 1 minute, the 

supernatant processed using the Qiagen QIAamp® DNA stool extraction kit. Extracted 

DNA was ethanol precipitated and shipped to the United States where quantitative QPCR 

and 16S rRNA gene amplification was conducted.  
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Microbiology Methods (Rotavirus, Norovirus, Giardia, Cryptosporidium spp, EAEC, 

EPEC, & ETEC) 

Diagnostic microbiology methods for rotavirus, norovirus, G. lamblia, Cryptosporidium 

spp., and diarrheagenic E. coli (EAEC, EPEC & ETEC) were conducted at each site as 

described by Panchalingham, et al. (CID, 2012). Briefly, E. coli were selected from 

MacConkey agar plates and tested using motility indole ornithine medium. EAEC, EPEC 

& ETEC pathotypes were identified using PCR of known virulence determinants of each 

pathogen (ETEC: heat-labile (LT) and heat-stabile (ST) enterotoxins; EPEC: intimin 

(eae) outer membrane protein adhesin and plasmid-encoded bundle-forming pilus (BFP); 

EAEC: plasmid-encoded gene aatA and the EAEC chromosomally encoded aaiC locus). 

Rotavirus was detected using the ProSpecT ELISA Rotavirus kit (Oxoid). Norovirus GI 

& GII were detected by a multiplex PCR reaction targeting synthesized complementary 

DNA following viral RNA extraction and reverse transcription. G. lamblia and 

Cryptosporidium spp. were detected using commercially available immunoassays 

(TechLab, Inc) following manufacturer's protocols. Although the GEMS study tested for 

other enteric pathogens, our analysis included only pathogens that were present in at least 

4% of specimens. 

 

Quantitative Polymerase Chain Reaction (Shigella spp/EIEC) 

Each DNA was tested by QPCR for Shigella/EIEC using the Applied Biosystems 

7500/700 Fast Real-Time PCR System with software V2.0.5 and SYBR Green-Based 

fluorescent dye. (Applied Biosystems) Details on primer design, PCR conditions and 

standard curve analysis have been presented elsewhere. (Vu, 2004; Taniuchi, 2012; 
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Lindsay, 2013).  Shigella/EIEC was identified with primers targeting the ipaH gene 

(Lindsay, 2013). We used a threshold of 14,000 ipaH gene copies to categorize 

individuals shedding low-levels of Shigella spp. and high-levels of Shigella spp. within 

their stool. The threshold was established by constructing receiver operating 

characteristic curves to determine the sensitivity and specificity of incremental increases 

of ipaH quantity compared to disease status and set based on the point that maximized 

sensitivity and specificity (Lindsay, 2013). For brevity, we will refer to these groups as 

“high ipaH” and “low ipaH” for the remainder of the document. 

 

16S rRNA Gene Sequencing and Analysis & C. jejuni Identification 

DNA was amplified using ‘universal’ primers targeting the V1-V3 region of the 16S 

rRNA gene (small subunit of the ribosome) in bacteria (518R [5’-

CAATTACCGCGGCTGCTGG-3’] and 27F [5’-AGAGTTTGATCCTGGCTCAG-3’]).  

Both forward and reverse primers had a 5’ portion specific for use with 454 Titanium 

sequencing technology and the forward primers contained a barcode, so that samples 

could be pooled to a multiplex level of 192 samples per instrument run.  

 

As described (Pop, 2014), individual reads were filtered for quality using custom in-

house scripts that removed sequences that: (i) contained any ambiguity codes (N); (ii) 

were shorter than 75 cycles of the 454 instrument (each cycle yields an average of 2.5 bp 

depending on the sequence composition); (iii) whose barcode could not be identified. 

These checks are similar to those that can be performed by Mothur (Schloss, 2009). The 

high quality sequences were separated into sample-specific sets according to the 
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barcodes. Conservative OTUs were clustered using DNAclust (Ghodsi, 2011) with 

parameters (-r 1) (99% identity clusters) thus ensuring that the definition of an OTU was 

consistent across all samples. To obtain taxonomic identification, a representative 

sequence from each OTU was aligned to the Ribosomal Database (RDP)(Cole, 2015) 

(rdp.cme.msu.edu, release 10.4) using blastn with long word length (-W 100) in order to 

only detect nearly identical sequences. Sequences without a nearly identical match to 

RDP (> 100 bp perfect match and > 97% identity, as defined by BLAST) were marked as 

having “unassigned” and assigned an OTU identifier. If a sample contained taxa 

classified as C. jejuni we identified this sample as C. jejuni positive. 

 

Statistical Analysis 

Associations between high levels of ipaH and each additional pathogen stratified by 

diarrheal status were assessed for those with MSD and controls using separate logistic 

regression models with high ipaH as the dependent variable. Then, logistic regression 

using MSD as the outcome of interest was conducted to test for the interaction between 

high ipaH quantity and either (1) pathogenic micro-organisms tested for by GEMS or (2) 

species identified by 16S rRNA gene sequencing. All models were adjusted for potential 

confounding due site and age with categorical site and age terms in the model. To assess 

whether the odds ratios due to having high ipaH and additional microbe differed from the 

product of the odds ratios due to having each one separately (i.e. multiplicative 

interaction) we used a logistic regression model with an interaction term containing ipaH 

quantity and the additional microbe of interest. To assess whether the excess risk of 

having ipaH and an additional microbe differed from the sum of the excess risk of having 



108 
 

each separately (i.e. additive interaction), we estimated the relative excess risk due to 

interaction (RERI, also called interaction contrast ratio [ICC]),]) which can be interpreted 

as the part of the total effect that is due to interaction (Rothman, 2012). This was 

calculated using the odds ratios given joint exposure combinations where the reference 

group is the absence of both exposures (Knol, 2011; Andersson, 2005; Rothman, 2012). 

An RERI equal to zero indicates no additive interaction, whereas an RERI >0 means 

positive additive interaction and an RERI <0 means negative additive interaction. Ninety-

five percent confidence intervals were estimated using the Hosmer-Lemeshow procedure 

(Zou et al., 2008; Hosmer-Lemeshow et al., 1992). All statistical analysis was performed 

using SAS Version 9.2 (SAS Institute, Cary, NC) & R 2.15 and p-values less than 0.05 

were considered statistically significant. 

 

RESULTS 

Three thousand and thirty-five (1,735 non-diarrheal, 1,300 MSD) stools from children 

under five years of age from The Gambia, Mali, Kenya and Bangladesh were examined 

for Shigella spp. through identification of ipaH using QPCR; for G. lamblia, 

Cryptosporidium, and rotavirus by ELISA; for norovirus by PCR, and for EAEC, ETEC 

or EPEC by either culture and subsequent PCR; and for C. jejuni by 16S rRNA gene 

sequencing. Demographics of the samples are presented in Table 3.1. Diarrheal samples 

had a significantly higher number of pathogens (diarrheal mean=1.4, non-diarrheal 

mean=0.95 [p<0.05]). 
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Table 3.1 Demographics and Pathogen abundance by MSD Cases and Control Status 

 MSD 

Cases 

N=1,300 

Controls 

N=1,735 
 

 Total 

N=3,035 

 N (%) N (%) p-value N (%) 

Age, mo. ; Mean (SD) 16.7 (12) 17.8 (12) 0.0073 17.39 (11.96) 

     0-5 mo. 156 (12) 177 (10) 0.0026 333 (11) 

     6-11 mo. 413 (32) 465 (27)  878 (29) 

     12-23 mo. 431 (33) 617 (35)  1048 (35) 

     24-35 mo. 185 (14) 311 (18)  496 (16) 

     36-69 mo. 115 (9) 165 (10)  280 (9) 

Site 

 

    

     Gambia 356 (27) 408 (23) <0.0001 764 (25) 

     Mali 103 (8) 114 (7)  217 (7) 

     Kenya 636 (49) 779 (45)  1415 (47) 

     Bangladesh 205 (16) 434 (25)  639 (21) 

ipaH >14,000 277 (22) 127 (7) <0.0001 404 (13) 

Rotavirus 183 (14) 41 (2) <0.0001 224 (7) 

Norovirus GI or GII 127 (10) 141 (8) 0.1146 268 (9) 

Giardia 230 (18) 373 (22) 0.0093 603 (20) 

Cryptosproridium 142 (11) 87 (5) <0.0001 229 (7) 

tEPEC 106 (8) 104 (6) 0.0203 210 (7) 

EAEC 253 (19) 347 (20) 0.7124 600 (20) 

ETEC 181 (14) 148 (8) <0.0001 329 (11) 

C. jejuni 341 (26) 264 (15) <0.0001 605 (20) 

Total Pathogens; Mean 

(SD) 1.4 (0.9) 0.9 (0.9) <0.0001 1.2 (0.9) 

 

Figure 3.1 Association of Co-occurring pathogens with ipaH in (A)Cases & (B)Controls 
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Table 3.2 Association between Pathogens and High ipaH in Cases and Controls 

  High 

ipaH 

Low ipaH       

Cases N (%) N (%) OR 95% CI  p-value 

Rotavirus 14 (8) 169 (17) 0.31 (0.17-0.55) 1.06-E-06 

Norovirus GI or GII 32 (12) 95 (9) 1.41 (0.91-2.18) 0.1175 

Giardia 43 (16) 187 (18) 0.69 (0.47-1.00) 0.0524 

Cryptosporidium 24 (9) 118 (12) 0.84 (0.53-1.34) 0.4625 

tEPEC 27 (10) 92 (9) 1.15 (0.71-1.86) 0.5759 

EAEC 58 (21) 195 (19) 1.37 (0.97-1.93) 0.0697 

ETEC 32 (12) 149 (15) 0.85 (0.56-1.30) 0.4601 

C.jejuni 68 (24) 273 (27) 1.01 (0.74-1.38) 0.9379 

Controls N (%) N (%) OR 95% CI  p-value 

Rotavirus 1 (1) 40 (2) 0.31 (0.04-2.33) 0.2607 

Norovirus GI or GII 13 (10) 128 (8) 1.34 (0.73-2.45) 0.3395 

Giardia 25 (20) 348 (22) 0.81 (0.51-1.29) 0.3803 

Cryptosporidium 9 (7) 78 (5) 1.52 (0.74-3.11) 0.2531 

tEPEC 11 (9) 107 (7) 1.13 (0.53-2.39) 0.7547 

EAEC 27 (21) 320 (20) 1.13 (0.72-1.77) 0.597 

ETEC 11 (9) 137 (9) 1.01 (0.53-1.93) 0.9709 

C.jejuni 21 (16) 243 (15) 1.15 (0.07-1.89) 0.5796 

 

Associations and Interaction Effects of Co-occurring Pathogens 

In 69% (N=278/404) of high ipaH samples (71% of high ipaH diarrheal and 64% of high 

ipaH non-diarrheal samples), we identified the presence of an additional pathogen. In low 

ipaH samples, we identified the presence of an additional pathogen in 69% 

(N=1815/2631; 80% of low ipaH diarrheal and 62% of low ipaH non-diarrheal samples). 

After adjusting for age and site, rotavirus exhibited a significant negative association with 

high ipaH quantities in cases (OR 0.31, 95% CI 0.17-0.55); while in both cases and 

controls no other pathogen exhibited a significant association (Figure 3.1; Table 3.2).   

 

We tested for interaction on a multiplicative, as well as, an additive scale of the 

additional exposure on the association between high ipaH and MSD. Of the eight 
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pathogens tested, none exhibited statistically significant departure from odds ratio 

additivity or multiplicativity. Rotavirus was negatively associated with the presence of 

high ipaH quantities (Table 3.3) and we only observed 15 samples that had high ipaH 

quantities and were positive for rotavirus; 14 out of 15 of these were diarrheal samples. 

The joint effect of the presence of rotavirus and high ipaH on diarrheal status had an odds 

ratio of 28.8 (95% CI 3.8-220).  Although this point estimate was much higher than the 

expected additive effect of 10.57, neither this result nor the tests for departure from 

additivity or multiplicativity with other pathogens on Shigella were statistically 

significant (Table 3.4).  

 

Interaction Effects of Lactobacillus and Veillonella Taxa 

Sixty-one Lactobacillus and Veillonella taxa were identified through our 16S rRNA gene 

sequencing. Our analyses were limited to the 31 taxa that were present in at least 4% of 

the sample or co-occurred with high ipaH quantities at least ten times. We tested for a 

significant departure from multiplicativity between high ipaH and the identified 16S 

rRNA gene taxon using a logistic regression model adjusted for age and site; including an 

interaction term between ipaH quantity and taxon presence (Table 3.4). Five taxa with 

sufficient sample size were found to demonstrate significant negative departure from 

odds ratio multiplicativity, identified by the corresponding interaction term having 

p<0.05 and of these, Lactobacillus ruminis, Lactobacillus DJF-RP24, Lactobacillus 

KLDS 1.0718 and Lactobacillus TSK G32.2 exhibited significant departure from 

additivity (RERI range -1.92 to -2.69; Table 3.4 & 3.5). The joint effect of high ipaH 

quantity combined with the presence of L. ruminis, L. DJF RP24, L.KLDS 1.0718 or 
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Figure 3.2 Significant Departure from Additivity between ipaH quantity and 

Lactobacillus TSK G32.2 on the odds of Moderate-to-Severe Diarrhea. The reference 

group is Lactobacillus TSK G32.2 negative, low ipaH. Here we see that the observed 

combined joint effect of high ipaH and L.TSK G32.2 is significantly lower than the 

expected additive effect. Neg.=Negative, Pos.=Positive, Exp.=Expected, Obs=Observed. 
 

 
 

 

L.TSK G32.2 was significantly lower than the expected additive effect (Figure 3.2 and 

Table 3.6) suggesting an antagonistic interaction or a decreased association with MSD 

when specific Lactobacillus were present compared to when they were absent. Finally, 

when we tested the four Lactobacillus taxa against eight additional pathogens; no 

significant additive effects were observed (Table 3.7). 
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Table 3.5 The multiplicative p-value was estimated using a logistic regression model 

with an interaction term between high ipaH and the bacterial taxa and represents 

significance testing for departure for multiplicativity whereas the RERI p-value 

represents significance testing for departure from additivity. 

  RERI (95% CI) p-value 

Multiplicative 

p-value 

Lactobacillus DJF RP24 -2.44 (-3.93- -0.95) 0.0012 0.0055 

Lactobacillus KLDS 1.0718 -1.93 (-3.56- -0.29) 0.0205 0.0161 

Lactobacillus TSK G32.2 -2.69 (-4.55- -0.84) 0.0044 0.0213 

Lactobacillus salivarius -1.02 (-3.18-1.14) 0.3562 0.0315 

Lactobacillus ruminis -1.92 (-3.36--0.47) 0.0092 0.0470 

Veillonella R54 -1.73 (-3.48-0.03) 0.0536 0.0586 

Lactobacillus KLDS 1.0713 -2.06 (-4.59-0.48) 0.1118 0.0629 

Veillonella BP2.87 1.12 (-0.38-2.62) 0.1442 0.0635 

Lactobacillus gastricus -1.46 (-4.07-1.16) 0.2755 0.0804 

Lactobacillus fermentum -0.61 (-2.83-1.62) 0.5918 0.0840 

Veillonella BP1.85 1.78 (-0.09-3.65) 0.0621 0.0905 

Lactobacillus gasseri -1.10 (-2.96-0.76) 0.2453 0.1022 

Lactobacillus vaginalis -1.12 (-3.08-1.47) 0.3983 0.2080 

Veillonella AA050 0.84 (-0.65-2.34) 0.2681 0.2122 

Lactobacillus mucosae -0.74 (-2.48-1.00) 0.4043 0.3079 

Veillonella HB016 11.19 (-8.17-30.55) 0.2574 0.3399 

Veillonella dispar 0.76 (-0.80-2.32) 0.3402 0.4225 

Veillonella ratti -0.44 (-1.87-0.98) 0.5421 0.4967 

Lactobacillus oris -0.25 (-3.83-3.32) 0.8898 0.5502 

Veillonella BP2.30 -0.64 (-4.46-3.18) 0.7433 0.5849 

Veillonella MB5.P17 1.15 (-2.31-4.63) 0.5134 0.6547 

Veillonella B9 0.35 (-2.79-3.50) 0.8254 0.6895 

Veillonella R57 -0.51 (-2.64-1.62) 0.6369 0.7139 

Veillonella F12 0.14 (-4.95-5.24) 0.9555 0.7545 

Veillonella atypica -0.08 (-1.93-1.77) 0.9351 0.7802 

Veillonella BP2.47 0.06 (-1.07-1.82) 0.9394 0.7908 

Veillonella E4 0.33 (-3.10-3.77) 0.8500 0.7995 

Veillonella parvula -0.13 (-2.04-1.78) 0.8947 0.8006 

Veillonella ASCG02 -0.65 (-2.10-0.80) 0.3797 0.8861 

Lactobacillus crispatus -0.36 (-3.34-2.62) 0.8119 0.9687 

Veillonella C8 1.19 (-2.98-5.36) 0.5762 0.9701 
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Table 3.7 Interaction between pathogens and (1)Lactobacillus ruminis, 

(2)Lactobacillus DJFRP24 (3)Lactobacillus KLDS 1.0718 & (4)Lactobacillus TSK 

G32.2 on the odds of Moderate to Severe Diarrhea 

  RERI (95% CI) p-value 

Multiplicative  

p-value 

Lactobacillus ruminis       

Rotavirus 1.78 (-2.48-6.05) 0.4131 0.1159 

Norovirus GI or GII -0.38 (-0.93-0.16) 0.1690 0.1919 

Giardia 0.02 (-0.25-0.29) 0.8970 0.8367 

Cryptosproridium  -0.37 (-1.58-0.81) 0.5266 0.9954 

tEPEC 0.12 (-0.51-0.75) 0.7103 0.5156 

EAEC -0.10 (-0.40-0.20) 0.5122 0.3976 

ETEC -0.45 (-1.14-0.23) 0.1910 0.3863 

C. jejuni 0.19 (-0.35-0.73) 0.4907 0.0967 

Lactobacillus DJF RP241 
  

  

Rotavirus 2.74 (-1.84-7.32) 0.2410 0.0436 

Norovirus GI or GII -0.08 (-0.61-0.44) 0.7598 0.8675 

Giardia -0.07 (-0.34-0.21) 0.6413 0.4046 

Cryptosproridium -1.02 (-2.30-0.26) 0.1177 0.2651 

tEPEC -0.17 (-0.81-0.48) 0.6131 0.8136 

EAEC 0.15 (-0.14-0.45) 0.2983 0.3892 

ETEC -0.21 (-0.86-0.45) 0.5386 0.9017 

C. jejuni 0.06 (-0.50-0.62) 0.8324 0.2681 

Lactobacillus KLDS 1.0718 
 

  

Rotavirus 7.28 (-5.19-19.75) 0.2524 0.1500 

Norovirus GI or GII -0.16 (-0.97-0.65) 0.6913 0.6566 

Giardia 0.15 (-0.38-0.68) 0.5851 0.4828 

Cryptosproridium 0.64 (-1.20-2.48) 0.4962 0.5679 

tEPEC 0.15 (-0.91-1.20) 0.7796 0.8473 

EAEC -0.23 (-0.69-0.23) 0.3223 0.3508 

ETEC 0.49 (-0.86-1.84) 0.4779 0.5289 

C. jejuni 0.26 (-0.55-1.08) 0.5266 0.6000 

Lactobacillus TSK G32.2 
  

  

Rotavirus ** ** 0.9420 

Norovirus GI or GII 0.09 (-1.15-1.35) 0.8778 0.9216 

Giardia -0.49 (-1.06-0.79) 0.0908 0.1530 

Cryptosproridium 0.56 (-1.70-2.84) 0.6246 0.7214 

tEPEC 2.08 (-1.21-5.38) 0.2149 0.0826 

EAEC -0.11 (-0.77-0.55) 0.7429 0.7760 

ETEC 0.16 (-1.26-1.58) 0.8246 0.9465 

C. jejuni 0.13 (-0.99-1.27) 0.8154 0.9880 

**Cannot compute due to no L.TSK G32.2/Rotavirus+ Controls   
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16S rRNA Gene-based Bacterial Community Profiles 

The proportional abundance of the top nine most abundant genera identified through 16S 

rRNA marker-gene sequencing differed among samples with high and low ipaH levels 

and with and without diarrhea (Figure 3.3). The overall composition of diarrheal stools 

had an increased relative abundance of facultative anaerobes, even in low ipaH diarrheal 

stools (mean diarrheal = 0.47; mean non-diarrheal= 0.22; p<0.0001). Overall, high ipaH 

diarrheal specimens had the lowest proportion of Prevotella (0.11) and low ipaH 

diarrheal samples exhibited the second lowest (0.15), while high ipaH and low ipaH non-

diarrheal specimens had similar proportions of Prevotella (0.25 & 0.24, respectively;  

p=0.63). The Shigella species represented by the ipaH QPCR quantification were a subset 

of the Escherichia/Shigella genus identified by the 16S rRNA gene with, which could not 

be distinguished from commensal strains. Still, diarrheal specimens appeared to have a 

larger proportional abundance of members of the Escherichia/Shigella genus (p<0.0001), 

regardless of ipaH status; however high ipaH diarrheal specimens had a significantly 

higher proportional abundance of Escherichia/Shigella sequences (31%, p<0.0001) 

compared to the other groups. The Veillonella genus showed little variation between 

groups, while streptococci tended to follow a pattern opposite to Prevotella, with larger 

proportions found in the diarrheal stools (13% in high ipaH and 10% in low ipaH versus 

7% in high ipaH & 5% in low ipaH non-diarrheal stools; p<0.0001), regardless of ipaH. 

status. There was no association between diversity indices and ipaH abundance (linear 

regression adjusted for MSD, age and site p=0.95), although diversity was significantly 

associated with age, site and MSD (F-test p<0.0001, p=0.004 & p<0.0001 respectively), 

Figure 3.4. 
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Figure 3.3 Overall 16S rRNA gene-based bacterial community profiles of high ipaH 

diarrheal samples (N=277), low ipaH diarrheal samples (N=1,023), high ipaH non-

diarrheal samples (N=127), and low ipaH non-diarrheal samples (N=1,608).  

 
DISCUSSION 

This study explored interactions between Shigella/EIEC and (1) pathogenic species 

identified through traditional microbiological methods, and (2) other taxa of the 

microbiota. It has been widely reported that molecular methods tend to detect a larger 

number of pathogens, and a larger proportion of pathogen positive samples (Taniuchi, 

2013; Sinha, 2013). We found that 68% of high ipaH samples had a co-occurring 

pathogen. Similar to the results comparing pathogen load prior to and during diarrheal 

episodes, our previous ipaH QPCR research suggests that the incorporation of a 

quantitative based identification method is advantageous for identifying true disease 
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Figure 3.4 Shannon Diversity Index in low ipaH diarrheal, low ipaH non-diarrheal, 

high ipaH diarrheal, & low ipaH diarrheal samples stratified by age group. 
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associations (Platts-Mills, 2014; Lindsay,  2013). In this study we leveraged the added 

discriminatory power of QPCR and 16S rRNA gene sequencing to identify potential 

interactions between gut microbes and examine microbial composition in environments 

with differing quantities of ipaH paired with MSD. 

 

This study replicates the findings of non-random negative association between rotavirus 

and Shigella in polymicrobial infections in diarrheal patients in India (Lindsay, 2011) and 

a similar analysis in The Gambia (Shigella/rotavirus OR=0.36, 95% CI 0.14-0.92; 

Kwambana 2014). While we did identify significant correlations between rotavirus and 

ipaH quantity, no pathogen exhibited a significant antagonistic or synergistic interaction 

effect on the odds of MSD illness. While all but one of the rotavirus-positive high ipaH 

samples were cases, the negative association between these pathogens gave us limited 

sample size to assess a possible synergistic effect. An observation of synergistic effects 

between high ipaH and rotavirus, RERI/ICC of 9.93 (95% CI 2.61-28.41), was observed 

in Ecuador and it was concluded that during coinfection pathogenic potential appears to 

be enhanced (Bhavnani, 2012). Our RERI/ICC was 18.29, but the effect was not 

statistically significant, perhaps due to small sample size.  

 

GEMS was designed as a matched case-control study with the inclusion of thousands of 

samples matched on location, gender, time and age. A possible limitation of our methods 

is that we did not use matched pairs but rather adjusted for site and age using statistical 

modeling. This methodology was employed because of the large number of broken 

matched pairs; thus, inclusion of all samples greatly increased our sample size. Generally, 
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it is thought that the lack of an appropriate matched analysis biases the effect estimates 

towards the null; however some research has shown that including samples with missing 

data and adjusting using confounding terms is valuable, particularly with a larger sample 

size (Hansson, 2008; Lynn, 1992). An additional limitation of our study design is, given a 

cross-sectional study sample set, we are unable to identify temporal associations and are 

unable to attribute cause and effect. The 16S rRNA gene sequencing method to identify 

taxa of interest is limited in that our identification is only as precise as the RDP attributed 

taxonomy. Thus, further characterization and species specific identification is warranted 

in uncultured bacteria such as Lactobacillus KLDS 1.0718. Additionally, while our study 

intended to investigate possible protective effects of the microbiota; the primer sets used 

in this study (targeting the V1-V2-V3 hypervariable regions of the 16S rRNA gene) do 

not amplify bifidobacteria with great sensitivity, and these are known to be dominant 

members of the intestinal microbiota of breast-fed infants (Frank, 2008; Sim, 2012).  

Previous work has shown significant shifts in the microbiota of children in low-income 

countries in diarrheal compared to non-diarrheal samples (Pop, 2014). Our study shows 

that the composition of the microbiota is more closely associated with diarrheal status 

than with high levels of ipaH. Children who had high levels of ipaH but did not have 

diarrhea were more similar to non-diarrheal low ipaH individuals than diarrheal high 

ipaH individuals.  

 

The gut microbiota is a highly complex entity, and it is essential to investigate how these 

microbes interact. The paradigm of enteric illness in low income countries has shifted 

with the observation of common coinfection and pathogens present in non-diarrheal 
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individuals. Our study found little evidence of biological interaction between Shigella 

and coinfecting pathogens. While the cross-sectional design precludes strong statements 

of cause and effect, our data are consistent with the possibility that some Lactobacillus 

taxa naturally occurring in the gut and are protective against Shigella-induced diarrhea. 

Future studies should continue to consider the effects of co-occurring species. 
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CHAPTER VII. DISCUSSION 

A. Summary and Implications 

Recently, research on the etiology and burden of diarrheal illness in children in low-

income countries has advanced with the appreciation of surveillance screening in non-

diarrheal patients to establish a baseline and the advent of new diagnostic techniques. 

Large case-control and longitudinal studies have shown that the burden of any number of 

pathogens in these children is remarkable (Kotloff, 2012; Taniuichi, 2013). In a 

commentary in the Journal of Infectious Disease in late 2013, Ed Ryan stated that, “Both 

the GEMS and Taniuchi et al have found a stark reality: it is “normal” to be able to detect 

a range of enteropathogens in the intestines of infants and young children in resource-

limited settings, including those under surveillance with no evident diarrhea.”(Ryan, 

2013)  The research summarized in this dissertation research comes right on the heels of 

these prominent discoveries, highlighting the value of a quantitative molecular based 

pathogen identification approach and demonstrating the benefits of these methods for 

understanding the epidemiology of Shigella/EIEC and its interactions with the 

surrounding array of microbes.  The objective of this research was to examine the 

association between the quantity of Shigella spp. and enteroinvasive Escherichia coli 

(EIEC) identified in stool and MSD and how this association is modified by different 

factors such as the age, location, and the gut microbiota.  First, we established a precise, 

quantitative based identification method of Shigella and EIEC using a molecular marker, 

ipaH. We found that the relationship between ipaH and disease was maximized at 

approximately 14,000 gene copies measured by QPCR and this threshold indicates a 

larger proportion of cases with a high ipaH load than a conventional culture based 



132 
 

approach. Then, using this threshold, we examined the relationship between ipaH and 

epidemiologic parameters such as age, location, breastfeeding and nutritional status. We 

found age and location were significant effect modifiers of the relationship between ipaH 

and MSD, with the greatest association seen in children 24-35 months of age (OR 8.2; 

95% CI 4.3-15.7) and from Bangladesh (OR 13.2; 95% CI 7.3-23.8). These effects were 

consistent with those found using culture-based identification, suggesting that while cases 

identified using the ipaH quantitative approach were almost twice as abundant, the 

underlying distribution of epidemiologic characteristics were similar.  In this scenario, 

the cases missed by culture identification are a random subset of the high ipaH cases. 

Finally, following the validation and examination of the ipaH based Shigella/EIEC 

identification; we found that while other pathogens co-occurred frequently with high 

levels of ipaH, with the exception of perhaps rotavirus, there did not appear to be 

significant interplay between pathogens.  Conversely, by utilizing 16s rRNA sequencing 

we were able to identify four taxa of Lactobacillus that have significant potentially 

protective effects when found in conjunction with high levels of ipaH. We also found that 

the overall composition of the gut was more strongly associated with symptomatic MSD 

as opposed to levels of high ipaH alone.  These results contribute to the growing 

appreciation of the complexity of the gut ecosystem; attributing illness to one pathogen 

alone can be problematic and a more holistic approach is needed.   

 

i. Shigella/EIEC Diagnostics and Epidemiology 

It is generally accepted that there are limitations to culture based identification of micro-

organisms. Shigella are extremely fastidious and detection requires careful technique. A 
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number of other studies have utilized ipaH as a molecular marker for the presence of 

Shigella/EIEC (as outlined in the Background Chapter) however; the utilization of 

identification based on a quantitative measure in our study is unique. Platts-Mills et al 

just recently investigated the limitations of quantitative identification techniques and 

found that with qualitative detection there was no significant association with diarrhea 

but found an OR of 1.47 (p<0.04) per log10 increase in the abundance of Shigella/EIEC 

(measured by ipaH) (Platts-Mills, 2014).  Following examination of the distribution of 

the association between ipaH quantity and MSD and the ROC analysis we were not 

satisfied with a linear approach because the relationship appeared to change in slope and 

chose to dichotomize our indicator at 14,000 gene copies. This analysis is unique and a 

threshold is useful for definitive clinical diagnostics. Quantitative analysis of 

enteropathogens is just beginning to be appreciated and our research significantly pushes 

this area forward.  

 

Our analysis of the epidemiology of Shigella/EIEC infection based on molecular based 

identification techniques showed a remarkable variability in the association between 

Shigella and moderate-to-severe diarrhea across multiple low-income sites and age 

groups. While many studies have established the increased rate of detection attributable 

to new diagnostics, it is due time that we evaluate the impact of these measurements in 

community-based settings with a multivariable approach. Consistent trends identified 

using established culture techniques support the validity of our quantitative technique, 

demonstrating the added efficiency and insight that can be gained from molecular 

diagnostics. 
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ii. Shigella and the Gut Microbiota 

With the decline in expense of sequencing technologies, research involving identification 

of whole populations of microbes has advanced at a staggering pace. Array-based 

technologies have been developed that have afforded researchers the ability to identify 

not only one enteropathogen of interest but a number of potential targets. Our study 

utilized molecular based approaches only for Shigella/EIEC in order to maintain a 

manageable project scope and evaluate a specific gene target of interest; however it is 

clear that precise molecular measurements should be used to examine effects of all 

pathogens. This particularly includes further research into evaluation of interactions 

utilizing molecular based approaches for all pathogens would be of interest. 

 

Gut microbiota research has expanded exponentially in health and disease research and 

we have integrated some of these approaches to examine the microbial community 

composition in children with and without diarrhea and with differing levels of ipaH in 

their stool. To our knowledge this is the first study to examine differences in the gut 

microbiota of children due to a specific pathogen and to identify potential taxa of bacteria 

that may be considered protective against diarrheal disease. We limited our approach to 

testing Lactobacillus and Veillonella species because they have previously been 

identified as potential probiotics. This gave us the scope and statistical power necessary 

to test specific interaction hypotheses. Prior research has tested the potential for 

pathogenic interaction; but not protective interaction on an epidemiologic scale. Our 

results are supported in the literature by a study published in 2005 by Yun, et al. which 

found antimicrobial activity of L. ruminis against Vancomycin Intermediate Resistant 
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Staphylococcus aureus and Vancomycin-Resistant Enterococci in vitro (Yun, 2005). 

Other Lactobacillus species have been tested in clinical trials as potential treatment for 

acute infectious diarrhea (Guandalini, 2008).  

 

Further research to test these identified interactions is warranted. Following genomic 

characterization and potential isolation of L. KLDS 1.0718, L. DJF RP24, L. TSK-G32. 

and L. ruminis we would suggest that in vitro studies in T84 human epithelial cells be 

conducted. Here, the hypothesis could be tested that cells which are exposed to both 

Shigella/EIEC and the Lactobacillus species exhibit a smaller decrease in transepithalial 

electrical resistance and reduced release of IL-8 compared to cells exposed to just 

Shigella/EIEC. Further epidemiologic research could be conducted following the 

identification of a specific gene target for Lactobacillus species and collection of 

additional stool samples to test potentially quantitative effects of the interaction. 

 

B. Strengths & Limitations 

Strengths and limitations of each dissertation manuscript have been discussed within the 

results chapter for each manuscript; however we will outline some important points of 

discussion here. Traditional case control study designs have inherent limitations. In our 

study, because individuals were enrolled during their diarrheal episode, it is impossible to 

establish a temporal association between changes in the gut flora and disease. We do not 

know if the child had diarrhea prior to or following the presence of Shigella in their stool. 

In future study designs, it may be worthwhile to sample a cohort over time to determine 

how the composition of the stool changes over time and how the development of diarrhea 
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is associated with these changes. Case-control studies cannot measure risk or generate 

incidence data. Because we conduected our study in developing countries and within a 

limited age range, our findings may not be generalizable to other geographic areas or a 

larger age range. This may be a limitation but also can be considered a strength; as a large 

proportion of morbidity and mortality due to enteric disease occurs within developing 

countries similar to the ones included in our sample. 

 

Our outcome measurement, MSD, while collected in a systematic fashion is not without 

potential recall bias. Caretakers are asked to report whether or not the child had 3 or more 

abnormally loose stools within the previous 24 hours and eligibility is determined based 

on the answers to this and the questions, did the current diarrhea episode begin within the 

previous 7 days and before this episode began did the child have at least 7 days without 

diarrhea. Potential study subjects were not monitored on a daily basis to ascertain 

whether or not they had diarrhea. We rely primarily on the caretaker for accurate 

reporting and in an environment where the caretaker may be responsible for many 

children and may not witness all stool samples passed particularly in older children, there 

may be some recall bias in our outcome measurement. In order to be included in our 

case-definition however the child must have moderate-to-severe diarrhea. Because we are 

using a more specific outcome, with specific symptoms that the child must exhibit upon 

presentation to the clinic, the risk of misclassification may be somewhat mitigated. 

 

It is also to be noted that our study has been retrospectively sampled from the much 

larger GEMS, not originally designed for the specific objectives outlined in our aims and 
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methods. Therefore we are unable to go back and refine our exposure, outcome and 

covariate measurements. There are some additional indicators that might have been 

useful to our study objectives but were not measured; particularly more detailed 

nutritional and diet measurements may have been useful as well as additional 

environmental exposures.  

 

Our study may also have some potential bias introduced by the sample allowed by us 

from GEMS. Individuals were only enrolled into our study if a sufficient amount of stool 

was collected as an additional resource. There may be some reasons why a child may 

have a higher stool volume, for example children that are extremely ill may have already 

reached a point of dehydration where stool volume is limited. This may be ameliorated 

by the criteria of GEMS excluding children whose caretaker refused because the child 

was too sick. Also, the GEMS tabulated missed enrollments where the child was eligible 

but a sufficient stool sample was not provided.  

 

The utilization of new molecular techniques is advantageous for our study design, but 

these techniques are not without their drawbacks. Any new protocol will be subject to 

bias introduced due to the time it may take to refine a technique or properly measure an 

outcome. While we have generated a great wealth of 16S data, because it is a unique 

dataset there is little precedent for accurate sequence assembly and taxonomic 

identification.  This limitation is evidenced in the results of our microbial interaction 

analysis. The 16s rRNA method to identify taxa of interest was limited in that our 

identification could be only as precise as the RDP attributed taxonomy. For this reason, 
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further genomic characterization and species specific identification is warranted in 

uncultured bacteria such as L. KLDS 1.0718 or L. DJF RP24. Furthermore, estimates of 

how well the fecal sample actually represents the gut microbiota are still being 

considered. However, studies like ours encourage the use of, new techniques and utilizing 

16S data to test specific epidemiologic hypotheses may become more common.  

 

Measures using QPCR are subject to some amount of approximation. We know that ipaH 

is not specific for Shigella spp. but also for EIEC. EIEC was not screened for in GEMS 

because it was not believed to be a pathogen seen in high enough frequency to warrant 

testing. Viera, et al. (2007) reported results of a Medline search on studies testing for the 

presence of EIEC stating that of 42 articles 35% found no EIEC, and 40% found EIEC to 

represent less than 4% and fewer than 10 isolated cases from selected stool samples. 

They note some exceptions with reports of >4% to 6.7% in Beijing, Bangkok, Chile and 

Senegal and 1.3 cases per 100 people in their own study in Ecuador; though their 

methods are slightly unclear as their study used ipaH identification as well. A study by 

Pavlovic, et al. 2011 suggested the use of a duplex real-time PCR specific for genes 

encoding beta-glucuronidase and lactose permease (lacY) for differentiation; all EIEC 

were positive for the lacY and no Shigella isolate harbored lacY; however this method 

would not be feasible as we did not have the isolates available to us and detection in our 

extracted DNA would not allow us specificity as samples could potentially have both 

Shigella and EIEC. Because this study does not have access to cultured isolates from 

stool samples and only access to extracted DNA; it is not feasible to carry out whole 

genome sequencing on every sample, thus there is no molecular test that would allow us 
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to discriminate between EIEC and Shigella. Because EIEC and Shigella spp. are thought 

to have similar clinical symptoms and would have similar methods of treatment, this 

distinction may not actually be clinically relevant. 

 

The sample size afforded to us by the GEMS study was significant strength of our study. 

Previous studies of ipaH as an indicator of Shigella presence were limited by small 

sample size or only tested in samples produced through spiking in the laboratory. The 

Platts-Mills study (2014) was exceptional in comparing qualitative to quantitative 

approaches to pathogen identification; however, it was limited to only 71 diarrheal 

samples and 71 pre-diarrheal matched controls. In the first and second manuscripts 

validating the QPCR method and examining epidemiologic characteristics associated 

with high ipaH quantities, we utilized a matched sample-set. In our third manuscript 

examining microbial interactions, we choose to break the matching and include all 

samples available to us to increase our sample size. As discussed in the discussion section 

of our third manuscript, GEMS was designed as a matched case-control study with the 

inclusion of thousands of samples matched on location, gender, time & age. We did not 

use a matched pairs analysis but rather adjust for site and age using statistical modeling. 

We decided upon this analysis method due to a large number of broken matched pairs 

and a lack of feasibility due to the very low number of matched pairs that would contain 

dual exposures of interest. Generally, it is thought that the lack of an appropriate matched 

analysis biases the effect estimates towards the null and decreases variability; however 

some research has shown that including samples with missing data and adjusting using 
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confounding terms in the analysis may be meaningful, particularly with a larger sample 

size (Hansson, 2008; Lynn, 1992).  

 

C. Conclusion 

This research establishes the importance for progression of diarrheal disease research in 

children in low-income countries beyond culture of individual pathogens. Focusing on 

Shigella/EIEC in our initial analysis gave us the ability to establish a quantitative 

threshold for molecular analysis and establish recommendations for future studies. We 

have shown that the burden of disease due to Shigella/EIEC is likely to be increased 

compared to detection via traditional culture methods however the presence of a pathogen 

alone does not constitute a definitely diarrheal etiology. Associations between Shigella 

and disease differed between locations and age ranges. An exploration of biologic or 

epidemiologic mechanisms underlying these differences is therefore important in making 

future progress in child health. Finally, this work contributes to the expansion of the 

understanding of the gut microbiota in children shedding high levels of Shigella/EIEC in 

their stool; emphasizing the importance of symptomatic illness on gut microbiota 

diversity and composition. Decreasing mortality and morbidity in children due to 

diarrheal illness is only attainable if we consider research such as this to examine and 

explain etiology and impacts on the gut ecosystem.   
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