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Abstract 
Introduction and Methods: Enterotoxigenic Escherichia coli (ETEC) are an 
important cause of diarrhoeal disease among children in low-income 
countries. The burden of ETEC infection has not been previously described in 
children in Malawi. Archived faecal samples collected from hospitalised 
children < 5 years of age with diarrhoea in Blantyre, Malawi over a 10-year 
period (1997-2007); and a comparison group without diarrhoea over a 2-year 
period (1997-1999) prior to rotavirus vaccine introduction were examined by 
conventional PCR for ETEC heat-labile (LT) and heat-stable (STh and STp) 
enterotoxins. As well as ETEC, noroviruses are endemic in human 
populations and recognised as a leading cause of acute gastroenteritis 
worldwide, with GII.4 norovirus strains most frequently identified. The 
molecular epidemiology of GII.4 norovirus strains among sporadic or 
community cases of gastroenteritis is poorly described, especially in resource 
poor settings. Current surveillance programmes are biased towards strains 
identified from outbreaks in high-income settings. Norovirus strains detected 
during studies of sporadic diarrhoeal disease in the UK and Malawi between 
1993 and 2009 were characterised to better understand the distribution of 
GII.4 norovirus strains in the wider population. 
Results and Conclusions: ETEC was detected in 10.6% of children with and 
7.3% of children without diarrhoea. The most prevalent circulating toxin types 
were STh (6.6%), followed by LT (2.1%) and STp (0.9%). ETEC infection was 
most prevalent in infants aged 6-11 months and co-infection with rotavirus 
was common. The burden of ETEC infection in young children in Malawi is 
significant and following the introduction of rotavirus vaccine should become a 
focus of diarrhoea prevention efforts. GII.4 norovirus strains of global 
epidemic importance have circulated in the community up to 18-years prior to 
their subsequent recognition as pandemic strains associated with increases in 
outbreaks. More inclusive surveillance programmes that comprise strains 
associated with sporadic cases may allow for earlier detection of emerging 
strains with pandemic potential and inform vaccine formulations as they 
become available. 
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1 INTRODUCTION 
 
 
 

1.1 Global burden of childhood diarrhoeal disease 

Morbidity and mortality from childhood diarrhoeal disease presents an 

important global health challenge, especially in low and middle-income 

countries. Excluding deaths that occur in the neonatal period (0-28 days), 

after acute respiratory infections, diarrhoeal disease is the second most 

common cause of mortality in children <5 years of age worldwide (1). In 1990 

it was estimated that childhood mortality (<5 years) from diarrhoeal disease 

was approximately 1.6 million, falling to 0.5 million in 2017 (2). Although 

significant progress has been made, diarrhoeal disease burden remains high 

despite improvements in childhood nutrition, the use of oral rehydration 

solutions and the introduction of rotavirus vaccine (3) in some of the poorest 

resource settings.  

 

Diarrhoea leads to dehydration and electrolyte disturbances, which are often 

fatal in paediatric populations with poor nutritional status and impaired 

immune responses (including HIV), as often seen in low and middle-income 

countries (4). In addition repeated episodes of diarrhoea lead to malnutrition 

and growth stunting that impacts upon childhood developmental milestones 

and predisposes to other illnesses like pneumonia (5). 
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1.2 Aetiology of infectious childhood diarrhoea 

 

The aetiological agents responsible for childhood diarrhoeal disease are 

varied and include bacterial (e.g. Campylobacter and Shigella), viral (e.g. 

rotavirus and norovirus) and parasitic/ protozoan (e.g.Cryptosporidium and 

Giardia) enteric pathogens. Re-analyses of faecal samples from two large 

diarrhoea aetiology studies using sensitive molecular diagnostic panels have 

provided some of the most comprehensive data to date on pathogen specific 

disease burdens in low and middle income settings. 

 

The Global Enteric Multicenter Study (GEMS) (6) was a large prospective 

case control study examining the aetiology of moderate to severe diarrhoeal 

disease (MSD) in children < 5 years in seven study sites in Africa and Asia 

(Manhica, Mozambique; Bassei, The Gambia; Nyanza Province, Kenya; 

Karachi, Pakistan; Bamako, Mali; Mirzapur, Bangladesh; Kolkata, India; 

Manhica, Mozambique). Liu J et al (7) re-examined 5304 faecal sample pairs 

(11,400 specimens, from 5,700 cases and controls) using a quantitative 

molecular diagnostic approach with a TaqMan™ array card for 32 

enteropathogens. The authors calculated population attributable fractions to 

determine which enteric pathogens were associated with diarrhoeal disease in 

light of, or to adjust for the high prevalence of asymptomatic pathogen 

carriage in controls. This approach involved the use of a multiple conditional 

logistic regression model that adjusted for the presence of other pathogens. 

The six most attributable enteropathogens were Shigella spp./ enteroinvasive 

E coli (EIEC); rotavirus; adenovirus 40/41; heat stable enterotoxin producing 
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E coli (ST-ETEC); Cryptosporidium spp. and Campylobacter spp, together 

accounting for 77.8% of all attributable diarrhoea. Compared with the original 

study which used a combination of diagnostic techniques including culture, 

EIA and PCR, more pathogens were attributed as causes of diarrhoea in the 

re-analysis (89.3% vs. 51.5%), and the incidence was greater using qPCR 

than the original methods, particularly for the following pathogens: adenovirus 

40/41; Shigella spp./EIEC; Campylobacter spp. and ST-ETEC. Shigella 

spp./EIEC, rotavirus and ST-ETEC were consistently high across all age 

groups and regions. Norovirus genogroup II showed associations with 

diarrhoea, but the prevalence was low. The original GEMS study examined for 

the heat-labile (LT) and human heat-stable (STh) enterotoxins of ETEC, 

however the re-analysis also examined for the porcine heat stable enterotoxin 

(STp); this may explain the increased burden noted in the re-analysis. The 

additional inclusion of primers for STp increased the overall burden of ETEC 

by 15%. There was essentially no diarrhoeal burden attributed to LT 

enterotoxin alone. In 249 (43.9%) of 505 samples in which ST-ETEC (STh) 

was detected in diarrhoeal quantities, LT was also detected in similarly high 

quantities suggesting a role for both the toxins causing diarrhoea when 

present together. 

 

The Etiology, Risk Factors, and Interactions of Enteric Infections and 

Malnutrition and the Consequences for Child Health and Development (MAL-

ED) cohort study (8) was a large multi-site study at eight locations (Dhaka, 

Bangladesh; Vellore, India; Bhaktapur, Nepal; Naushero Feroze, Pakistan; 

Venda, South Africa; Haydom, Tanzania; Fortaleza, Brazil; and Loreto, Peru) 
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in children ≤2 years. Platts-Mills et al (9) re-examined 6625 diarrhoeal and 

30,968 non-diarrhoeal surveillance stools from 1715 children using TaqMan™ 

array cards for 29 enteropathogens. As with the GEMS re-analysis the 

authors calculated population attributable fractions. The ten most attributable 

enteropathogens in order of importance were Shigella, sapovirus, rotavirus, 

adenovirus 40/41, enterotoxigenic Escherichia coli, norovirus, 

astrovirus, Campylobacter jejuni or C coli, Cryptosporidium, and typical 

enteropathogenic E coli. Again more pathogens were attributed as causes of 

diarrhoea in the re-analysis compared to the original study (64.9% vs. 32.8%). 

Four of the top five aetiologies identified in the GEMS and MAL-ED re-

analyses were shared, shigella, rotavirus, adenovirus 40/41, and 

enterotoxigenic E coli. 

 

1.3 NOROVIRUS 

 

1.3.1 Basic structure 

 

Norwalk virus, the prototype norovirus was first identified in 1972 by immune 

electron microscopy using inactivated convalescent sera from experimentally 

infected volunteers. These non-enveloped norovirus virions measuring 27 to 

32 nm in diameter were observed in diarrhoeal stool obtained from volunteers 

administered bacterial free stool filtrates obtained from an outbreak of 

infectious non-bacterial gastroenteritis at a primary school in Norwalk, Ohio, 

USA (10).  Further elucidation of the 3-dimensional structure of the virus 

followed cloning of the virus and expression of Norwalk virus capsids/virus like 
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particles in the baculovirus system (11). Using PAGE (12) and electron 

cryomicroscopy (13) norovirus virions were demonstrated to contain a single 

primary structural protein (VP1) organised into a icosahedral capsid symmetry 

(180 copies of the VP1 protein arranged in 90 dimers) with distinct cup-

shaped surface depressions. These characteristic structural features are 

common to the Caliciviridae, the name of which is derived from the Latin word 

calix, meaning ‘cup’ or ‘goblet’.  

 

1.3.2 Genome and molecular structure 

 

The norovirus genome is composed of 7654 nucleotides of plus sense, non-

segmented, single stranded RNA (excluding a polyadenylated tail), which 

contains three open reading frames (ORFs) (14) [Figure 1]. ORF1 encodes a 

non-structural polyprotein that is cleaved by viral protease into six proteins 

involved in virus replication, including the RNA-dependent RNA-polymerase 

(RdRp). ORF2 encodes the major (VP1) capsid protein, which is composed of 

an S (shell) domain and a P (protruding) domain. The P domain is further 

divided into two subdomains (P1 and P2), the P2 sub-domain represents the 

most exposed surface of the viral capsid, and is believed to play an important 

role in antigenic and immune recognition functions, consequently most 

genomic sequence diversity is seen at this site. ORF3 encodes the minor 

(VP2) capsid protein, which has a proposed role in enhanced production and 

stability of the VP1 capsid protein (15). 
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Figure 1. Basic structure of the norovirus virion and genomic structure of the 

RNA genome (Reproduced with kind permission of M Iturriza-Gomara 2014). 

 

 

 

 

 

 

 

 

 

 

 

 



 7 

1.3.3 Virus classification and nomenclature 

 

Noroviruses are a genus within the Caliciviridae, along with four other genera, 

vesivirus, lagovirus, nebovirus and sapovirus (16, 17). The vesiviruses cause 

vesicular disease in porcine, equine, feline and murine mammals and upper 

respiratory tract infection in felines; the lagoviruses cause haemorrhagic 

disease in lagomorphs; neboviruses cause endemic diarrhoea in bovine 

calves, while the sapoviruses cause acute gastroenteritis in humans. 

Noroviruses are classified using genetic analysis since, until very recently, 

inability to culture the virus has prohibited classification based on 

neutralization with anti-sera into distinct serotypes. There has however been 

recent success in laboratory cultivation of multiple human norovirus strains by 

a research team at the Baylor College of Medicine, Houston, Texas, USA 

using a bile dependent stem cell derived, non-transformed human intestinal 

enteroid monolayer culture (18).  

 

Noroviruses are divided into seven distinct genogroups (GI-GVII), with 

genogroups GI, II and IV causing human infection; porcine (GII), bovine (GIII), 

feline (IV), murine (GV) and canine (GVI and VII) strains have also been 

described (19).  Genogroups are further divided into genotypes and variants 

(subtypes) based on genomic sequence diversity. For example the prototype 

norovirus strain, Norwalk virus, belongs to genogroup I and genotype I, and is 

thus designated GI.I. Genogroup classification is based upon the VP1 protein 

divergence, and genotype classification upon either the RNA dependent RNA 

polymerase sequence or the capsid sequence. The propensity of noroviruses 
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to recombine, most commonly at the junction of ORF1/ORF2 necessitates 

that current norovirus nomenclature comprise both polymerase and capsid 

genotypes, as neither alone can fully describe the genotypic features of 

observed field strains (20, 21). Dual genotyping can be conducted in practice 

by submitting sequence information to an automated web-based tool: RIVM 

(the Dutch National Institute for Public Health and the Environment)-NoroNet 

(http://www.rivm.nl/mpf/norovirus/typingtool) (22). To date, 14 GI and 29 GII 

polymerase genotypes and 9 GI and 22 GII capsid genotypes have been 

described. Determination of variants (subtypes) requires sequencing of highly 

variable regions of the norovirus genome e.g. segment 5 (encompassing part 

of the P2 domain and the P1.2 subdomain) and the hypervariable P2 region 

(23, 24). The majority of newly emerging outbreak variants belong to GII.4 

noroviruses. These variants are named using the geographical location where 

the strain was first isolated and the year in which they were detected e.g. 

GII.4 Sydney 2012. 

 

1.3.4 Norovirus strain diversity 
  

The great diversity of norovirus strains that cause human infection is driven by 

immune selection pressure; this is also observed in other RNA viruses e.g. 

influenza and Human Immunodeficiency Virus (HIV) (25).  The most exposed 

portion of the viral capsid (P domain), which is also the presumptive binding 

site in initial infection (26), evolves in the face of host herd immunity. This 

genetic diversity occurs because the viral RNA genome is replicated by virus 

encoded RNA-dependent RNA polymerase, which has no intrinsic proof 

reading activity and leads to a relatively high mutation rate during genomic 
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translation and increased diversity resulting from accumulation of point 

mutations. This has been estimated at between 10-4 and 10-6 mutations per 

base pair per generation compared to 1.1 x 10-8 in the human genome (27, 

28). This high diversity of viral quasi species, which refers to a population of 

genetically related viruses that are closely distributed around a consensus 

sequence (29) is also seen in other RNA viruses e.g. influenza and HIV (30). 

 

1.3.5 Norovirus replication 
 

 
The inability to culture human noroviruses until very recently has hindered 

characterisation of the viral life cycle. Consequently, current understanding of 

the norovirus life cycle has been gained by utilising several different 

approaches, including: cultivable surrogates (feline calicivirus and murine 

norovirus); a Norwalk virus replicon system and other biochemical and cell 

based approaches (31).  An overview of the norovirus replication cycle is 

presented. For a more detailed description and reference library see (32). 

 

Norovirus binding and cellular entry 

 

Noroviruses are known to interact with carbohydrate moietys on cell surface 

membranes. In the case of human norovirus, the presumptive initial binding 

site in establishing infection is believed to be histo-blood group antigens 

(HBGAs), a family of complex glycans expressed on the surface of red blood 

cells, respiratory and gastrointestinal epithelia, as well as in saliva and breast 

milk (33). Cellular entry and uncoating proceed through currently undefined 

pathways, and as yet unidentified cellular receptor(s) are also thought 
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required to mediate cellular entry. Further elucidation of these mechanisms 

will likely follow from the recent successful cultivation of human norovirus in 

vitro (18). 

 

Viral protein translation 

 

Following capsid-uncoating, VPg linked viral genomic RNA acts as mRNA, 

and is translated into protein by the host cellular translational apparatus. 

Translation is believed to be via interaction with components of the eukaryotic 

eIF4F translation initiation factor complex. The ORF1 polyprotein undergoes 

post-translational cleavage by viral protease NS6, and results in release of 

viral NS proteins. Translation of the major (VP1) and minor (VP2) viral capsid 

proteins occurs primarily from the subgenomic RNA. Use of a subgenomic 

RNA is thought to produce the large quantities of primary structural protein 

required for virus assembly, as more subgenomic than genomic RNA has 

been observed infected cells 

 

Genome replication 

 

Replication complex formation occurs in close association with host derived 

cytoplasmic membrane complexes, and in murine norovirus, interaction with 

NS1/2 and NS4. Genome replication occurs via a negative-strand 

intermediate, and the viral RdRp, using both de novo and VPg-dependent 

mechanisms of RNA synthesis, generates genomic and subgenomic RNA. 
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Virion assembly and exit 

 

The mechanisms of viral assembly, encapsidation and exit of noroviruses are 

largely unknown. The major capsid protein VP1 self assembles into VLPs, 

which may be sufficient to drive capsid assembly, however the minor capsid 

protein VP2, although not required for VLP assembly, is essential for 

production of infectious virions. VP2 may be involved in encapsidation via 

interaction with the viral RNA. No direct studies have examined exit and 

release of the assembled norovirus virion; however the induction of cellular 

apoptosis has been proposed as a possible exit mechanism for other 

caliciviruses. 

 
1.3.6 Pathogenesis 
 

Lack of a cell culture system (until very recently) or suitable animal model has 

meant our limited understanding of the pathogenesis of norovirus 

gastroenteritis comes primarily from data obtained during volunteer challenge 

studies (34, 35). Biopsy specimens taken from the proximal jejunum of ill 

volunteers have demonstrated histopathological changes associated with 

acute infection including; an intact mucosa, broadening and blunting of the 

intestinal villi, crypt-cell hyperplasia, cytoplasmic vacuolization, and infiltration 

of polymorphonuclear and mononuclear cells into the lamina propria. 

Histologic changes were not observed in gastric fundus, antrum or colonic 

mucosa, nor in biopsy specimens obtained during the convalescent phase of 

the illness and from those who did not display clinical symptoms. Small 

intestine brush border enzymatic activity (alkaline phosphatase, sucrase and 
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trehalase) is reduced, resulting in mild steatorrhea and transient carbohydrate 

malabsorption.  

 

Abnormal gastric motor function, observed as marked delays in gastric 

emptying in infected volunteers may explain the nausea and vomiting 

associated with norovirus gastroenteritis (36). More recently analysis of 

biopsies from immunocompromised patients with chronic gastroenteritis has 

identified the small intestinal enterocyte as the primary site of infection (37). 

 

1.3.7 Epidemiology and transmission 

 

Norovirus gastroenteritis occurs in all age groups and a wide variety of 

settings, each associated with a broad spectrum of clinical outcomes. It has 

been estimated that norovirus is associated with 18% of all diarrhoeal disease 

worldwide (38). In high-income settings, norovirus disease incidence is 

approximately five times higher in children <5 years (21%), compared to the 

whole population (4.5% per year) (39). Limited data from developing countries 

points towards an even higher norovirus disease burden in children from 

these settings, in Peru for example, 50 cases per 100 person-years in the first 

two years of life (40).  

 

Transmission of noroviruses is via the faecal-oral and vomit-oral routes; this 

may occur by direct person-to-person contact, contact with environmental 

fomites or ingestion of contaminated food and/or water. Norovirus is 

exceptionally contagious, with an ID50 estimated at between 18.2 and 2800 
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genomic equivalents (41). 

 

The epidemiological features of norovirus gastroenteritis can be divided into 

three distinct settings; (i) healthcare associated, (ii) epidemic foodborne and 

(iii) sporadic disease.  

 

Healthcare –associated infection 

 

Healthcare-associated infection typically occurs in semi-closed settings 

including: nursing/residential homes, hospital wards and day-care centres. 

Outbreaks typically start by introduction from a single individual followed by 

ongoing environmental transmission; herculean infection control efforts are 

often needed to control these outbreaks. Elderly and comorbid (e.g. chronic 

renal disease) individuals are disproportionately affected, and experience a 

more prolonged clinical course, typically 4–6 days, with an associated 

mortality not often described in other settings (42, 43). 

 

Epidemic foodborne infection 

 

Epidemic food borne gastroenteritis generally affects large numbers of 

otherwise healthy individuals (often adults) over a short time period. 

Foodborne outbreaks, which often receive significant media attention, again 

occur in semi-closed settings that favor rapid transmission, including: cruise 

ships, restaurants and catered events. The source of these outbreaks is 

typically from infectious food handlers and infected foodstuffs; faecally 
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contaminated oysters are often implicated. Individuals typically experience 

symptoms for 1-3 days (44). 

 

Sporadic infection 

 

Noroviruses are increasingly recognised as playing a major role in sporadic 

gastrointestinal disease. The highest rates of norovirus gastroenteritis are 

seen in young children, where norovirus is recognized as the second most 

common cause of acute viral gastroenteritis after rotavirus, and often requires 

hospitalization (45). In adults, acute sporadic gastroenteritis caused by 

norovirus is increasingly recognised; a large community-based study 

estimated that norovirus accounts for three out of seventeen million cases 

(18%) of sporadic gastroenteritis occurring in the United Kingdom each year, 

making norovirus the single most commonly detected pathogen (46). 

 

1.3.8 Immunity and host susceptibility 
 

 
That norovirus infection occurs in all age groups and populations may be 

explained by two mechanisms, (i) weak immunity following infection or (ii) 

great diversity of strains. Early challenge studies in previously healthy 

volunteers have suggested short-lived immunity by demonstrating partial 

immunity at virus rechallenge at 6-14 weeks, but not at 2-3 years (47). 

However these studies did use very high infecting doses, not likely 

encountered in natural infection, so longer lived immunity at lower infective 

doses is possible. 
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Observations from challenge studies and outbreaks noted that a proportion of 

those exposed did not develop clinical illness (47, 48). However this could not 

be explained by previous infection, as antibody levels in volunteers did not 

support this observation. This suggested the possibility of some other 

mechanism of natural protection. Ultimately, this was explained by genetically 

determined host-susceptibility factors related to binding of norovirus VLPs to 

HBGAs (49) . There are now known to be three major HBGA families involved 

in norovirus binding (i) ABO, (ii) Lewis and (iii) Secretor. Human host 

susceptibility is determined by the secretor status of an individual, which is 

itself controlled by the fucosyltransferase 2 (FUT2) gene (50). Around 20% of 

Europeans are non-secretors, and will demonstrate resistance to infection 

with the prototype norovirus Norwalk GI.I, and to a variable extent other 

strains including common GII.4 virus (51). The great strain diversity seen in 

noroviruses mean non-secretors may not be resistant to all strains however. 

 
1.3.9 Clinical features 
 

Clinical observations from volunteer studies and outbreaks have 

demonstrated that following exposure to norovirus, individuals may 

experience an acute onset vomiting or diarrhoeal illness, and in approximately 

one-third an asymptomatic infection. In healthy adult volunteers, following an 

incubation period of 10-51 hours (mean 24 hours), illness typically lasts 24-48 

hours (52). However, in hospitalised patients and infants <1 year, clinical 

symptoms may be more prolonged (i.e. 4-6 days) and more severe (53, 54). 

The major clinical features of symptomatic infection include nausea, vomiting, 

non-bloody watery diarrhoea, abdominal cramps and fever as well as other 
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constitutional symptoms including headache and myalgia (55). In infants <1 

year diarrhoea is the predominant clinical feature, with vomiting typically seen 

in older infants and adults (54). Although norovirus is typically considered to 

cause a self-limiting mild gastroenteritis in otherwise healthy adults, there 

have been reports of fatalities in vulnerable elderly patients (42). Additionally 

in young infants in resource poor settings, rapid fluid and electrolyte loss from 

diarrhoea can often be fatal (56). 

 

1.3.10 Diagnosis 
 

Since norovirus was first described as an aetiological agent of infectious 

gastroenteritis, various clinical and laboratory tests have been developed to 

aid clinical diagnosis and epidemiological studies. 

 

Clinical 

 

Clinical and epidemiological features suggestive of norovirus gastroenteritis 

have been used to develop clinical diagnostic tools. The Kaplan criteria (57) 

have been validated for the detection of foodborne community norovirus 

outbreaks, and include mean illness duration 12-60 hours; mean incubation 

period 24-48 hours and vomiting in >50% of individuals. The utility of the 

Kaplan criteria for healthcare associated and sporadic disease is less clear.  

 

 

 

 



 17 

Laboratory 

 

Norovirus (the Norwalk particle) was first discovered in 1972 using immune 

EM (10). EM, although initially used in diagnosis, has been replaced in recent 

decades by immunological and molecular diagnostic modalities, which offer 

increased sensitivity and require less specialised training and expensive 

equipment. Immunological tests employ norovirus specific antibodies to detect 

norovirus antigens in clinical samples. Various commercially available ELISA 

and immunochromatographic platforms exist for detection of genogroup I and 

II noroviruses (58); however the great antigenic diversity seen within 

noroviruses restricts the diagnostic sensitivity of these tests and their routine 

use in clinical settings is limited. 

 

Molecular methodologies offer the best sensitivity of currently available 

diagnostic tests. Conventional reverse-transcriptase PCR has the advantage 

that PCR amplicons can be sequenced for typing, however turnaround times 

are typically over five hours and this approach tends to be utilised more in 

research or reference laboratory settings (58). Real time reverse transcriptase 

PCR offers high specificity and sensitivity, as well as more efficient throughput 

and turnaround times; for these reasons it is the most commonly used test for 

genogroup I and II norovirus detection in diagnostic laboratories in developed 

settings (58). More recently, several diagnostic platforms have come onto the 

market that are able to detect multiple enteric pathogens (including viral, 

bacterial and parasitic) simultaneously (59). These include the xTAG GPP 

(Luminex Corporation, Toronto, Canada) and EntericBio (Serosep Limited, 
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Annacotty Business Park, Annacotty, Co. Limerick, Ireland) platforms (60, 61). 

Although attractive these platforms may also present diagnostic challenges; 

especially where multiple enteric pathogens are detected from a single clinical 

specimen and it is not clear whether this represents true infection, 

colonisation or shedding from a previous infection. 

Diarrhoeal stool is the gold standard diagnostic sample for norovirus 

gastroenteritis, however other clinical samples with lower diagnostic 

sensitivities have also been used including rectal swabs, vomitus and 

mouthwash samples collected after emesis (62, 63).   

 
1.3.11 Treatment and prevention of childhood diarrhoeal disease 
  

The World Health Organisation (WHO) has published a document on the 

treatment of diarrhoea that provides a comprehensive overview on the 

principals and practice of treating infectious diarrhoea, especially in young 

children (56). A brief overview of the most essential principals will be 

discussed here, prior to a more specific discussion around treatment and 

prevention of norovirus gastroenteritis. 

 

Dehydration 

 

A clinical history and examination of the child with diarrhoea is required to 

assess the degree of dehydration and select an appropriate treatment plan. In 

non-severe dehydration this should include oral rehydration therapy, either at 

home or in a health-care facility. Fluids should contain salt to address 

electrolyte loss e.g. oral rehydration solution or salted rice water. In patients 
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with severe dehydration rapid intravenous (IV) rehydration is the preferred 

treatment, ideally in a hospital setting using Ringer’s Lactate Solution or 

normal saline; nasogastric rehydration can be considered where IV therapy is 

not available. Measurement of serum electrolytes in children with dehydrating 

diarrhoea is not necessary in most instances, and may lead to inappropriate 

treatment. 

 

Malnutrition 

 

Children who die from dehydrating diarrhoea in developing settings are 

frequently already malnourished, often severely so. Continuing with the usual 

infant diet during the diarrhoeal episode and increasing this afterwards can 

prevent further nutritional damage. Food should never be withheld and should 

be as nutrient rich as possible. Breastfeeding mothers should be encouraged 

to continue to do so. 

 

Zinc 

 

Zinc deficiency is common among children in developing settings, and this is 

clinically significant as zinc has an important role in normal cellular growth and 

immune function. Numerous randomised controlled studies suggest that zinc 

supplementation significantly reduces the severity of illness and duration of 

diarrhoea in children. The WHO recommends that zinc (10-20mg/day) be 

given for 10-14 days to all children with diarrhoea. However a recent Cochran 
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review in 2013 suggests that it may only be of benefit to children >6 months of 

age (64). 

 

Antimicrobial and antimotility agents 

 

The empirical use of antimicrobials is not advocated, as often it is not possible 

clinically to distinguish between episodes of diarrhoea that may benefit from 

treatment or not. The exception to this is (i) children with bloody diarrhoea 

(probable shigellosis), (ii) suspected cholera with severe dehydration and (iii) 

laboratory proven, and symptomatic infection with Giardia duodenalis. For 

bacterial infections, choice of agent should be informed by local antimicrobial 

sensitivity profiles to those pathogens. Antimotility agents should be avoided, 

especially in children <5 years; they do not prevent dehydration or improve 

nutritional status, and can be associated with serious side effects such as 

paralytic ileus. 

 

1.3.12 Treatment of norovirus gastroenteritis 

 
Norovirus gastroenteritis is usually a mild and self-limiting disease, requiring 

no specific treatment. When treatment is required it is typically supportive with 

oral rehydration therapy and antipyretics. In more severe cases, intravenous 

fluids and electrolyte replacement may be required, especially in elderly 

hospitalised patients and infants, who are at increased risk of rapid volume 

depletion and resulting electrolyte disturbance (55, 65). 
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No specific antiviral therapy has demonstrated clinical efficacy against 

norovirus, although ribavirin and interferons have been shown to inhibit viral 

replication in vitro (66). Immune globulin (intravenous or oral) has been 

suggested as a treatment, but evidence is insufficient to recommend routine 

clinical use.  

 

1.3.13 Prevention of norovirus gastroenteritis 

 

There is no licensed vaccine currently available to protect from norovirus 

infection. Inability to culture (until very recently) the virus has limited traditional 

whole-cell vaccine approaches. A number of norovirus vaccines, with the 

major capsid protein as their target are currently in development (67). Briefly, 

these vaccines have used recombinant adenoviruses, virus like particles and 

P particles and examined multiple delivery routes including intranasal, oral 

and intramuscular. These include five vaccines in preclinical trials and two 

vaccines that have reached clinical trials in human subjects. An oral 

monovalent vaccine (Vaxart, Inc) against G1.1 has recently completed a 

Phase IB clinical trial. The vaccine was immunogenic and no safety concerns 

were identified. An intramuscular bivalent vaccine (Takeda Vaccines, Inc) 

against GI.1 and GII.4 has recently completed a Phase IIB clinical trial. 

  

Prevention and control of norovirus outbreaks is extremely challenging. Public 

Health England (PHE), UK and the Centers for Disease Control and 

Prevention (CDC), USA have produced practical guidelines for outbreak 

management (68, 69). Written for a public health audience, these guidelines 
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are applicable to outbreaks occurring in various settings including healthcare 

e.g. hospitals and nursing homes, and non-healthcare e.g. cruise ships and 

schools. Essentially there are three principals to consider following 

identification of a suspected or confirmed norovirus outbreak in any setting; 

hand hygiene, exclusion & isolation, and environmental disinfection. Hand 

washing with soap and water is perhaps the single most important 

intervention to interrupt the chain of transmission (faecal –oral), and is the 

only one with a significant evidence base. The efficacy of alcohol hand rubs 

remains uncertain and is not recommenced during outbreaks of diarrhoeal 

and/or vomiting illness. Exclusion and isolation are best illustrated in the 

healthcare setting, where rapid cohorting/isolation of symptomatic patients 

and exclusion of symptomatic healthcare workers is key to preventing further 

spread by limiting environmental contamination. This is especially important in 

semi-enclosed settings, such as multi-bedded wards common in the UK 

National Health Service (NHS). Finally environmental disinfection is 

necessary to reduce and ultimately remove infectious virions from fomites that 

act as a nidus for transmission. Key recommendations for healthcare settings 

include; increased frequency of cleaning, prompt cleaning of faeces or 

vomitus and environmental disinfection with sodium hypochlorite (PHE 

guidance recommend a concentration of 0.1%, or 1000ppm available 

chlorine). Particular attention should be paid to frequently touched surfaces 

e.g. bedside tables, door handles, toilet handles and taps.  
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1.4 ENTEROTOXIGENEIC ESCHERICHIA COLI (ETEC) 

 

1.4.1 Classification and nomenclature of Escherichia coli 

 

Escherichia coli (E coli) is the type species of the genus Escherichia, which 

belongs to the Enterobacteriaceae. E coli are motile Gram-negative bacilli. 

The genus is named after Theodore Escherich, a German-Austrian 

paediatrician, who in 1885 described the organism bacterium coli commune 

(posthumously named E coli) following studies on the faecal flora of neonates 

(70). E coli encompass an incredibly genetically and phenotypically diverse 

population of bacterial species; which are commonly differentiated using the 

modified Kauffmann scheme on the basis of lipopolysaccharide (O), flagellar 

(H), and polysaccharide (K) antigens (71). The O antigen defines the 

serogroup, of which currently 170 are described, and the combination of O 

and H antigens defines the serotype, for example E coli O157:H7 (a serotype 

which serves as a marker for virulent enterohaemmorrhagic E coli strains).  

 

The human colonic flora is predominately anaerobic with E coli an important 

member of the remaining facultative anaerobic flora. In the immunocompetent 

host these non-pathogenic strains of E coli are harmless commensals and 

play an important role in intestinal physiology (72). However several 

pathogenic strains of E coli exist and depending on their host tropism may 

cause one of three clinical syndromes (i): urinary tract infection (ii): 

sepsis/meningitis and (iii): enteric/diarrhoeal disease.   
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1.4.2 Diarrhoeagenic E coli 
 

Transmission of diarrhoeagenic E coli (DEC) is via the faecal oral route, 

through ingestion of contaminated food or water (73). Following colonisation 

of intestinal mucosa, various pathogenic mechanisms are responsible for 

causing disease (74). There are six distinct subtypes/strains of diarrhoeagenic 

E coli (i) Enterotoxigenic  E coli (ETEC); (ii) Enteroaggregative E coli (EAEC); 

(iii) Enteroinvasive E coli (EIEC); (iv) Enteropathogenic E coli (EPEC); (v) 

Enterohaemorrhagic E coli and (vi) Diffusely Adherent E coli (75). ETEC are 

defined as E coli strains that can elaborate at least one member of two 

defined groups of enterotoxins, namely heat labile (LT) and heat stable (ST) 

toxins (72). 

 

1.4.3 Pathogenesis 

 

ETEC causes diarrhoea through the actions of several enterotoxins, including 

a heat-labile (LT) and two heat-stable enterotoxins: STh (human) and STp 

(porcine). Following colonisation of the small bowel mucosa, elaboration of 

these enterotoxins leads to a net secretory state (76). These enterotoxins are 

plasmid encoded and ETEC strains may express either or both of these 

toxins. 

 

Heat-labile  enterotoxin 

 

The heat-labile toxin of ETEC is similar in structure and function to the cholera 

toxin (CT). This high molecular weight (85,000 DA) molecule is composed of a 
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pentameric B subunit that binds to cellular receptors on the surface of host 

enterocytes; and a single A subunit which is the enzymatically active toxic 

component (76). The precise mechanism of LT toxin delivery to host cellular 

receptors is unclear, however in vitro studies have demonstrated that much of 

secreted LT toxin remains associated with outer membrane vesicles which 

enter host cells via lipid raft dependent endocytosis (77). 

 

Following initial binding of the LT-B subunit to GM1 ganglioside receptors 

centred in caveolae on human enterocytes, the LT toxin is internalised in 

vesicles by receptor-mediated endocytosis. Vesicles are transported through 

the Golgi and endoplasmic reticulum (ER) where the toxin is disassembled. 

The LT-A subunit is activated in the ER, following which irreversible activation 

of membrane bound adenylate cyclase takes place. This in turn stimulates 

production of cytoplasmic cAMP, accumulation of which activates cAMP-

dependent protein kinase A (PKA), which induces phosphorylation of the 

cystic fibrosis transmembrane regulator (CFTR) causing a net secretion of Cl- 

and HCO3- from the cell (78, 79). PKA also induces phosphorylation of the 

Na+/H+- exchanger, which inhibits Na+ re-absorption. These changes lead to 

increased fluid accumulation in the intestine and osmotically driven diarrhoea. 

 

Heat-stable enterotoxin 

 

Heat stable (ST) enterotoxins are small (18-19 aa) cysteine rich peptides. Two 

subtypes have been identified in human infection, and nomenclature taken 

from the animal where the toxin was first identified. STh (human) is exclusive 
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to human ETEC strains, and STp (porcine) is found in human, porcine and 

bovine strains (74). Large epidemiological studies have suggested that STh 

may be more pathogenic than STp (80). ST toxins are exported from ETEC to 

host cells through outer membrane TolC protein exporters (81). 

 

Heat stable toxins bind to the extracellular domain of guanylate cyclase C 

(GC-C) on intestinal brush border epithelium. Subsequent activation of the 

GC-C intracellular catalytic domain leads to intracellular accumulation of 

cGMP. High levels of cGMP cause phosphorylation of CFTR by two 

mechanisms (i): activation of cGMP-depenent protein kinase II and (ii): 

activation of PKA (74, 82). Secretory diarrhoea results from net Cl- and 

HCO3- loss and inhibition of cells to re-absorb Na+.  

 

Colonisation factors 

 

Colonisation of host intestinal enterocytes is an essential virulence trait for 

ETEC, as it facilitates direct delivery of enterotoxins. Colonisation factors 

(CFs) are a heterogeneous group of preoteinacious surface structures that 

facilitate attachment to host intestinal mucosa. CFs are mostly plasmid 

encoded and at least 25 have been described to date, of which seven (CFA/I 

and CS1-CS6) are generally more prevalent on characterised isolates (83, 

84). 
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1.4.4 Epidemiology and transmission 

 
Strains of ETEC are described as a cause of gastroenteritis in two 

epidemiological settings; firstly as a cause of weaning infant diarrhoea in 

developing countries, and secondly as a cause of travellers’ diarrhoea among 

adults from industrialised countries visiting resource poor settings. 

 

Infant diarrhoea 

 

Infection with ETEC is described as a major cause of weaning diarrhoea 

among infants in developing settings. This clinical entity is typically observed 

in infants aged 6-24 months where weaning from maternal milk results in 

exposure to new environmental pathogens, coupled with deterioration of 

nutrition and loss of protective maternally transferred IgA antibodies (85). In 

2015 the Institute for Health Metrics and Evaluation estimated that ETEC was 

globally responsible for 24,000 deaths in children aged <5 years (86). In one 

review of sporadic endemic infantile diarrhoea worldwide the percentage of 

cases, which were due to ETEC varied from 10-30% (75). In endemic 

settings, a very low incidence of symptomatic infection in seen in school age 

children and adults due to mucosal immunity acquired during previous 

infection. However there is evidence these individuals may experience 

asymptomatic infections where large numbers of organisms may be shed in 

faeces, thereby continuing to support the environmental reservoir (87). 
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Travellers’ diarrhoea 

 

Travellers’ diarrhoea was first described as a clinical entity in 1963 by BH 

Kean (88) in people returning to the United States from Mexico; and ETEC 

was identified as a key aetiology just over a decade later in 1975 (89). 

Travellers’ diarrhoea is defined as three or more loose stools per day during a 

trip, usually in a traveller from a more to a less economically developed 

setting, and at least one other constitutional symptom e.g. fever, abdominal 

cramps, nausea or vomiting (90). During a two week journey, the incidence of 

travellers’ diarrhoea ranges from 10-40%, and is dependent upon the 

destination and traveller characteristics (91). Lower budget and younger 

travellers, for example backpackers appear to be at higher risk, which may be 

due to a more adventurous nature and consumption of high-risk street food 

(92). The treatment and prevention of travellers’ diarrhoea is discussed 

separately. 

 

Transmission 

 

Transmission of ETEC is transmitted via the faecal oral route, typically by 

ingestion of contaminated food and water. Although the infectious dose is 

relatively high, so too is the degree of environmental contamination in 

endemic settings. In endemic areas, ETEC infections display a distinct 

seasonality, with peaking during wet and warm months, when environmental 

conditions are favourable for proliferation of bacterial pathogens in food and 

water (72). 
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1.4.5 Immunity 

Clinical observations and epidemiological studies suggest that in developing 

settings, the highest burden of ETEC infection is in children less than three 

years of age, and that rates of infection decline with increasing age (93). This 

is in contrast to ETEC infection in travellers from developed countries to 

endemic settings where the majority of infections are seen in adults. These 

observations suggest that there is an element of natural immunity following 

infection. In developing settings where infection is endemic, this is more likely 

acquired during infancy. Further supporting this observation are data from 

vaccine safety and immunogenicity studies that show protection from ETEC 

infection following re-challenge with the same ETEC strain (94).  

The immune response to ETEC has been studied in both natural and human 

volunteer infection. Initial infection may provide highly specific protection 

against the homologous strain or strains expressing similar or related CFs 

(95). Protective immunity likely results from production of mucosal antibodies 

in the small intestine that prevents bacterial binding and toxin activity on 

epithelial cells. Following ETEC infection there is an intestinal IgA secretory 

response and a systemic IgA and IgG antibody response against the major 

virulence factors; CFs, LT and O antigen of the infecting strain (96); the 

immune response to ST is poor as this small molecule is weakly 

immunogenic.  

 

 

 



 30 

1.4.6 Clinical features 

 

Clinical observations from volunteers and patients infected with ETEC in 

endemic settings have demonstrated gastroenteritis characterised by abrupt 

onset watery, non-bloody diarrhoea and abdominal cramping with a short 

incubation period of 14-50 hrs (87, 97). Fever and vomiting may occur in a 

minority of cases. A wide spectrum of diarrhoeal disease is seen, ranging 

from mild self-limiting to a severe purging, which is characteristic of infection 

with Vibrio cholerae (98), which would also be a differential diagnosis. In 

otherwise healthy immunocompetent individuals, diarrhoea is usually self-

limiting; however infection can be fatal in weaning infants in resource poor 

settings, due to rapid dehydration and electrolyte disturbance. In developing 

settings this situation is exacerbated by limited access to healthcare, clean 

water and oral rehydration therapy. The use of antimicrobials in these settings 

is complicated by limited resources and where available from increasing rates 

of antimicrobial resistance (93). 

 

1.4.7 Diagnosis 

 

Identification of ETEC requires that it be differentiated from other non-

pathogenic strains of E coli that constitute the normal human colonic flora. 

Detection of traditional serotypic markers does not correlate well enough with 

strains of diarrhoeic E coli to allow definitive identification, and detection of 

ETEC CFs has proved impractical given their great number and 

heterogeneity. Therefore detection of ETEC relies on detection of the 
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enterotoxins LT and/or ST. Initially, physiologic assays were used as gold 

standard diagnostic modalities, specifically the rabbit ileal loop model (99) for 

LT, and the infant mouse assay (100) for ST. However, as well as issues with 

animal welfare, these techniques proved cumbersome and were later 

replaced by simpler assays including tissue culture to detect LT, namely the 

Y1 adrenal cell and Chinese hamster ovary cell lines (101, 102) and 

radioimmunoassay for ST (103). Since the advent of molecular diagnostic 

techniques in the early 1980s, diagnosis has moved away from more 

traditional phenotypic techniques to molecular methodologies including DNA 

probes and PCR (104). An advantage of PCR is that pathogens can be 

detected directly from faecal material and reactions can be multiplexed to 

allow for simultaneous detection of multiple toxins, as well as other 

diarrhoeagenic E.coli.  

 
1.4.8 Treatment and Prevention 

 

Paediatric diarrhoea in developing settings 

 

 An overview of the management of dehydrating diarrhoea in infants in 

developing settings is presented in section 1.3.11.   

 

Travellers’ diarrhoea 

 

Treatment of travellers’ diarrhoea whether caused by ETEC or not is often 

unnecessary given the self-limiting nature of this clinical syndrome. Where 

symptoms are severe, treatment goals include: prevention of dehydration and 
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electrolyte disturbance; reducing severity and duration of symptoms and 

restoration of normal activity for the afflicted traveller. In general all that is 

required is increased fluid intake with sugary drinks and salty crackers (105), 

however commercially available oral rehydration sachets may be used 

provided there is a readily available supply of clean drinking water, or facilities 

to purify contaminated supplies. Loperamide may have a role in symptomatic 

relief and is the antimotility drug of choice. However it should be used with 

caution in cases where there is bloody diarrhoea or high fever, often 

associated with pathogens that invade the intestinal wall such as Shigella and 

E coli O157. Antibiotics have been demonstrated to shorten the duration of 

symptoms in moderate to severe travellers’ diarrhoea by about a day and a 

half. Choice of agent is dependent on location; quinolones e.g. ciprofloxacin 

are usually an appropriate choice for most destinations, however with 

increasing resistance in Campylobacter spp. in South and South East Asia, a 

macrolide such as azithromycin may be a better choice (91). 

 
Vaccines 

 

From a public health perspective, vaccination offers the best opportunity to 

impact upon ETEC disease burden in developing settings; where in the short 

to medium term at least, there lacks the economic and political means to 

eradicate enteric disease through effective sanitation and infrastructure alone. 

Indeed, an ETEC vaccine is a top priority for various public health agencies 

including the WHO and United Nationals Children’s fund (106). There is no 

ETEC-specific vaccine in development that has yet demonstrated clinically 

significant efficacy. In theory, there should be some cross protection from 
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cholera vaccine due to the antigenic similarity of the cholera (CT) and ETEC 

LT enterotoxins, but following a Cochran review (107) there was insufficient 

evidence to support the use of the oral cholera vaccine Dukoral® in protecting 

travellers against ETEC diarrhoea.  

 

Vaccine development has taken two approaches using whole cell and subunit 

model systems: 

(i): block ETEC attachment and colonisation to host receptor cells by inducing 

immunity against CFA adhesins, and 

(ii): prevent toxin-mediated diarrhoea by inducing immunity against ETEC LT 

and ST enterotoxins.  

 

Whole cell vaccines 

 

The first experimental ETEC vaccine, colicin E2-inactivated ETEC prototype 

strain H10407 (O78:H11, LT+ STa+ CFA/I+), successfully induced IgA 

antibodies against CFA/I and LT following oral challenge in healthy volunteers 

(108). Unfortunately protection was against the homologous strain only, but 

provided proof of concept. Later and more widely studied whole cell 

candidates including rCTB-CF and ACE527 have combined multiple killed or 

line attenuated strains (94, 109). However these have met with significant 

issues, including poor protection for very young children in endemic settings, 

live products associated with adverse effects in volunteers and inducing 

protection against LT toxin antigen only. Research is ongoing with whole cell 
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vaccines to try and address issues of protective efficacy and side effect 

profile. 

 

Subunit vaccines 

 

In concept at least, ETEC subunit vaccines look promising, as it may be 

possible to induce immune responses to specific, well defined and 

characterised immunogens. CFA adhesins and LT have been primary targets 

in development to date, this is despite recent data to suggest the LT antigen 

alone is unlikely to be effective, as it does not provide cross protection against 

STa, which most strains express (6). Major hurdles remain however; ETEC 

strains express at least 23 immunologically heterogeneous CFAs and unlike 

LT the small STa peptide (19 amino acid residues) is poorly immunogenic. 

Conjugation to improve immunogenicity and structural modifications to reduce 

toxicity have proved technically very challenging. 

 

Current research is exploring several avenues (110), firstly to examine the 

role of ST-LT toxoid fusion polypeptides, which have shown some promise in 

vitro. Secondly, using CFA adhesion tip antigen vaccines, which have 

demonstrated cross protection against different CFAs; currently the US Naval 

medical research centre is undertaking a phase 2b human immunization and 

challenge study of such a vaccine. 
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1.5 Aims and objectives 

Despite the introduction of rotavirus vaccination, diarrhoeal disease remains 

among the top causes of young child (<5 years) mortality in the worlds least 

developed countries (1). Both norovirus and ETEC are recognised as leading 

viral and bacterial causes respectively, of non-bloody dehydrating childhood 

diarrhoea in low income, high mortality settings, particularly sub-Saharan 

Africa, and therefore warrant further investigation (4). The advent of sensitive 

nucleic acid based diagnostics presents an opportunity to examine these 

pathogens in more detail than previously possible, both to better describe 

their epidemiology and inform future vaccines as they become available. This 

study has provided an opportunity to examine both these important enteric 

pathogens in a less developed, high disease burden paediatric population in 

Africa, where other pathogens, notably rotavirus (111) and Campylobacter 

(112) have already been investigated. 

 

Previously I examined a cohort of 1941 diarrhoeal stool samples collected 

from hospitalised children in Blantyre, Malawi (1997-2007) for norovirus using 

real-time PCR. I found a norovirus prevalence in this population of 11.3%, and 

interestingly it appears strains reported to be associated with large norovirus 

epidemics in 2002 in Europe and the US were circulating in Malawi as early 

as 1999. I plan to further examine and define epidemiologically important 

norovirus strains identified in this cohort. In addition I plan to further examine 

the same cohort of stool samples for ETEC using molecular methods, in order 

to more fully define the disease burden in this hospitalised population of 
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children. Other researchers at the Institute of Infection and Global Health have 

previously examined this cohort of stool samples for rotavirus and 

Campylobacter.  

 

Aims: 

1. To determine the prevalence of ETEC in a cohort of children 

hospitalised with diarrhoea in Blantyre, Malawi (1997-2007), and; 

a) develop and optimise a molecular based (PCR) method for 

detection of ETEC in diarrhoeal stool samples and control 

strains. 

 

2. To further define epidemiologically important norovirus strains in a 

cohort of children hospitalised with diarrhoea in Blantyre, Malawi 

(1997-2007) and children and adults in the UK (1993-2009) and 

explore their importance from a global disease perspective. 
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2 MATERIALS AND METHODS 

 

2.1 Specimens 

Faecal specimens or cDNA from them used to undertake the work presented 

in this thesis were collected from four previous studies (Table 1). 

 

Table 1. Origin of faecal samples or cDNA used for research presented in this 

thesis. 

 

Study name Infectious 
intestinal 
disease study 
in England 
(IID1) (113) 

Malawi studies 
(111, 114-116) 

Structured 
surveillance of 
infectious 
intestinal 
disease in pre-
school children 
in the 
community 
(Nappy Study) 
(117)  

Second study 
of infectious 
intestinal 
disease in the 
community 
(IID2) (46) 

Sampling 
years 

1993-1996 1998-2002 2007-2008 2008-2009 

Countries England Malawi England UK 
Number of 
samples 

87 1941 19  185  

Enteric 
pathogens 
examined in 
this thesis 

Norovirus Rotavirus 
Norovirus 
Campylobacter 
ETEC 
 

Norovirus Norovirus 

 

 

IID1 

 

Faecal samples from the infectious intestinal disease study in England (IID1) 

were obtained from cases of gastroenteritis in all age groups in the community 

or attending general practice, and healthy controls in the community between 
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1993-1996. The aims of this study were to determine the incidence and 

aetiology of infectious intestinal disease in the community and presenting to 

general practice, and to compare this with cases captured by national 

laboratory surveillance. 

 

Nappy study 

 

Faecal samples from the structured surveillance of infectious intestinal 

disease in pre-school children in the community (Nappy study) were obtained 

from children < 5 years with gastroenteritis attending general practice in 

England and Wales between 2007-2008. The aims of this study were to 

monitor the prevalence of infectious intestinal disease in pre-school children 

presenting to general practice and determine the burden of rotavirus disease 

to inform policy on childhood rotavirus vaccination. 

 

IID2 

 

Faecal samples from the second study of infectious intestinal disease in the 

community (IID2) were obtained from cases of gastroenteritis in the 

community or attending general practice in the UK between 2008-2009. The 

aims of this prospective community cohort study were to estimate overall and 

by organism, the incidence of infectious intestinal disease in the community, 

presenting to general practice and reported to national surveillance. This was 

to assess progress towards the UK Food Standards Agency task to reduce 

food-borne illness by 20% in its first five years of operation and also to 
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determine whether changes in healthcare provision might influence the 

interpretation of national statistics. 

 

Malawi studies 

 

Initially, faecal samples were collected as part of a two-year study (118) 

examining the extent of strain diversity among rotaviruses in Malawi, and the 

clinical presentation and outcome following infections with rotavirus, astrovirus 

and adenovirus 40/41 in children with and without HIV infection in Malawi. 

Subsequent samples were collected over an eight year period from the same 

population as part of on-going surveillance to monitor rotavirus strain diversity 

before implementation of a childhood rotavirus vaccine programme.  

 

The QECH is a large, government-run, tertiary referral centre serving a 

predominantly urban population in Blantyre and its surrounding areas. Malawi 

is a land-locked developing country located in sub-Saharan southeast Africa. 

It is bordered by Tanzania to the northeast, Mozambique to the east, south 

and west and Zambia to the northwest. Malawi's largest city and capital is 

Lilongwe; the second largest city and financial centre is Blantyre. Malawi has 

a sub-tropical climate; with a warm wet season which runs from November to 

April and a cool dry season from May to August and a hot, dry season from 

September to October. In 2012 the population of Malawi was 15,906,000, 

gross national income per capita $730, life expectancy at birth male/female 

58/60 and infant mortality under five years 71/1000 live births (119).  
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2.2 Subject enrolment 

As previously described (118). During the initial two-year study in Malawi, two 

research nurses collected faecal samples from children with acute diarrhoea 

who attended the under five year rehydration clinic at the hospital 

(outpatients) and children admitted to the paediatric wards (inpatients). 

Inclusion required age <5 years; a primary diagnosis of acute gastroenteritis 

(diarrhoea defined as at least three loose stools in 24 hours for less than two 

weeks) and moderate/severe dehydration. For inpatients, only children who 

were able to provide a stool sample within the first 48-hours following 

admission were enrolled. Informed, written consent was obtained for each 

subject from a parent or guardian prior to enrolment. 

 

As a comparison group during the initial two-year study, faecal specimens 

were additionally collected from children admitted to the paediatric wards 

(inpatients) with a primary diagnosis other than gastroenteritis e.g. 

pneumonia, meningitis and malaria. Inclusion required: age <5-years and no 

history from the parent or guardian of diarrhoea in the preceding two weeks 

prior to admission. Although selected from the same age group, this 

comparison group was not matched for age or season. Following the initial 

two-year study, faecal samples continued to be obtained as described above, 

however as there was then only one research nurse involved, the intensity 

and consistency with which subjects were enrolled was reduced. 
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2.3 Specimen storage 

Faecal specimens were labelled with a unique patient identifier and date of 

collection. Inpatient diarrhoeal specimens collected during the initial two year 

study were given a prefix of MW1, outpatients OP1 (these samples were not 

included in the research and analysis conducted as part of this thesis) and 

‘control’ patients (comparison group without diarrhoea) CON1. Subsequent 

diarrhoeal samples collected over the course of the following eight years were 

given a prefix of MW2 and QEC. Faecal samples were collected in sterile 

containers with the aid of a spoon. On arrival in the laboratory, each stool 

sample was placed into a single, sterile, cryovial and faecal supernates were 

prepared for immediate rotavirus testing (as described previously and below). 

Remaining faecal samples were frozen at -80°C and transferred to the 

University of Liverpool for later testing as described below. 

 

2.4 Preparation of faecal suspensions 

As described previously (118). Approximately 10-20% faecal suspensions 

were prepared in 0.01M phosphate-buffered saline (PBS), pH 7.4. PBS 

solution was prepared by dissolving a single PBS tablet (Sigma, Poole, UK) in 

50ml of distilled water. Approximately 100-200μl of liquid faeces (or a pea-

sized portion of solid stool) was mixed thoroughly in a 1.5ml Eppendorf tube 

with 900μl of PBS, pH 7.4 by vortexing in a Class I Biosafety Cabinet. The 

mixture was then spun at 13000 rpm for 10 minutes in a bench-top 

microcentrifuge. The supernatent was pipetted off and decanted into a clean 

1.5ml Eppendorf tube. 100μl of the 10-20% supernate was used immediately 

for rotavirus testing. The remainder was stored at -80°C until used for 
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adenovirus testing, astrovirus testing, rotavirus subgrouping and rotavirus 

dsRNA extraction, norovirus testing, campylobacter testing, and ETEC 

testing.  

 

2.5 Identification of enteric pathogens 

 

The identification of enteric pathogens relevant to this thesis is outlined below, 

due reference is given in those instances where previous work and the work 

of others was involved. 

 

2.5.1 Enteric viruses 

 

2.5.1.1 Rotavirus 

 

As previously described (118), a commercially available ELISA (Rotaclone, 

Meridian Diagnostics, Cincinatti, OH, USA) was used to detect rotavirus 

antigen in 10-20% faecal supernates, according to manufacturer’s 

instructions. 

 

2.5.1.2 Norovirus 

 

Nucleic acid extraction, reverse transcription and norovirus detection 

 

For specimens collected in all studies, nucleic acid was obtained directly from 

faecal material, converted to randomly-primed cDNA and established as 
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norovirus-positive using previously described methods: IID1 study (113), IID2 

study (46, 120), The Nappy study (117). 

 

In more detail my own previous work at the Institute of Infection and Global 

Health, University of Liverpool examined the Malawi samples for norovirus. As 

previously described (121), nucleic acid was extracted from 10 % faecal 

suspensions in PBS using a high throughput automated extractor 

(QIAsymphony ®, Qiagen UK). Reverse transcription of RNA was performed 

using random hexamers. Norovirus genogroups GI/GII were detected using a 

real-time PCR technique described by Kageyama et al (122) as modified by 

Amar et al (123). 

 

Amplification of the GII.4 norovirus P2 domain for strain characterisation 

 

In order to determine GII.4 strain types, the region of the ORF2 gene 

encoding the VP1 hypervariable P2 domain was amplified by PCR as 

previously described for samples collected from the UK (24, 124) and 

sequenced using a dideoxy chain-terminator method. For nucleic acid extracts 

from the Malawi studies the following methods were used. 

 

Principle 

 

Viral RNA was reverse transcribed to cDNA by using tag-primer TX30SXN 

and used as a template for PCR amplification using primer pair NVF7/NVR7 

to obtain product that contains the norovirus P2 domain (Table 2). 
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Table 2. Primers used for amplification of the GII.4 norovirus P2 domain. Key: 

nt = nucleotide position. 

 

Primer Sequence Location (GII.4 

Lordsdale 

sequence) 

Reference 

TX30SXN GAC TAG TTC TAG ATC GCG 

AGC GGC CGC CCT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT 

TTT 

3’ end poly T (125) 

NVF7 AAT GCT GTA CAC ACC ACT 

TAG 

nt 5624-5644 (126) 

NVR7 GAA GTG CTG CAC CCA TTC 

CT 

nt 6506-6487 (126) 
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Procedure 

All PCR reaction mixes were prepared in a dedicated clean room using 
dedicated equipment (pipettes and tips). The PCR reaction mixtures were 
prepared as follows: 
 
Denature 
1x Denature (µl components) 

TX305XN (10μM)  1.0 

dNTPs (10mM)  1.0 

RNA    8.0 

   10.0 

 

Temperature conditions 

65°C, 5 minutes 

 

Reverse transcription 

1x Reverse transcription (µl components) 

5x buffer   4.0 

RNasin   1.0 

DIM DTT   1.0 

10mM dNTPs  1.0  

50mM MgCl2   0.5 

ssRT (Invitrogen)  0.5 

H2O    2.0 

    10.0 
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Temperature conditions 

42°C, 60 minutes 

70°C, 15 minutes 

 

P2 domain PCR 

1x PCR (µl components) 

H2O     34.25 

10x buffer    5.0 

50mM MgCl2    1.0 

10mM dNTPs   1.0 

10µM NVFR7   1.5 

10µM NVR7    1.5 

Taq polymerase (Promega) 0.75 

cDNA     5.0 

     50 

PCR cycling conditions 

1 cycle:    94°C, 5 minutes 

35 cycles:    94°C, 30 seconds 

    50°C, 1 minute 

    72°C, 3 minutes 

1 cycle:    72°C, 7 minutes 
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Sequencing 

 

DNA was purified using a commercially available spin column, Illustra 

MicroSpin™ S-400 HR columns (GE Healthcare Life Sciences) according to 

the manufactures instructions prior to direct two-way sequencing by a 

commercial company, Cogenics (Beckman Coulter, Genomics, UK). 

 

Phylogenetic analysis 

 

Sequence analysis was performed using Bionumerics v6.1 (Applied Maths, 

Kortijk,Belgium) and Molecular Evolutionary Genetic Analysis (MEGA) version 

5 (127) to generate bootstrapped dendrograms from ClustalW predicted 

amino acid (aa) alignments using the neighbour-joining (NJ) and maximum 

parsimony (MP) methods. Amino acid motifs were designated by standard 

IUPAC single-letter amino acid code. Reference strains obtained from NCBI 

GenBank were included for comparison, accession numbers: AF145896, 

X86557, AY532115, AJ004864, AY532127, AY587988, AY502023, AB22092, 

EF126965, AB445395, GU445325, JX459908, DQ078794, EF126963. 

Sequences described in this study were deposited in Genbank; accession 

numbers KU312298-KU312306. 
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2.5.2 Enteric bacteria 

 

2.5.2.1 Campylobacter 

 

As previously described (112), following nucleic acid extraction from 10% 

faecal suspensions in PBS using a high throughput automated extractor 

(QIAsymphony ®, Qiagen UK), real time PCR was used to detect the mapA 

gene of Campylobacter jejuni and the ceuE gene of Campylobacter coli. 

 

2.5.2.2 Enterotoxigenic E coli 

 

Following nucleic acid extraction from 10% faecal suspensions in PBS using a 

high throughput automated extractor (Qiasymphony, Qiagen UK) as 

previously described (121), a qualitative PCR was used to detect ETEC heat-

labile (LT) and heat-stable (STh and STp) enterotoxin genes according to a 

previously described method (128). ETEC strains NCTC 11602 and 11603 

(obtained from PHE) were used as assay controls. Table 3 shows the 

toxigenic profile of the ETEC control strains. 

 

Table 3. Toxigenic profile of ETEC Control strains. 
 
 
 
ETEC control 
strain 

LT STh STp 

NCTC 11602 ✓ ✓  
NCTC 11603   ✓ 
 

 



 49 

Genomic DNA purification from ETEC control strains 

 

Genomic DNA was extracted from overnight broths of the ETEC control 

strains NCTC 11602 and 11603 and according to the manufactures 

instructions (Promega Wizard®). 

 

Qualitative PCR for detection of ETEC 

 

Detection of ETEC heat labile (LT) and heat stable (STh and STp) 

enterotoxins direct from faecal samples was accomplished following nucleic 

acid extraction from 10% faecal suspensions as previously described (121), 

and by adopting a previously published qualitative PCR technique with 

primers specific for the LT, STh and STp genes of ETEC (Table 4). 

Optimisation of ETEC PCR sensitivity and extraction methods was achieved 

by examining tenfold serial dilutions of genomic DNA (from ETEC control 

strains NCTC 11602 and 11603) spiked in healthy volunteer stool. Specificity 

of the ETEC PCR assay was determined by using an in-house strain of 

Salmonella enterica serotype enteritidis. 

 

Reagents  

Autoclaved HPLC H2O 

10x PCR buffer 

50mM MgCl2 

10mM dNTP solution 

Taq polymerase (Promega) 
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ETEC primer mix (200μmol/μL) Sigma 

Template (faecal suspension nucleic acid extract) 

 

Procedure 

 

All PCR reaction mixes were prepared in a dedicated clean room using 

dedicated equipment (pipettes and tips). Addition of template was done on a 

DNA processing bench. Each ETEC PCR experiment examined template 

from 45 individual cases, and included as positive controls the ETEC strains 

NCTC 11602 and 11603, and nuclease free water as a single negative 

control. The PCR reaction mixture was prepared as follows: 

 

1x PCR (ul components) 

H2O     17.0 

10x PCR buffer   2.5 

50mM MgCl2    1.0 

10mM dNTP    1.0 

Taq polymerase   0.5    

ETEC primer mix   1.0 

Template    2.0 

     25uL 
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PCR cycling conditions 

1 cycle:    94°C, 5 minutes 

30 cycles:    94°C, 30 seconds 

63°C, 30 seconds 

     72°C, 1.5 minutes 

1 cycle:    72°C, 5 minutes  

 

 

Agarose gel electrophoresis of PCR products 

 

PCR amplified fragments were separated on 1.5% agarose gels stained with 

ethidium bromide and visualised under UV light. A DNA ladder (Thermo 

Fisher Scientific, Invitrogen) was incorporated to allow estimation of target 

fragment sizes. 
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Table 4. Primers used for detection of ETEC 

 

Target  

gene 

Primer Sequence (5` to 3`) Product  

size (bp) 

LT MP2-LT-F 

MP2-LT-R 

GAACAGGAGGTTTCTGCGTTAGGTG 

CTTTCAATGGCTTTTTTTTGGGAGTC 

655 

STp/estIa MP4-ST1a-F 

MP4-ST1a-R 

CCTCTTTTAGYCAGACARCTGAATCASTTG 

CAGGCAGGATTACAACAAAGTTCACAG 

157 

STh/estIb MP2-ST1-F 

MP2-ST1-R 

TGTCTTTTTCACCTTTCGCTC 

CGGTACAAGCAGGATTACAACAC 

171 
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2.6 Statistical analysis 

 

Categorical data were analysed using Chi-square test on IBM SPSS 

STATISTICS (version 20). A p value ≤0.05 was used to determine 

significance. 

 

2.7 Ethics 

At the time of sample collection, informed consent was obtained from patients 

or their guardians (if <18 years old) for storage of faecal samples for the 

purposes of enteric pathogen research. The Malawi Health Sciences and 

Research Committee gave ethical approval for the collection and use of faecal 

material. The IID Study Scientific Steering Committee granted approval for 

use of archive material. Faecal sample and data archives at the Institute of 

Infection and Global Health, University of Liverpool (Malawi study) and The 

Enteric Virus Unit, PHE (Nappy Study and IID studies) are stored in 

compliance with the UK human tissue act 2004 and Caldecott principles. 
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3 Enterotoxigenic E coli in hospitalised children with and without 

diarrhoea in Blantyre, Malawi 

 

3.1 Introduction 

 

Diarrhoeal disease is a leading cause of morbidity and mortality in children <5 

years of age in low income countries, and after neonatal deaths is second 

only to respiratory tract infection (1, 129). Aetiology of childhood diarrhoea is 

diverse, including viral, bacterial and parasitic agents. The epidemiological 

importance of these various gastrointestinal pathogens in children in 

developing countries is poorly described, especially in Sub-Saharan Africa. 

Recently, reanalyses of two large diarrhoea aetiology studies (7, 9) using 

sensitive molecular diagnostic panels has identified that most attributable 

cases of diarrhoea in children <5 years in low income countries, including 

Africa and Asia, are due to four pathogens: Shigella; rotavirus; adenovirus 

40/41, and ETEC.  

 

Rotavirus is the leading cause of childhood diarrhoeal disease worldwide. 

However with the introduction of an effective rotavirus vaccine into many 

childhood immunisation programmes, the burden of rotavirus gastroenteritis 

should decrease. Monovalent rotavirus vaccine (RV1) was introduced in 

Malawi in October 2012, and since then it has been estimated that diarrhoea 

associated mortality has fallen by 31% in this paediatric population (130). In 

2016 it was estimated that ETEC was the eighth leading cause of diarrhoea 

deaths globally in all age groups. Among bacterial causes of diarrhoea, ETEC 
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is one of the most important causes in children in low and middle-income 

countries. It was estimated in 2016, in children <5 years that 18,669 diarrhoea 

deaths (4.2% of all diarrhoea deaths) were due to ETEC, with the greatest 

burden seen in eastern sub-Saharan Africa (86). ETEC is also commonly 

implicated as a cause of diarrhoea in adult travellers from higher income 

countries visiting endemic settings (105). Unfortunately, no broadly protective 

vaccine against ETEC is currently available; however there are on-going 

research efforts in this area (131, 132). The WHO has identified an urgent 

need for vaccine development against ETEC as an important primary 

prevention strategy to reduce mortality from childhood diarrhoeal disease in 

developing countries (110). Vaccination remains the most effective approach 

to reduce mortality in low income settings, where millions of children currently 

have no access to safe water and sanitation infrastructures. However, vaccine 

development is dependent on an in depth understanding of the epidemiology 

of ETEC in the most affected populations. This issue is complicated by the 

fact that the aetiology of diarrhoeal disease is multi-factorial and accurate 

surveillance and determination of disease burden is dependent upon 

appropriate laboratory facilities being readily available in these settings. 

 

ETEC causes diarrhoea through the actions of several enterotoxins, including 

a heat-labile (LT) and two heat-stable enterotoxins STh (human) and STp 

(porcine) (76). Detection methods for ETEC in faecal specimens have evolved 

over the past several decades from physiologic assays to more recent 

molecular methodologies including DNA probes and PCR (75). 
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3.2 Aims 

 

The primary aims of this study were to determine the (a) prevalence, (b) age 

distribution, (c) seasonality and (d) toxigenic profile of circulating ETEC strains 

in hospitalised children (<5 years) in Blantyre, Malawi over a 10-year period. 

A secondary aim was to explore mixed enteric infections in this paediatric 

population using data presented in this thesis and elsewhere. 

 

3.3 Study design 

 

A 10-year collection (July 1997 – June 2007) of faecal samples obtained from 

hospitalised children (<5 years) with and without diarrhoea in Blantyre, Malawi 

has previously been examined for rotavirus, norovirus and campylobacter 

(111, 112, 121). Remaining faecal samples were reused to detect ETEC heat 

labile (LT) and heat stable (STh and STp) enterotoxins by conventional PCR. 

Further detail on the materials and methods used to undertake this study are 

outlined in Chapter 2. 

 

3.4 Results 

 

3.4.1 Baseline characteristics of the study population 

 

Faecal samples collected between July 1997-June 2007 were available for a 

total of 2448 children, comprising 1941 samples from children with diarrhoea 

and 507 without. For the two-year period (30th July 1997- 30th June 1999) 
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during which samples were collected from both children with and without 

diarrhoea, 1166 faecal samples were available, comprising 659 samples from 

children with diarrhoea and 507 without. Age and sex demographics for each 

of the population cohorts are presented in Table 5. 

 

Table 5. Age and sex demographics for hospitalised children aged < 5 years 

with and without diarrhoea in Blantyre, Malawi 1997-2007. 

 

 

10-year (1997- 2007) 2-year (1997-1999) 

Age  

(Months) 

Mean Median Range Mean Median Range 

All 10.6 8.8 0.1-55.4 10 7.9 0.1-55.4 

Diarrhoeic 10.8 9.2 0.1-55.4 10.4 8.5 0.1-55.4 

Non-diarrhoeic / / / 9.6 6 1.0-50 

Sex Male Female / Male Female / 

All 1338 1110 / 660 506 / 

Diarrhoeic 1073 868 / 395 264 / 

Non-diarrhoeic 265 242 / 265 242 / 

 

 

3.4.2 Prevalence  

 

A total of 1941 diarrhoeal samples collected from children <5 years of age, 

during a 10 year period from 1997-2007 were available for testing. The 

prevalence of ETEC was 10.6% (205/1941). For the two-year period (30th July 



 58 

1997-30th June 1999) during which samples were collected from both children 

with and without diarrhoea, the detection rate of ETEC was significantly higher 

in children with diarrhoea than in those without (84/659 (12.7%) vs. 37/507 

(7.3%) respectively; p=0.002). 

 

3.4.3 Age distribution 

 

The median age of children in the diarrhoeic group with ETEC infection was 

10 months (range, <1-40 months). ETEC detections were observed in all age 

groups with a marked peak in the 6-11 month age group (Figure 2). When 

cases where ETEC was detected in the presence of another enteric pathogen 

(rotavirus, norovirus and Campylobacter) were excluded, no significant 

differences were seen in the proportions of ETEC detections by age group 

(Figure 3). 

 

3.4.4 Seasonality 

 

Detection of ETEC demonstrated circulation throughout the year with peaks in 

Jan and March and Sep-January (Figure 4). 

 

3.4.5 Toxigenic profile of circulating ETEC strains 

 

In children with diarrhoea, the most prevalent toxin type was STh (6.6%), 

followed by LT (2.1%) and STp (0.9%). A total of 19 (1%) specimens 
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contained mixed toxin types. A similar toxigenic profile was observed in 

children without diarrhoea (Tables 6 and 7).  

 

3.4.6 Mixed Infections 

 

Mixed or co-infections in which another enteric pathogen (rotavirus, norovirus 

or Campylobacter) was detected in association with ETEC were significantly 

higher in children with diarrhoea at 65.3% (134/205) compared to children 

without diarrhoea 40.5% (15/37) (p < 0.004). When mixed infections were 

excluded, there were no differences in the proportions of ETEC-detections in 

diarrhoeal or non-diarrhoeal samples (4% in both groups). Rotavirus co-

infections were the most commonly seen among diarrhoeal cases (Figure 5). 

In ETEC positive diarrhoeal samples 37% (76), [29% (24) in the 2-year 

comparison period] were also positive for rotavirus with or without norovirus 

and/or Campylobacter compared with only 8% (3) of the non-diarrhoeal 

samples.  
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Figure 2. Age distribution of ETEC detections in children <5 years 

hospitalised with diarrhoea in Blantyre, Malawi 1997-2007 (m = months). 
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Figure 3. Age distribution of ETEC positive diarrhoeal children (m = months). 
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Figure 4. ETEC detections by month in children <5 years hospitalised with 

diarrhoea in Blantyre, Malawi 1997-2007. 
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Figure 5. ETEC detections (%) in the presence or absence of rotavirus (RV) 

(111), norovirus (NoV) and/or Campylobacter (112), among stool samples 

collected from symptomatic and asymptomatic children. 
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Table 6. Detection of ETEC and toxigenic profile of circulating strains in 

children <5 years hospitalised with diarrhoea in Blantyre, Malawi 1997-2007. 

 

Group ETEC Toxin No detected (%) 
Diarrhoeic 1997-2007 All 205 (10.6) 
 LT 40 (2.1) 
 ST 146 (7.5) 
            STh 129 (6.6) 
            STp 17 (0.9) 
 Mixed  19 (1.0) 
            LT/STh     16 (0.8) 
            LT/STp 3 (0.2) 
 

 
Table 7. Detection of ETEC and toxigenic profile of circulating strains in 

children <5 years hospitalised with and without diarrhoea in Blantyre, Malawi 

1997-1999. 

 

ETEC toxin Diarrhoeic  
(%) 

Non-diarrhoeic 
(%) 

Chi-square (p-value) 

All 84 (12.7) 37 (7.3) 9.147 (p=0.002) 
LT 15 (2.3) 5 (1)  
ST 60 (9.1) 28 (5.5)  
            STh 57 (8.6) 25 (5)  
            STp 3 (0.5) 3 (0.6)  
Mixed 9 (1.4) 4 (0.8)  
            LT/STh 8 (1.2) 1 (0.2)  
            LT/STp 1 (0.2) 3 (0.6)  
 

Key: 

LT: Heat labile toxin 

ST: Heat stable toxin 

STh: Human heat stable toxin 

STp: Porcine heat stable toxin 
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3.5 Discussion 

 

This 10-year study is one of the largest to date examining the role of ETEC 

using sensitive, molecular detection methods in children in Africa hospitalised 

with acute gastroenteritis, and is the only study to date conducted in Malawi. 

Additionally, it is amongst the few studies that have detected ETEC in Africa 

using molecular methods directly from stool samples, without first culturing 

E.coli from faecal samples.   

 

Over the 10-year study period, ETEC was detected in 10.6% of children with 

diarrhoea. For the 2-year period during which faecal samples were collected 

from both children with and without diarrhoea, ETEC detection was 

significantly higher in children with diarrhoea, than in those without (12.7% vs. 

7.3% p=0.002). There is a dearth of studies examining ETEC in children in 

Africa using PCR based methodologies. Many older studies have used 

various detections methods including DNA probes which have tended to have 

lower sensitivity and specificity than PCR (133), presenting difficulty when 

making direct comparisons. Globally, studies examining ETEC in infants (<1 

year) diarrhoeal disease using various detection methods have tended to 

demonstrate detection rates ranging from 10-30% in one review (75). In the 

Middle East and Africa studies using molecular methods have demonstrated 

varied ETEC detection rates from 0% in Tripoli-Libya (134) to as high as 

32.3% in Tunis, Tunisia (135) and 38.5% in South Africa (136). Additionally, in 

studies in Africa that included asymptomatic controls, ETEC has been 

detected significantly more in children with diarrhoea than in healthy controls 
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in Burkina Faso (137), but not in Ifakara, Tanzania (138) or Accra, Ghana 

(139). In Tunis, Tunisia (135) and South Western Nigeria (140) ST-ETEC, but 

not LT-ETEC strains were significantly associated with diarrhoea. The 

detection of enteric pathogens in both children with and without diarrhoea is 

not an isolated observation in less developed settings; this does however 

raise important questions about the role of these pathogens in childhood 

diarrhoea (141). Study design and methodology may go some way to 

explaining the observed differences, for example the definition of what 

constituted diarrhoea and the selection of asymptomatic or control patients 

not being homogenous between studies. 

 

ETEC infection was observed in all age groups, with a peak in detection 

among 6-11 month old children. The median age of children in the diarrhoeic 

group with ETEC infection was 10 months (range, <1 – 40 months). This 

therefore suggests that the majority of disease in this population occurs in 

children less than 2-years of age, and is consistent with previous observations 

of ETEC as an important cause of weaning diarrhoea. Which affects children 

in poor sanitation settings from 6-24 months of age weaning from maternal 

breast milk (93). Additionally the GEMS reanalysis (7) identified ETEC as the 

most important bacterial cause of diarrhoea in children 0-11 months in Kenya 

and the second most important bacterial cause in the three other African 

study sites (Gambia, Mali and Mozambique). The observed decrease in ETEC 

infections beyond 2-years of age may be due to both a): environmental and/or 

b): host immunological factors. 
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Circulation of ETEC was noted throughout the year. No clear seasonality was 

demonstrated in this study; however detection of ETEC did peak in March, 

which is during the hot rainy season in Malawi, which stretches from 

November to April. Previously ETEC infections have been shown to cluster 

during warm, wet months that present favourable conditions for proliferation of 

the pathogen in the environment, as well as facilitating contamination of 

surface water with faecal material, including in the African countries of Egypt 

(142) and Guinea-Bissau (80). In other studies in Africa, ETEC diarrhoea was 

reported as statistically more likely to occur in the dry than rainy season in 

Tanzania (143) and some studies have noted no seasonality at all in Southern 

Mozambique (144) and Kenya (145). It is worth noting however that none of 

the quoted studies had the advantage of being conducted over a long period 

of time, as is the case with data presented here, an important factor when 

interpreting data presented on seasonality.  

 

Analysis of circulating toxin types demonstrated a predominance of ST 

producing ETEC strains, which is consistent with the recent GEMS reanalysis 

(7), and has been described in several other studies in African children (137, 

143, 146). The fact that ST producing ETEC strains appear more strongly 

associated with diarrhoea than LT strains may be related to an observed 

lower prevalence of CFs on LT producing ETEC strains (84). This is 

significant in terms of vaccine development as ST is only immunogenic when 

conjugated, unlike LT vaccines, which are comparatively easier to design. 

When ST toxin type distribution is examined, STh was more predominant than 

STp (6.6% vs 0.9%) in children with diarrhoea over the 10-year study period. 
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A similar pattern was observed for the 2-year period when faecal samples 

were collected from children with and without diarrhoea. Very few studies 

have looked to differentiate ST toxin types, including the recent GEMS 

reanalysis (7) (which only reported STh to be consistent with the original 

GEMS study, although the TaqMan ™ card did include STp). In studies that 

have, STh or STp has been observed to predominate in different geographical 

settings. A study of children in urban Somalia (147) noted predominance of 

STh and a study in Libyan (146) children noted predominance of STp 

producing strains. Interestingly two cohort studies, one of children in Guinea-

Bissau (80) and the other in Southern Israel (148) have noted that STh 

appeared more pathogenic than STp producing strains. Detection of specific 

ETEC toxin types may have important implications for vaccine development 

and further work is needed to fully explore this in different epidemiological 

settings, including the characterisation of colonisation factors in circulating 

strains. 

 

 

ETEC was the fourth most common enteric pathogen detected to date in this 

paediatric Malawian population at 10.6%, after rotavirus (32.1%), 

Campylobacter (21%) and norovirus (11.3%). The high prevalence of mixed 

infections with ETEC among children with diarrhoea suggests that symptoms 

in a significant proportion of ETEC-positive cases may have been due to the 

presence of another pathogen, particularly rotavirus. In previous studies in 

Africa, detection of ETEC in mixed or co-infections ranged from 10.6% to 

56.2% (143, 144). It is important to note that the detection methods used to 
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examine enteric pathogens in these Malawian studies varied, which makes 

comparisons difficult; in particular, ELISA was used to detect rotavirus. While 

it is likely that the use of more sensitive molecular detection methods would 

have led to increased detections, there is evidence that detection of rotavirus 

by ELISA correlates well with rotavirus diarrhoea, and avoids detection of low 

viral loads usually associated with prolonged shedding or asymptomatic 

carriage (150, 151). 

 

In common with data presented here, interpretation of population-based case 

control studies examining prevalence of enteric pathogens in various settings 

is often complicated by detection of similar proportions of pathogen in both 

cases with and controls without diarrhoea. This raises important questions 

about the role of these pathogens in diarrhoeal disease. A number of 

gastrointestinal pathogens are known to be detectable after acute infection 

has resolved (141), and it is possible that a proportion of isolates detected in 

controls simply reflects chronic shedding following acute infection weeks or 

even months previously. However this alone is unlikely to explain these 

observations, especially in prospective studies where no diarrhoea is 

recorded in cases over a prolonged period of time. In case control studies, the 

calculation of an odds ratio or the attributable fraction have been used to 

quantify the degree of association of the pathogen being examined as a 

cause of diarrhoeal disease. 

 

There are various host and pathogen specific factors that may influence the 

observation of excretion of certain enteric pathogens in stool in individuals 
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who do not experience diarrhoea. These factors are explored in detail in an 

excellent review by Levine and Robins-Browne (141), an overview of which is 

discussed here.   

 

Pathogen factors 

 

Certain enteric pathogens have been associated with prolonged or extended 

periods of excretion in stool following an episode of acute infection, including; 

Salmonella, Campylobacter jejuni and Norovirus G1 and GII. There is also an 

observed heterogeneity in the pathogenicity i.e ability to cause clinical 

diarrhoea of circulating enteric pathogens in human populations which has 

been observed in volunteer trails. This is notable for ETEC, where presence 

of various colonisation factors and differential expression of the LT and ST 

toxins impact upon the virulence of different strains. This observation has also 

been made for various strains of Vibrio chloerae O1, EPEC, C jejuni and G 

lamblia. A lack of complete understanding of the factors that determine 

clinically significant virulence in these pathogens has no doubt limited studies 

aimed at identifying their role in the cause of infectious diarrhoeal disease. It 

has been demonstrated in animal, but not human studies that the presence of 

two enteric pathogens may act synergistically to cause clinically apparent or 

more severe diarrhoea, e.g. with ETEC and rotavirus in pigs (152, 153). 
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Host factors 

 

The presence or absence of various protein or carbohydrate receptors 

expressed on host mucosal surfaces can also play a role in the propensity to 

develop diarrhoeal disease following exposure to an enteric pathogen. This is 

most striking when we examine norovirus and cholera infection. Individuals 

with blood group O and hypochlorhydria are at increased risk of more severe 

disease following ingestion of vibrio cholerae. And in norovirus, expression of 

ABO blood group and secretor status influences host susceptibility to 

infection. Other non-specific host factors may influence the ability of an enteric 

pathogen to cause clinically apparent disease or a state of asymptomatic 

colonisation including; status of the host intestinal microbiome, mucus and 

epithelial layer, and immune response. It is also possible that a control case 

may simply be incubating the infection at the time of stool collection, and has 

not yet developed diarrhoea. 

 

Environmental factors 

 

Ingestion of an enteric pathogen at a dose insufficient to cause clinical 

infection may explain detection in an asymptomatic individual; this may be 

particularly relevant for pathogens like ETEC that rely on a food vehicle for 

transmission and where infection is dose dependent. Ingestion of animal 

enteric pathogens unable to cause human disease may lead to them being 

mistaken for human strains, such as porcine ETEC strain 263. 
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Characterisation of ETEC colonisation factors is needed to aid differentiation 

of human from animal ETEC strains. 

 

Other factors 

 

The sensitivity of the diagnostic test used may influence detection. For 

example, very sensitive molecular tests may detect the transient passage of 

tiny quantities of ingested pathogens insufficient to cause disease.  Disruption 

of the host intestinal microbiome with oral antibiotics may alter host 

susceptibility to infection following exposure to an enteric pathogen. And 

finally, micronutrient deficiency, for example zinc and vitamin A can increase 

propensity to cause clinically overt diarrhoeal disease following enteric 

pathogen exposure, that otherwise may lead to a subclinical state in a non-

deficient individual.  

 

An advantage of this study is that PCR was performed directly on stool rather 

than culture, which may be less sensitive as it relies on a): growing the 

organism and b): selecting E coli colonies visually, which may lead to 

selection of non-diarrhoeic strains. However, it should be noted that the faecal 

samples used in this study had already undergone several freeze thaw cycles, 

which may have impacted on the ability to detect ETEC using even sensitive 

molecular methods. An additional advantage of this study is that it is one of 

few that have looked for both types of ST (STh and STp) toxin, which have 

been implicated in human disease. It is possible that occasional PCR 

contamination could have contributed to the data presented in this study, 
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especially as only a single negative PCR control was used, this however is 

likely to be minor. Both in light of the fact that there was a significant 

difference in the observed number of detections between children with and 

without diarrhoea, and also as compared to results presented in a recent 

case-control study in the same paediatric population in Blantyre, Malawi 

(149). That study demonstrated similar results in terms of a significantly 

higher proportion of ETEC detections in cases compared to controls; indeed, 

21.2% of cases were PCR positive for ETEC, twice the proportion detected in 

data presented here, although that study was conducted after the introduction 

of rotavirus vaccine and a more sensitive real-time PCR was used. 

 

Vaccine development in addition to improved levels of sanitation and hygiene 

is an important goal in efforts to reduce the global burden of ETEC infection. 

Data from this study suggests that any potential vaccine should include 

protection against ST or STh associated CFs and would best be administered 

to children less than 2-years where disease burden is highest. In addition, 

enhanced epidemiological surveillance of ETEC infection, similar to the 

Rotavirus Surveillance Networks is required from Sub-Saharan Africa and 

South East Asia where disease burden is greatest, to better inform future 

vaccine targets as well as well as monitor their effectiveness. 
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4 Molecular epidemiology of GII.4 norovirus strains in Malawi and the 

UK 

 

4.1 Introduction 

 

Global deaths from diarrhoeal diseases have declined considerably over the 

past several decades, from 2.6 million in 1990 to 1.3 million in 2013 (154). 

This decline in mortality has been particularly noted in children < 5 years, with 

deaths falling from 1.6 million to 0.5 million per year over the same time 

period. These achievements have largely come about as a result of economic 

development in middle/low income settings where disease burden is highest; 

these achievements were highlighted in the progress that was made towards 

the UN Millennium Development Goals by 2015 (155). Improvements in 

sanitation, hygiene, access to clean drinking water and oral rehydration 

solution, as well as the global roll out of rotavirus vaccine into childhood 

immunization programmes have all had a positive impact (156). Despite these 

improvements, diarrhoeal disease remains the fourth most common cause of 

mortality in children < 5 years and the second most common cause of 

morbidity (157). 

 

Norovirus is estimated to be associated with 18% (95% CI: 17-20%) of all 

diarrhoeal disease worldwide (38). Norovirus is pervasive and affects 

individuals across all age groups and income settings, however the highest 

rates of norovirus gastroenteritis are seen among young children in lower 

income settings (45). Global deaths from norovirus have been estimated at 
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approximately 200,000, with 70,000 or more of those deaths seen among 

children in developing countries (158). 

 

Virology 

 

Noroviruses comprise a diverse group of non-enveloped, positive sense, 

single stranded RNA viruses belonging to the Caliciviridae (16). The ~7.5kb 

genome contains three open reading frames (ORF 1-3) (159). ORF1 encodes 

six non-structural proteins including an RNA-dependent RNA polymerase 

(RdRp), while ORF2 and ORF3 encode the major VP1 and minor VP2 capsid 

proteins, respectively (15, 160, 161). The VP1 capsid protein consists of a 

conserved shell (S) domain located at the base of the capsid and a protruding 

(P) domain, further divided into two subdomains P1 and P2. The P2 

subdomain is the most exposed portion of the viral capsid and is believed to 

contain antigenic and proposed receptor binding sites (162, 163). Noroviruses 

are classified into seven distinct genogroups (GI-VII) based upon sequence 

diversity within the VP1 protein, with genogroups GI, GII and GIV associated 

with human disease (19). Genogroups can further be divided into genotypes 

on the basis of diversity within the capsid and polymerase sequences (21). 

 

Norovirus diversity and evolution 

 

Following the introduction of molecular surveillance for infectious intestinal 

disease in the early 1990s, it quickly became apparent that, at least since 

1995, norovirus variants of a single genetic lineage (GII.4) represented the 
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predominant-circulating virus causing human disease worldwide (164, 165). 

Since then GII.4 noroviruses have been confirmed as being responsible for 

the majority of norovirus outbreaks and sporadic disease observed globally. It 

is worth noting however, that disease surveillance is heavily biased towards 

outbreak-associated disease in high-income settings with established and well 

resourced public health systems. Notable established outbreak surveillance 

programmes include CaliciNet in the United States; ViroNet in Canada; the 

Foodborne Viruses in Europe network (FBVE) and the global norovirus 

network, NoroNet (166). Since the mid-1990s there have been six successive 

GII.4 variants that have demonstrated global outbreak or pandemic potential: 

‘US1995/96’ in 1996 (164); ‘Farmington Hills’ in 2002 (167); ‘Hunter’ in 2004 

(168); ‘Den Haag’ or ‘2006b’ in 2007/08 (169); ‘New Orleans’ in 2009/12 (166) 

and most recently ‘Sydney’ in 2012 (170). Additionally, several other GII.4 

variants have been identified which have been associated with regional 

epidemics, including ‘Asia 2003’ and ‘Yerseke or 2006a’ (165). It is interesting 

to note that we have not seen the emergence of a new globally important 

GII.4 strain since Sydney GII.4. However there has been recent emergence of 

a GII.17 strain in Asia and a recombinant strain GII.P16-GII.2 in other 

countries globally (171). 

 

Novel epidemic GII.4 variants appear to emerge every two or three years. 

Although successive GII.4 variants appear replace the previously dominant 

circulating strain, the old strain does appear to co-circulate, albeit at low levels 

within the population prior to going extinct. The reasons for this are not 

entirely clear, but may be due to a short-lived non-sterilising immunity to 
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norovirus (172) or perhaps these strains cause asymptomatic disease and do 

not come to the attention of current surveillance systems. 

 

Norovirus evolution and diversity is influenced by a complex interaction of viral 

and host characteristics. Histo-blood group antigens (HBGAs), which are 

postulated to be involved in host susceptibility and possibly virus receptor 

binding are differentially expressed within the population (48). Host immunity 

is short lived following initial infection, and cross protection is limited at best 

(172). The huge diversity seen among noroviruses is driven by several virus 

and population factors; genetic drift occurs as a consequence of the intrinsic 

proof reading errors that occur during RNA replication, homologous 

recombination between ORF1 and ORF2 and within ORF2, and immune 

pressure acting on the hyper variable P2 sub-domain (124, 173, 174). 

 

Our current understanding of the molecular mechanisms underpinning the 

persistence and emergence of successive GII.4 norovirus lineages in human 

populations has come about from a series of studies that have examined 

changes in the genetic diversity of capsid sequences and HBGA binding of 

successive GII.4 lineages. These studies will be discussed in more detail.  

 

In a study by Siebenga et al in 2007 (175) the authors examined genetic and 

structural changes in the capsid proteins of successive GII.4 strains collected 

over a 13-year period in the Netherlands. The capsid protein was chosen, as 

being the most exposed portion of the norovirus virion, it was believed to 

represent likely antigenic or immune recognition sites. The study defined ‘key 
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informative sites’ as those where at least two strains had an identical amino 

acid or nucleotide mutation in the alignment.   

 

The most exposed portion of the capsid protein, the P2 domain, was found to 

have the highest density of informative nucleotide (predominantly replacement 

mutations) and amino acid mutations, 24% of all amino acids in the domain. 

Changes in informative sites coincided with the emergence of new epidemic 

GII.4 variants, and in silico structural analysis demonstrated that the majority 

of these informative sites mapped to the surface of the P2 domain (the most 

exposed portion of the viral capsid). These findings suggested that antigenic 

drift in the capsid region occurs in response to host population immunity; and 

this results in the emergence of new variants capable of herd immune escape 

and the potential to cause global epidemics.  

 

A subsequent and related study by Allen et al in 2008 (124) described amino 

acid variation in the P2 domain of GII.4 variants collected from outbreak 

surveillance in the UK over a 10-year period. An advantage of this study was 

that, as oppose to in silico analysis using the crystal structure of the G.1 

Norwalk virus as used in the Siebenga study; the authors modelled changes 

onto the crystal structure of a GII.4 norovirus strain belonging to the Grimsby 

cluster (VA 387) to describe potentially immunologically significant variant 

specific epitopes in the P2 domain of the capsid protein.  

 

Again significant diversity was seen across the P2 region with significant 

changes coinciding with the emergence of new epidemic GII.4 variants. The 
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authors identified two sites, consisting of six amino acid positions where 

significant changes would impact upon the biochemical properties and 

structure of the P2 domain, noted as site A (amino acid positions 296-298) 

and site B (amino acid positions 393-395). Significantly these regions are 

found in exposed loops in the 3D capsid structure, and site A is close to a 

HBGA binding site identified by Cao et al (176). Additionally, an amino acid 

substitution at position 340 was noted to coincide with emergence of the GII.4 

2002 epidemic strain. Homology modelling was used to examine variation in 

biochemical and structural properties of the capsid protein. Significant 

structural and electrostatic changes related to changes at sites A and B were 

observed. These changes may allow masking from potentially neutralising 

host antibody responses and for antibody escape mutants to emerge at the 

population level.  

 

In a subsequent study the diversity seen at sites A and B has been further 

characterised (177). From analysis of amino acid changes over time at these 

sites the authors characterised three site A motif clusters and noted greater 

diversity at site B. They predicted that site A is a major antigenic epitope 

responsible for defining different epochs of norovirus activity, while site B may 

have a more minor role in maintaining the diversity needed to preserve the 

observed year on year epidemics within pre-exposed populations, between 

the major epidemic waves or “epochs”. 

 

Another study by Lindesmith et al in 2008 (174) examined GII.4 virus like 

particle-carbohydrate ligand binding patterns in epidemic strains from the 
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previous two decades. The authors demonstrated that these binding patterns 

changed over time and included carbohydrates regulated by human FUT2 

and FUT3 pathways, suggesting that strain sensitivity to human susceptibility 

alleles will vary. Findings from this study suggest that noroviruses are under 

heavy immune selective pressure and that the P2 domain is evolving at a 

faster rate than other regions in the viral capsid. 

 

Finally, in two similar studies by Shanker et al in 2011 (178) and Debbink et al 

in 2012 (179) the authors examined HBGA binding patterns in contemporary 

and historic GII.4 norovirus outbreak strains in more detail to understand how 

changes in binding patterns may contribute to a proposed model of epochal 

norovirus evolution as suggested by Lindesmith et al (174). Shanker et al 

identified two sites where HBGA binding occurred, site 1 and 2 (Figure 6); and 

found that the strength of binding at site 2 could change over time, suggesting 

a role in epochal evolution by enhanced targeting of Lewis-positive, secretor-

positive individuals. As well as examining HBGA binding, Debbink et al also 

examined antigenic binding profiles using mouse and human monoclonal 

antibodies and sera, they identified two epitopes A and B (Figure 6). 

 

Taken together these studies provide evidence for a model of epochal 

evolution driven by genetic drift in GII.4 noroviruses, as also seen in Influenza 

viruses (180). In this model, periods of phenotypic stasis characterised by 

selectively neutral mutations occur in a population of antigenically equivalent 

viruses; until sufficient diversity is generated to allow for antigenic escape and 

generation of a new epidemic strain. There is likely a complex and as yet 
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incompletely understood interaction between changes in residues coding for 

antigenicity and HBGA binding that influence the model of GII.4 evolution 

described above. A disadvantage of these studies however is that there are 

heavily biased towards outbreak strains and may not provide a complete 

picture of the molecular evolutionally processes that culminate in emergence 

of new epidemic GII.4 strains. 
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Figure 6. Key areas of the viral capsid (am
ino acid positions) that have been predicted to be involved in virus-host interactions. 

Taken from
 Zakikhany et al (177) (O

pen access). 
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Norovirus in Africa 

 

The prevalence and diversity of norovirus in Africa is poorly understood, 

especially in adults where there is a paucity of data. However, early 

seroprevalence studies have suggested that norovirus infection is widespread 

among the population and that initial infection occurs early in life (181, 182). 

There is wide variation in studies in terms of their duration, population groups 

and size, inclusion of asymptomatic controls and availability of genotyping 

data.  

 

A recent review by Mans et al (183) has examined studies in Africa (the 

majority of which were in children), that took place over a period greater than 

six months, had a study size greater than fifty, and used molecular detection 

(RT-PCR) methods. The authors estimated a mean overall prevalence of 

13.5% (range 0.8-25.5%) in individuals with gastroenteritis and 9.7% (range 

7-31%) in asymptomatic controls. Although lacking in Africa, available 

norovirus genotyping data suggested the most prevalent genotype was GII.4, 

and other important genotypes identified were GII.3 and GII.6. 

 

In children ≤ 2 years, norovirus prevalence was significantly higher than those 

≤ 5 years (18% vs. 11.8%). The prevalence was also significantly higher in 

symptomatic cases compared to asymptomatic controls, 13.5% vs. 9.7%. This 

difference is however significantly smaller when compared to a global 

estimate by Ahmed et al (38) of 20% vs. 7%. The reasons for this observed 

discrepancy are unclear, but may be due to how asymptomatic controls were 
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defined in the African studies. It is known that norovirus can be shed in stool 

for up to three weeks after acute infection (184, 185) (longer in 

immunosuppressed populations e.g. with HIV), and interestingly only two 

(121, 186) out of nineteen studies specified a diarrhoea free period prior to 

specimen collection. For example, the GEMS study (187) used a seven day 

diarrhoea free period before enrolment of controls. In addition, children in 

developing countries may be significantly more exposed to norovirus from 

their environment and have multiple exposures, some of which may be 

clinically asymptomatic. There was no general trend in terms of co-infections 

reported by the Mans study, and reporting of mixed infections varied greatly, 

with norovirus/rotavirus co-infections most common. 

 

Genotype data was available from eighteen African countries (183). The 

prevalence of GII norovirus from all studies was 84.1% (range 71-100) and GI 

13.9% (range 0-29); three studies reported mixed GI/GII infections. 

Genotyping was undertaken using either analysis of capsid sequences alone 

or in combination with RNA dependent RNA-polymerase (RdRp). GII.4 was 

the most commonly detected and widely distributed genotype across Africa; 

the second most commonly detected was GII.3 and the second most widely 

distributed was GI.3. Other capsid genotypes with wide distribution, but 

relatively low prevalence, included GII.2, GII.6, GII.14 and GII.17. 

 

Between 1998 and 2013 twelve GII.4 variants were reported in norovirus 

studies from Africa. Several of these studies in paediatric African populations 

have suggested circulation of pandemic GII.4 strains years before their 
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subsequent global recognition, including Farmington Hills 2002 and Den Haag 

2006b in Malawi (121) in 1999 and 2001 respectively; Osaka 2007 in Ghana 

(188) in 2000; New Orleans 2009 in Botswana (189) in 2006 and more 

recently Sydney 2012 in Cameroon (190) in 2009.  

 

Few studies in Africa have reported combined RdRp/capsid typing data, 

therefore information on the prevalence of norovirus recombinants is lacking. 

There is a need to standardise the approach to norovirus surveillance in Africa 

and genotype the strains fully. 

 

Great Norovirus genotype diversity is observed in studies of paediatric 

populations in Africa, even in those with small numbers (183). There is very 

little data from adults or elderly individuals. The high HIV prevalence observed 

in Sub-Saharan Africa raises the question, does this large number of 

immunosuppressed individuals affect norovirus evolution and diversity, and 

clearly this needs further investigation. 

 

4.2 Aims 

 

Long-term surveillance of rotavirus in children in Africa has provided an 

opportunity to explore the impact and epidemiological features of norovirus in 

this population (111). The aims of the present study were to examine the 

hypervariable P2 sub domain of these and other sporadic GII.4 norovirus 

strains collected between 1993-2013, in order to further explore their 

evolutionary relationship with GII.4 global outbreak strains. 
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4.3 Methods 

 

4.3.1 Specimens 

 

This retrospective study included 294 anonymised GII.4 norovirus PCR 

positive samples (from archived faecal material or cDNA extracted from 

them). Sample collection and definitions are described in detail in Chapter 2. 

Briefly, samples used in this study (Table 8) were collected from three 

sources (i): children <5 years old in Blantyre, Malawi, hospitalised with 

diarrhoea, (ii): children presenting to general practice in England and Wales 

with gastroenteritis (Nappy study), (iii): children and adults with gastroenteritis 

in the community or attending general practice in the UK (Infectious Intestinal 

Disease (IID) studies I and II). Samples from IID I also included healthy 

community controls. 

 

Table 8. Origin of norovirus positive samples analysed in this study. 
 
 
 Infectious 

Intestinal 
disease study 
in England 

Malawi study Structured 
surveillance of 
Infectious 
Intestinal 
Disease in 
Pre-School 
Children in 
the 
Community 

Second study 
of Infectious 
Intestinal 
Disease in the 
Community 

Study IID1 Malawi study Nappy study IID2 
Sampling 
years 

1993-1996 1998-2002 2007-2008 2008-2009 

Location England Malawi England UK 
Number of 
samples 

87 3 19 185 
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Ethics  

 

The IID Study Scientific Steering Committee granted approval for use of 

archive material from the IID studies. Samples were anonymised and no 

patient identifiable information was available. Samples from the Malawi study 

were stored at the Institute of Infection and Global Health, University of 

Liverpool, UK and IID and Nappy study samples were stored at the Enteric 

Virus Unit, Public Health England (PHE), Colindale, London, UK. Data and 

sample archives held at the Institute of Infection and Global Health, University 

of Liverpool and The Enteric Virus Unit, PHE are compliant with the standards 

set out by the UK human health tissue act and Caldecott principles. At the 

time of sample collection, informed consent was gained from patients (or their 

guardians if age less than 18 years) to store samples for the purposes of 

future research. 

 

4.3.2 Nucleic acid extraction, reverse transcription and norovirus testing 

 

For specimens collected in all studies, nucleic acid was obtained directly from 

faecal material, converted to randomly-primed cDNA and established as 

norovirus-positive using previously described methods: IID1 study (113), IID2 

study (46, 120), The Nappy study (117). 

 

In more detail, my own previous work at the Institute of Infection and Global 

Health, University of Liverpool, examined the Malawi samples for norovirus. 

As previously described (121), nucleic acid was extracted from 10 % faecal 
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suspensions in PBS using a high throughput automated extractor 

(QIAsymphony ®, Qiagen UK). Reverse transcription of RNA was performed 

using random hexamers. Norovirus genogroups GI/GII were detected using a 

real-time PCR technique described by Kageyama et al (122) as modified by 

Amar et al (123). 

 

4.3.3 Amplification of the GII.4 norovirus P2 domain for strain 

characterisation 

 

In order to determine GII.4 strain types, the region of the ORF2 gene 

encoding the VP1 hypervariable P2 domain was amplified by PCR as 

previously described for samples collected from the UK (24, 124). Full-length 

P2 domain amplicons were sequenced using a dideoxy chain-terminator 

method. For nucleic acid extracts from the Malawi studies the reader is 

referred to Chapter 2 for further details. 

 

4.4 Results 

 

For the period 1993-2009 a total of 294 GII.4 norovirus strains were 

characterised from four studies conducted in the UK and Malawi (Table 9). 
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Table 9. Numbers of GII.4 strains analysed and variant assignation according 

to phylogenetic analysis. 

Strains that do not align chronologically with the GII.4 variant circulating 

during the study period are highlighted (bold & underlined). Adapted from 

Allen DJ and Trainor E et al 2016 (191) (Open access). 

 

Study/ GII.4 
strain variant 
 

IID1 
1993-
1996 

Malawi 
1998-
2002 

Nappy 
2007-
2008 

IID 2 
2008-
2009 

Total 

Camberwell/1987 4    4 
Lordsdale/1993 6    6 
Grimsby/1995 43    43 
Dresden/1997 22    22 
Bochum/1997 6    6 
Farmington 
Hills/2002 

1    1 

Hunter/2004 3 3 2  5 
2002-2004 
Cluster 

    3 

Yerseke/2006   9 34 43 
Den Haag/2006   8 99 107 
Appledorn/2007    51 51 
New 
Orleans/2009 

1   1 2 

Sydney/2012 1    1 
Total 87 3 19 185 294 
 
 
 
4.4.1 Molecular epidemiology of GII.4 strains detected in UK and Malawi 

Analysis of IID1 study specimens demonstrated that almost half the strains n 

= 43/87 (49%) could be assigned to the Grimsby/1995 genetic cluster, and a 

quarter n= 22/87 (25%) to the Dresden/1997 cluster (Table 9). The 

Grimsby/1995 and Dresden/1997 strains were commonly detected globally 

circulating GII.4 norovirus strains during the study period. 
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Analysis of Nappy Study specimens demonstrated that n=9/19 (47%) of 

strains could be assigned to the Yerseke 2006a genetic cluster, and n=8/19 

(42%) to the Den Haag 2006a cluster (Table 9); again both these strains were 

commonly circulating globally during the study period. 

Finally, analysis of the IID2 study specimens demonstrated that n= 99/185 

(53%) could be assigned to the Den Haag 2006a genetic cluster, and 

n=51/185 (28%) to the Apeldoorn/2007 cluster (Table 9), and as previously, 

both these strains were commonly detected globally during the study period. 

GII.4 norovirus strains from three of the four studies (IID1, Malawi and IID2) 

were detected in a time period that predated their subsequent identification as 

strains with global epidemic importance (Table 9 and Figure 7). 
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Figure 7. Clustering of norovirus strains identified in sporadic cases of 
gastroenteritis from Malawi (labelled with pink diamond) or the UK (labelled 
with a blue circle or red square) against global GII.4 strains representative of 
the epidemic strain variants that emerged between 1995 and 2012. 
 
Nucleotide sequences analysed correspond to 470 nt of the P domain of the 
VP1 encoding gene and encompass the entire length of P2 domain. Taken 
from Allen DJ and Trainor E et al 2016 (191). (Open access). 
 
 
 

 

 

 IID14271601|Specimen Date: 1994|Age: <5|

 JX459908|Sydney/NSW0514/2012/AU|
Cluster period: 2012-
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In further detail, analysis of GII.4 strains from the IID1 study (1993-1996) 

identified four strains that clustered with strains not identified as having global 

epidemic importance until after 2002. Taking into account the date of initial 

sample collection and when these strains were subsequently recognised as 

global epidemic strains, retrospective detection of Farmington Hills/2002, 

Hunter/2004, New Orleans/2009 and Sydney/2012 by eight, nine, fifteen and 

eighteen years respectively is demonstrated by these data (Table 9 and 

Figure 7). 

Analysis of the three GII.4 strains detected during the Malawi study 

demonstrated that they clustered together and were related to strains later 

detected after 2002 (Figure 7). Phylogenetic analysis demonstrated that all 

three strains were closely related to GII.4 strains identified in 2002 and 2004. 

Two of these strains (MW2002 and MW2378), were identified from faecal 

species collected in 1999 and 2000, respectively. These data therefore 

suggest that GII.4 norovirus strains similar to Farmington Hills/2002 were 

circulating in a paediatric population in Malawi at least 2 to 3 years prior to 

their subsequent identification as strains with global epidemic importance 

(Table 9 and Figure 7). 

Analysis of GII.4 strains from the IID2 study (2008-2009), identified one strain 

identical to New Orleans/2009; this was detected in a faecal sample collected 

in Summer 2009, immediately prior to the recognition of New Orleans/2009 as 

a new global epidemic strain (Table 9 and Figure 7). 
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4.4.2 Analysis of amino acid variation in the hyper variable domain of 

the major capsid protein 

 

Examination of variable amino acid positions along the hypervariable P2 

domain in those GII.4 norovirus isolates detected in a time period that 

predated their identification as strains with global epidemic importance has 

suggested that they may represent genetically transitional GII.4 strains, that 

later emerged globally (Figure 8). 

 

The Farmington Hills/2002 prototype strain (GenBank accession number 

AY5022023) is indistinguishable from that detected from the IID1 study, 

indicating that this strain was circulating in the UK at least eight years earlier 

than its eventual association with global emergence. 
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Figure 8. Alignm
ent of the deduced am

ino acid sequencing obtained from
 sporadic strains detected in M

alawi and the U
K with 

prototype strains representative of the epidem
ic strain variants that em

erged between 1987 and 2012. 
 Successive variants are colour coded and prototype strains are listed chronologically with earliest variants at the top. Study 
sequences are identified according to origin as in Table 9. Single am

ino acid identities of the study strains against prototype strains 
are colour coded using the colour assigned to each epidem

ic strain variant. Taken from
 Allen D

J and Trainor E et al 2016 (191). 
(O

pen access). 
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Analysis of GII.4 strains collected in Malawi demonstrates that although they are 

extremely similar to the Farmington Hills/2002 prototype, they show some variances 

that may suggest they are intermediary between this and the Grimsby/1995 

prototype (GenBank accession number AJ004864). Key differences are noted at 

amino acid positions within the hypervariable P2 domain of the norovirus major 

capsid protein, specifically position 298, part of epitope A, which is believed to be an 

important antigenic site in emergent GII.4 norovirus strains, and amino acid position 

368, an important site in the emergence of the Sydney/2012 pandemic GII.4 strain. 

Other amino acid positions show greater similarity to Grimsby/1995 than to 

Farmington Hills/2002, specifically positions 355, 365 and 407. Finally, of note are 

two further amino acid positions, 335 (a serine residue) that is unique to the Malawi 

strains and position 333 which is more similar to the later Hunter/2004 prototype 

(GenBank accession number DQ078794) than either Grimsby/1995 or Farmington 

Hills/2002. 

 

Hunter/2004 strains identified during the IID1 study appear very similar to the 

prototype strain, with the notable exception of a difference at amino acid position 

296, part of epitope A, which is more similar to the preceding global epidemic strain 

Farmington Hills/2002. 

 

Analysis of the New Orleans 2009 strain detected in the IID2 study demonstrated it is 

indistinguishable from the prototype strain (GenBank accession number GU445325), 

indicating that the New Orleans/2009 strain was circulating in the UK at least one 

year prior to its eventual recognition as a strain with global epidemic importance. 
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Finally, analysis of the Sydney/2012 strain detected during the IID1 study 

demonstrates it is very similar to the prototype strain (GenBank accession number 

JX459908), with the exception of two significant amino acid positions. Firstly, amino 

acid position 333, which is more related to the Grimsby/1995 prototype (the principal 

circulating GII.4 strain during the IID1 study period). And secondly, amino acid 

position 393, this is part of Epitope D, another antigenic site believed to be important 

in emergent GII.4 norovirus strains, which appears more related to the Hunter/2004 

prototype. 

 

4.5 Discussion 

 

This large retrospective study examined GII.4 norovirus strains collected over a 25-

year period, including from previous studies of sporadic community acquired 

gastroenteritis in the UK and Malawi (1993-2009), and global epidemic strains (1987-

2012). Two of the most recently described GII.4 norovirus strains of global epidemic 

importance, GII.4 Sydney/2012 and GII.4 New Orleans/2009 were detected among 

sporadic community cases of gastroenteritis up to 18 and 15 years respectively, prior 

to their initial recognition as emergent global epidemic strains. These data confirm 

the previous observation that GII.4 strains of global epidemic importance were 

circulating among sporadic cases of paediatric diarrhoea in Malawi prior to their 

subsequent recognition as emergent epidemic strains (121). The three strains 

detected during the Malawi study are similar to Farmington Hills/2002, suggesting 

that this or closely related, perhaps intermediary strains were circulating amongst 

paediatric populations in Malawi several years prior to their subsequent recognition 

or emergence. 
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Phylogenetic analysis of these strains therefore suggests that there may be a greater 

diversity of GII.4 norovirus strains circulating among sporadic community 

gastroenteritis cases compared to those causing large outbreaks and subsequently 

identified through current national and international outbreak surveillance systems. 

These data suggest that there is low level circulation of a diverse population of GII.4 

strains in sporadic community cases years before some of these emerge as strains 

with global epidemic significance. These observations lend further support to a 

proposed model (175) of epochal evolution driven by antigenic drift in the viral capsid 

sequence that occurs in response to host immune pressure, which selects for a 

diverse population of GII.4 variants, some of which may subsequently escape herd 

immunity and emerge as strains with global epidemic potential. 

 

Analysis of GII.4 norovirus strains characterised after the year 2002 demonstrates an 

amino acid insertion at position 394. This insertion is also seen in a minority of UK 

and Malawi GII.4 strains that were circulating in the community pre-2002. It is not 

clear why there was potentially a delay in the spread of this amino acid motif. One 

possible reason is that other single amino acid changes around position 394, and 

other proposed epitopes (see Figure 6), may have a role in defining viral fitness and 

host immune escape. Data presented here may therefore be of utility in trying to 

further delineate the amino acid positions alongside the VP1 protein that are involved 

in strain specific immune responses. Further analysis of the entire genome may also 

identify regions e.g. non-structural coding genes, which act as important 

determinants in the emergence of strains with global epidemic potential. The GII.4 

norovirus strains analysed in this study were collected from both adults and children; 
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however no age specific associations were identified in those strains that clustered 

with global epidemic strains identified years later. 

 

Current norovirus surveillance programmes are heavily biased towards analysing 

strains from outbreak cases. It is possible these strains represent the end of an 

evolutionary process where founder variants are selected out following one or more 

of a series of bottleneck events in the population. This work has demonstrated the 

importance of characterising norovirus strains from sporadic community cases, so 

that a more complete picture of strains circulating in the population can be captured. 

This will allow better understanding of the evolutionary processes that contribute to 

the emergence of strains with global epidemic importance. By examining strains from 

sporadic community cases of gastroenteritis it has been possible to characterise 

strains that are intermediate between known epidemic variants.  

 

These data suggest that the general population may be the reservoir in which the 

intermediate strains are generated and circulate, albeit at low levels, due to reduced 

viral fitness, until sufficient antigenic diversity occurs that allows for host immune 

escape. However, this may not be the complete picture, as alternative sources have 

also been suggested including animal reservoirs and chronically infected 

immunosuppressed patients (192, 193). Therefore surveillance programmes that 

include strains from sporadic cases of norovirus gastroenteritis may allow earlier 

detection of novel strains or emergent motifs that confer selective advantages; as 

well as information on how these strains evolve and establish at the population level. 

Along with a more detailed understanding of those epitopes involved in strain 
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specific immune responses, the ability to predict future global epidemics may 

emerge. 

 

This work has potential to inform on-going efforts to develop a norovirus vaccine, as 

a greater understanding of the degree of cross protection and the role of strain 

diversity in evading pre-existing host immune responses will be required. It is 

interesting to note that in a recent vaccine trail in healthy adult volunteers using a 

consensus multivalent norovirus virus like particle derived vaccine, antibodies were 

induced in vaccine candidates that could block carbohydrate ligand binding to GII.4 

variants that were not yet circulating at the time of vaccination (194). The work 

presented here offers a possible explanation to this observation, which is that global 

epidemic GII.4 strains circulate, albeit at low levels, in the population before a 

subsequent explosive emergence. This could potentially contribute to the 

observation of broad antibody responses in those vaccine candidates previously 

exposed to these strains. 

 

Further work is needed to better characterise circulating GII.4 norovirus strains. This 

should include more comprehensive sequence analysis of the whole genome or 

sequences spanning the entire P2 domain. There is also a need to design more 

robust and inclusive norovirus surveillance networks that can capture strains from 

sporadic as well as outbreak disease and in more of the global population, including 

from individuals in low-income settings. 
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5 General discussion and recommendations 

 

5.1 Summary of main findings 

 

Using sensitive molecular diagnostic methods, I have investigated two well-

recognised bacterial and viral causes of acute diarrhoeal disease in a low income 

paediatric population; specifically ETEC and norovirus in Blantyre, Malawi. The 

epidemiology of ETEC was investigated among hospitalised children, and molecular 

epidemiological processes involved in the evolution of GII.4 norovirus strains were 

explored in this and other settings including both adults and children in the UK.  

 

Enterotoxigenic E coli 

 

Key findings from the ETEC study that examined archived faecal specimens 

collected from children ≤ 5 years with diarrhoea over a 10-year period (1997-2007) 

was a prevalence of ETEC of 10.6%; ETEC was detected significantly more often in 

children with (12.7%) than in those without diarrhoea (7.3%) for the 2-years (1997-

1999) when both specimen types were available for examination. Additionally, 

analysis of the toxigenic distribution of ETEC strains in this paediatric population 

identified STh as most prevalent, followed by LT then STp. 

 

In addition to the work presented here examining ETEC and norovirus, this 10- year 

collection of archived faecal samples from Malawi have also previously been 

examined for rotavirus (111); norovirus (121) and Campylobacter (112). It is worth 

noting that not all samples originally examined for rotavirus were subsequently 



 101 

available for examination of the other enteric pathogens; only 79% of these samples 

were subsequently examined for norovirus, Campylobacter and ETEC. This was due 

to technical reasons related to the long term storage of the specimens, specifically 

the quantity of faecal material available for nucleic extraction. 

 

When combining work from this thesis with that published earlier and comparing the 

relative prevalence of the different enteric pathogens, rotavirus was most prevalent 

at 32.1%; followed by Campylobacter (21%); norovirus (11.3%), then ETEC (10.6%). 

The median age of detections also varied; viral pathogens were more commonly 

seen in younger age groups (rotavirus age 7 and norovirus age 6 months) and 

bacterial pathogens tended to be identified in older age groups (Campylobacter age 

11 and ETEC age 9.2 months). Malawi experiences a tropical climate; with a dry 

season May through October and a rainy season from November through April. The 

viral pathogens demonstrated a more discernable seasonality than the bacterial 

pathogens; rotavirus detections peaked during the dry season and norovirus peaked 

towards the end of the dry and wet seasons. Campylobacter demonstrated no 

seasonality and for ETEC infections, although no clear seasonality was observed, 

detections peaked in January, March and September through December.  

 

Norovirus 

 

I examined GII.4 norovirus strains over a 25-year period (1987-2012) from studies of 

sporadic acute diarrhoea in children in Malawi, adults and children in the UK, as well 

as contemporarily and historically recognised global epidemic strains. Key findings 

included the demonstration that GII.4 strains of global epidemic importance, 
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including the two most recently described strains GII.4 New Orleans 2009 and 

Sydney 2012, were circulating in sporadic cases of paediatric community diarrhoea 

15 and 18-years respectively prior to their subsequent and first recognition as strains 

with global epidemic or pandemic significance. 

 

5.2 Strengths and limitations 

 

These studies have examined two well-recognised enteric pathogens in a low 

income, high disease burden African paediatric population. Retrospective analysis 

has allowed for examination of ETEC over a 10-year period and GII.4 norovirus 

strains from sporadic and outbreak surveillance over a 25 year period. Although 

there was some variation in the research effort, as a small research team undertook 

collection of faecal samples in Malawi, the surveillance approach used e.g. 

inclusion/exclusion criteria and laboratory methods utilised was generally consistent 

throughout.  

 

Sensitive molecular diagnostic techniques were used for the detection of both 

norovirus and ETEC in these studies. The molecular examination for ETEC was 

undertaken directly from faecal samples, without first culturing for E.coli; this is one 

of the largest studies to date in Africa which has examined for ETEC in this way, and 

is the only study which has examined for ETEC in children in Malawi. In addition to 

the ETEC LT toxin this is also one of few studies that has examined for both types of 

ST toxin (STp and STh); both of which have been implicated in human disease. 

However, the study did not examine for colonisation factors in these ETEC strains, 

and this information would be useful to inform future vaccine development. 
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A sensitive conventional PCR method was used for the detection of ETEC; therefore 

it has not been possible to provide quantitative data to examine for PCR cut off/Ct 

values. Regardless, cut off values have not been established for ETEC to 

differentiate between infective and carriage states, and the use of qPCR would not 

have provided additional data to answer this question. Further longitudinal studies 

are needed to establish cut off values for ETEC and other enteric pathogens.  

It is worth noting that these studies in Malawi have not looked at a fully 

comprehensive range of gastrointestinal pathogens (including viral, bacterial and 

parasitic) and that varied diagnostic modalities were used including ELISA, 

convention and real time PCR. In addition, it has not been possible to calculate 

population attributable fractions, so it is not possible to fully determine whether all 

pathogen detections were the cause of the diarrhoeal episode under examination. 

Further, the relative importance and epidemiology of the various enteric pathogens 

under examination may have changed since the introduction of rotavirus vaccine in 

this and other settings; highlighting the need for robust surveillance systems in this 

and other low-income settings with the highest disease burdens, including post 

vaccine surveillance.  

Archived stool samples examined in these studies had already undergone frequent 

freeze-thaw cycles; which may have resulted in degradation of the pathogen 

genomes (especially RNA, which is less stable) and reduced the sensitivity of the 

methods of detection utilised.  
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5.3 Further work and recommendations 

 

There are no licensed vaccines against either norovirus or ETEC, and the only 

licensed vaccines currently available to protect against childhood diarrhoeal disease 

are for rotavirus and cholera. However, there are currently norovirus and ETEC 

vaccines at clinical trial stage. My data suggest that in Malawi, in order of relative 

importance vaccines against campylobacter, norovirus and ETEC would appear 

attractive candidates to further reduce the burden of childhood diarrhoeal disease 

following on from the successful introduction of rotavirus vaccine.  

The results from reanalyses of two large global studies using sensitive molecular 

diagnostic panels to examine for gastrointestinal pathogens in childhood diarrhoeal 

disease in high burden settings have noted the following. In the GEMS re-analysis 

(7), six enteric pathogens together accounted for 77.8% of all attributable diarrhoea, 

in order of importance Shigella spp./EIEC; rotavirus; adenovirus 40/41; ST-ETEC; 

cryptosporidium spp . and Campylobacter spp. And in the MAL-ED cohort study re-

analysis (9) ten enteric pathogens together accounted for 95.7% of all attributable 

diarrhoea, in order of importance Shigella, sapovirus, rotavirus, adenovirus 40/41, 

ETEC, norovirus, astrovirus, Campylobacter, cryptosporidium and typical 

enteropathogenic E coli. Taken together in terms of disease burden, three pathogens 

from these studies appear to be attractive vaccine candidates (Shigella, adenovirus 

40/41 and ETEC), with Shigella and ETEC the most important causes of bacterial 

childhood diarrhoeal disease. Indeed the global health community have recently 

prioritised the development of vaccines against Shigella and ETEC through PATH 

(Global Health Organisation) (110). 
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Norovirus as an important cause of childhood diarrhoea in low income settings does 

not feature strongly in these large study reanalyses, most prominently as only the 

sixth most important pathogen in the MAL-ED study. This raises the question of 

where a norovirus vaccine would be most useful, likely in more developed settings 

where disease burden is higher and/or disease causes significant economic impact 

e.g. elderly and immunosuppressed in high-income settings, travellers, and the 

military. 

Any successful norovirus vaccine is likely to need to be replaced or updated every 

few years, as is the case for the influenza virus (195), due to the rapid strain 

replacements seen in both these RNA viruses. The work presented here makes a 

case for more robust and intelligent surveillance systems, that not only capture 

strains from outbreaks of norovirus gastroenteritis, but also from sporadic disease. 

Indeed this type of surveillance may allow for the detection of novel strains prior to 

their epidemic or pandemic emergence; this will clearly be of importance in informing 

any future vaccine updates. 

In addition to previous work on pathogen-specific burden of diarrhoeal disease as 

presented in the recent GEMS studies, these studies presented here provide country 

specific epidemiology for Malawi. This information will be important to guide vaccine 

development to settings with the highest disease burden.  
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